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1. I have been retained by the law firm of Brinks Gilson & Lione on

behalf of R.J. Reynolds Vapor Company (“Petitioner”) in connection with

1PR2016-01268. I previously provided three declarations (“Petition Declaration,”

EX. 1015; “Supplemental Declaration,” EX. 1020; “Reply Declaration,” EX. 1027)

concerning the technical subject matter relevant to the petition in IPR2016-01268.

2. My background and qualification are contained in my Petition

Declaration.

3. My list of prior testimony and updated lists are attached to my Petition

and Reply declarations.

4. The information I considered is identified in my prior declarations and

deposition testimony.

5. I submit this supplemental evidence declaration in response to Patent

Owner’s Objections To Petitioner’s Evidence Under 37 CPR. § 42.64(b)(1) dated

July 12, 2017 (Paper 32). Specifically, Patent Owner provided the following

objection to my Reply Declaration (EX. 1027):

Paragraphs 33-67 offer opinions regarding airflow, aerosols, pore

sizes, “standard drawing practices,” “aerodynamic forces,”

compression, tensile strength, “providing the needed holes,” electrical

resistance, atomization, a “slipstream,” thermal efficiency, and

“heating wire in lightbulbs, heaters and other things” that are not
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based on sufficient facts or data and are not the product of reliable

principles and methods.

While no explanation is provided as to why the opinions in paragraphs 33~67 “are

not based on sufficient facts or data and are not the product of reliable principles

and methods” and no specific examples are provided, I nonetheless have attempted

to provide some additional “facts and data” for my opinions.

6. Patent Owner identifies the term “standard drawing practices” in its

objection. “Standard drawing practices” as used in paragraph 35 of my reply

declaration refers to common techniques used in mechanical section drawings that

require enough views to ensure that the internal features of the object depicted are

shown. Ex. A (Engineering Design Graphics), p. 235. Typically, two or more

sectional drawings are necessary to adequately show an object’s internal features.

See Id. Drawings that do not make clear what is being shown would normally be

rejected and not used by designers and engineers. With respect to Patent Owner’s

argument that an exit hole purportedly exists in the bulge section of Hon’s porous

body 27 as illustrated in Figs. 6 and 8, as I mentioned in my reply declaration, no

such hole is described or illustrated in Hon 043. If an exit hole existed, the person

having ordinary skill in the art (“PHOSTA”) would have expected that, consistent

with standard drawing practices, the inventor would have clearly illustrated such a
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hole using sectional views and/or perspective drawings. However, there are no

such views or drawings in Hon O43 illustrating the purported exit hole.

7. Patent Owner identifies the term “aerodynamic forces” in its

objection. I used the term “aerodynamic forces” in paragraph 43 of my reply

declaration when explaining that the PHOSITA would have understood that air—

entrained atomized liquid droplets (i.e., aerosol) are pulled through the downstream

portion of Hon 043’s porous body 27 via aerodynamic forces caused by the user

drawing on the device but that those forces were insufficient to pull unatomized

liquid out of the porous body at the downstream end of Hon 043’s porous body 27.

Thus, as Hon 043 explains:

After the atomization, the large diameter droplets stick to the wall

under the action of eddy flow and are reabsorbed by the porous body

27 via the overflow hole 29, whereas the small diameter droplets float

in stream and forms aerosols, which are sucked out via the aerosol

passage 12, gas vent l7 and mouthpiece 15.

EX. 1003—0001 1. As the PHOSITA would have understood, the “aerodynamic

forces” that influence the manner in which the “small diameter droplets” forming

an aerosol travel through Hon 043’s porous body are created by pressure

differences that result from the user drawing on the Hon 043 device. The aerosol

will flow towards lower pressure areas in accordance with Bernoulli’s law. As the
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PHOSITA would have understood, the aerosol pulled through the pores of Hon

043’s porous body when the user draws upon the device will have a velocity

distribution profile where the airflow through the center of the pores is faster than

at the edges of the pores. EX. B (DOE Fundamentals Handbook, Thermwynamics,

Heat Transfer, And Fluid Flow, Volume 3 of 3), p. 18 (“The velocity of the fluid in

contact with the pipe wall is essentially zero and increases the further away from

the wall”). Although the DOE Handbook refers to fluid flow through a pipe, the

PHOSITA would have expected that the same general principles apply to fluid

flow through the pores of a porous body. The DOE Handbook identifies that the

term “fluid” includes both liquids and gases. EX. B, p. 2. As can be seen in Fig. 5

from the DOE Handbook (copied below), similar velocity profiles exist both for

laminar flow and for turbulent flow. Id.
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Figure :3 Laminar and Impaler}? Flow Velocity Profiles.

8. Thus, the PHOSITA would have understood that the velocity of the

aerosol pulled through Hon 043’s porous body when the user draws on the device

is higher in the center of Hon 043’s pores than at the edges, and that the small

liquid droplets entrained in Hon 043’s aerosol stream, particularly those located in

the center of the air stream, would pass through the pores of Hon 043‘s porous

body without being “picked off" or otherwise reabsorbed by the porous body. In

other words, as the PHOSITA would have understood, because Hon 043’s porous

body is permeable to airflow, then it is also permeable to aerosol flow.

9. However, although the aerodynamic forces of the user drawing on

Hon 043’s device are sufficient to pull aerosol from Hon 043’s porous body, the

5

R.J. Reynolds Vapor Exhibit 1034-00006



R.J. Reynolds Vapor Exhibit 1034-00007

PHOSITA wouldhave understood that these forces would not be sufficient to pull

unatomized liquid out of Hon 043’s porous body at the downstream end. As the

PHOSITA would have understood, as liquid is spent at the upstream end of Hon

043’s porous body, unatomized liquid would move by capillary action from the

downstream end towards the upstream end of the porous body. The PHOSITA

would have expected that the aerodynamic forces associated with the user drawing

on the Hon 043 device would not be sufficient to overcome the capillary action

that moves the unatomized liquid from the downstream end to the upstream end of

Hon 043’s porous body.

10. Also, the PHOSITA would have understood that the pressure in Hon

043’s ejection holes 24 is much lower than that in the porous body in the

immediate vicinity of the ejection holes, because the air stream moves faster in the

ejection holes than in the bulk porous body. Under Bernoulli’s law, an increase in

flow velocity will result in a decrease in pressure. EX. B, p. 23. As a result, the

PHOSTA would have also understood that Hon 043 is designed such that there is a

significant pressure differential between the porous body in the area of ejection

holes 24 and the inside of ejection holes 24, which causes unatomized liquid

droplets to enter the ejection holes 24 as described in Hon 043. In contrast, the

pressure differential between the downstream end and the area immediately outside

of the downstream end of the porous body is not as great. The PHOSITA would
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have understood that this pressure difference is not sufficient to overcome the

forces associated with the general movement of unatomized liquid from the

downstream end to the upstream end via capillary action, which explains why the

PHOSITA would have understood that unatomized liquid droplets exit the porous

body into ejection holes 24 but would not exit the porous body at the downstream

end of the porous body.

11. Patent Owner refers to the words “compression” and “tensile

strength” in its objection but does not identify where those words are used. Both

those terms are used in paragraph 44 of my reply declaration, where I explain why

the stress-strain curves and the purported tensile strengths of certain materials 'on

which Mr. Meyst relies is not relevant to the extent to which Hon 043’s porous

body would bend or sag but for the presence of cavity wall 27. The term

compression is used in conjunction with my description of Fig. 6a of Ex. 2019 and

Fig. 5 from Ex. 2018, which are both compressive strain curves. Ex. 2019 at 4 (p.

187), Ex. 2018 at 6 (p. 821). As I mentioned in my reply declaration, a

compression strain curve measures a material’s ability to withstand compression.

Compression tests are conducted by applying a load at both ends of a specimen as

shown in Fig. 2.1(b) of Manufacturing Processes for Engineering Materials. Ex. C

(Manufacturing Processes for Engineering Materials), p. 27. Tensile strength is the

opposite of compression. It measures a material’s ability to withstand stretching.
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Tensile strength tests are conducted by applying a “pulling” force on both ends of

the sample as shown in Fig. 2.1(a), which is copied below. Ex. C, p. 27.

is}

 
FIGURE 2.1 Types of strain. (a) Tensile. (b) Compresswe. (a) Shear. All deformation
processes in manufacturing involve strains of these types. Tensile strains are involved
in stretching sheet metal to make car bodies, compresswe strains in forging metals to
make turbine disks. and shear strains in making holes by punching.

Ex. C, p. 27

Neither compression nor tensile strength are a measurement of a material’s ability

to withstand bending or sagging. I note that Mr. Meyst agrees. Ex. D, 61 :4~63:l.

Bending or sagging is the type of deformation that the porous body in Hon 043

would exhibit when a user coughs or intentionally blows into the device (or when

the porous body is loaded with liquid) but for the support provided by the cavity

wall. Below I have shown arrows representing the forces used for material

compression testing (“compressive stress strain curves”), material tensile strength

testing and material bending testing.
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12. Patent Owner refers to “electrical resistance” in its objection. In

paragraph 56 of my reply declaration, I discuss that resistance of a wire is directly

proportional to the length of the wire and inversely proportional to the cross-

sectional area of the wire. I further explain that a PHOSITA would have known

that if the diameter of a wire is doubled, the cross sectional area grows by four

times and the resistance drops by four times. This relationship between wire

diameter and resistance is well—known. Ex. E (Mark-s” Standard Handbook for

Mechanical Engineers), p. 15-4 (R = pl/a); see

http://www.rapidtables.com/calc/wire/wire-gauge—charthtm. For example, as can

be calculated on the website, 20 gauge wire has a diameter of 0.032 inches and a

resistance of 10.182 kfl/1000 ft. By comparison, 14 gauge wires has a diameter of

0.0641 inches (twice the diameter of 20 gauge) and a resistance of 2.5 194 kg

9
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/1000 ft (about four times less than 20 gauge). Marks Handbook provides nearly

identical data. EX. E, 13. 15—6. A PHOSITA also would have understood that if the

voltage and current are the same for two wires, these two wires will have the same

resistance according to Ohm’s law (resistance equals voltage divided by current, R

= E/l, where R is resistance, E is voltage, and l is current). EX. E, p. 15—7. For two

wires with the same length — e.g, two wires having the length of the wire

illustrated in Fig. 6 of Hon 043’s device w a thicker wire (i.e., a wire with a larger

diameter) will have lower resistance than the thinner or smaller diameter wire.

Under the same voltage, the currents in the two wires will not be the same — the

current in the thicker wire will be greater than in the thinner wire to obtain the

same voltage (i.e., E = IR, where E is voltage, I is current and R is resistance).

Thus, to generate the same amount of energy per puff (i.e., J : IET, where J is

energy, I is current, E is voltage, and T=time)(Ex. E, p. 15—3, Table 15.1.1), the

thicker wire (i.e., having the higher current, I) would be on (229., conducting

current) for a shorter amount of time (T) than the thinner wire (having lower

current, I). This means that the thicker wire uses more current per unit time than

the thinner wire. This higher use of current per unit time means that the discharge

rate of the battery will be higher for a thick wire than a thin wire. In other words,

the higher discharge rate in the thicker wire means that the battery will be draining

faster than if a thin wire were used. A PHOSITA would have known that higher

10
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discharge rates may result in a significant reduction of available battery capacity,

thus decreased efficiency and shortened life ofa battery. EX. E, p. 15-16 (“The

ampere—hour capacity of batteries falls off rapidly with increase in discharge

rate”). Therefore, as I explained in paragraphs 56 and 57 of my reply declaration,

a PHOSITA would have understood that increasing the diameter of Hon’s heating

wire 26 would lower the resistance of the wire, resulting in faster discharge of the

current in a shorter time in order to obtain the same heating power, and thus would

likely decrease, not increase the heating efficiency of the Hon device. In other

words, a user will not get as many puffs out of a Hon device with a thicker wire

compared to a Hon device with a thinner wire.

13. Ex. A is a compilation of pages from the book James H. Earle,

Engineering Design Graphics, AutoCAD® Release 12, 8th Ed., 1994 (“Earle”) from

my personal library. EX. A includes the cover page, title page, copyright page and

pages 235-254 of the Earle book.

14. I have examined EX. A and it is a true and correct copy of the pages

from the Earle book. The Earle book is available for inspection and copying at the

offices of Brinks Gilson & Lione, Suite 3600 NBC Tower, 455 Cityfront Plaza

Drive, Chicago IL 60611-5599.

15. On July 17, 2017, I downloaded a copy of the book DOE

Fundamentals Handbook, Thermodynamics, Heat Transfer, And Fluid Flow,

11
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Volume 3 of 3, 1992 from the Department of Energy website:

https://energy.gov/sites/prod/files/ZO13/06/f2/h1012v3g0pdf. I have used this

website in the past to access information.

16. EX. B is a true and correct copy of the book DOE Fundamentals

Handbook, Thermodynamics, Heat Transfer, And Fluid Flow, Volume 3 of 3, 1992

that I obtained from the Department of Energy website.

17. EX. C is a compilation of pages from Serope Kalpakjian,

Manufacturing Processes for Engineering Materials, 1984 (“Kalpakjian”) from my

personal library. Ex. C includes the cover page, title page, copyright page and

pages 25—96 of the Kalpakjian book.

18. I have examined EX. C and it is a true and correct copy of the pages

from the Kalpakjian book. The Kalpakjian book is available for inspection and

copying at the offices of Brinks Gilson & Lione, Suite 3600 NBC Tower, 455

Cityfront Plaza Drive, Chicago IL 60611-5599.

19. EX. E is a compilation of pages from Eugene A. Avallone and

Theodore Baumeister III, Marks’ Standard Handbook for Mechanical Engineers,

9th Ed., 1978, (“Marks’ Handbook”) from my personal library. Ex. E includes the

cover page, title page, copyright page and pages 15-1 to 15-100 of the Marks’

Handbook.

12
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20. I have examined Ex. E and it is a true and correct copy of the pages

from the Marks’ Handbook. The Marks’ Handbook is available for inspection and

copying at the offices of Brinks Gilson & Lione, Suite 3600 NBC Tower, 455

Cityfront Plaza Drive, Chicago IL 60611-5599.

21. I declare under penalty of perjury under the laws of the United States

that the foregoing is true and correct. f

  
July 26, 2017 ‘

Dr. Robert H. Sturges

l3
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Sections

16.1 Introduction

Correctly drawn orthographic Views that show all

hidden lines may not clearly describe an object’s

internal details. This shortcoming can be over-

come by imagining that part of the object has

been cut away and shown in a cross-sectional

View, called a section.

16.2 Basics of Sectioning

Figure 16.1 shows pictorially a section created by

passing an imaginary cutting plane through the

object to reveal its internal features. Think of the cut-

ting plane as a knife—edge cutting through the object.

Figure 16.1A shows the standard top and front

Views, and Fig. 16.1B shows the method of drawing

a section. The front View is full section, with the por-

tion cut by the imaginary plane cross—hatched.

Hidden lines usually are omitted because they are
not needed.

Figure 16.2 shows two types of cutting planes.

Either is acceptable although the one with pairs of

SECTIONS VS. VIEWS

Inside features
are hidden in
standard
view

A.

| |
i I |

.. LT“TJSectional
 . ,7- STANDARD VIEW

 

 
Edge view of
cutting plane

 
FULL—SECTION VIEW

Figure 16.1 This drawing compares a standard ortho-

graphic view with a full-section view that shows the inter-

nal features of the same object.
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CUTTING-PLANE LINES

l__°_‘_l”:l_T_l:J/m
A SECTION A- A

JOptionol: Letters indicateJsection is labeled A— AV

l i Drdw as

’l4l_' #H'IS thick asvisible
lines

Arrows show
direction of

 
4’ Viewer \ '3 . -

£1 looks \'.._;_ "_ .__ perpendicular to \lflW cutting plane '

Figure 16.2 Use cutting—plane lines to represent sections

(the cutting edge). The cutting plane marked A—A pro—
duces a section labeled A—A.

short dashes is most often used. The spacing and

proportions of the clashes depend on the size of

the drawing. The line thickness of the cutting

plane is the same as the visible object line. Letters

placed at each end of the cutting plane are used to
label the sectional View, such as section A—A.

The sight arrows at the ends of the cutting

plane are always perpendicular to the cutting

plane. In the sectional View, the observer is look-

ing in the direction of the sight arrows, perpendic-

ular to the surface of the cutting plane.

_ Figure 16.3 shows the three basic positions of

sections and their respective cutting planes. In

each case perpendicular arrows point in the direc—

tion of the line of sight. For example, the cutting

plane in Fig. 16.3A passes through and removes

the front of the top View and the line of sight is

perpendicular to the remainder of the top view.

236 0 CHAPTER 16 SECTIONS

 

CUTTING-PLANE POSITIONS

 
 

side View

l"

Thru front

Figure 16.3 The three standard positions of cutting planes

through orthographic (A) top, (B) front, and (C) side sec-

tional views as sections. The arrows point in the direction

of your line of sight for each section.

The top view appears as a section when the

cutting plane passes through the front view and

the line of sight is downward (Fig. 16.38). When

the cutting plane passes vertically through the

side View (Fig. 16.30), the front View becomes a
section.

16.3 Sectioning Symbols

Figure 16.4 shows the hatching symbols used to

distinguish between ‘ different materials in sec—

tions. Although these symbols may be used to

indicate the materials in a section, you should

provide supplementary notes specifying the mate—

rials to ensure clarity.

The cast-iron symbol (evenly spaced section

lines) may be used to represent any material and

is the symbol used most often. Draw cast—iron

symbols with a 2H pencil, slant the lines upward

at 30°, 45°, or 60° angles, and space the lines about

1/ 16 inch apart (close together in small areas and

farther apart in larger areas).
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STANDARD HATCHING SYMBOLS

CAST IRON, 7 ' A GENERAL SYMBOL THATMALLEABLE - CAN BE USE To REPRE—
IRON SENT ALL MATERIALS.

STEEL -_.L_ ELECTRICAL
WINDINGs,

A MAGNETS

BRONZE, ' -I

COPPER , c_g.-1.
.,.,.,,,,,.,.,.,,

3333:5553:
august”;

 
  

       
 

  
 

 CONCRETE

 
  
 

 

 
 

BRICK AND
STONE
MASONRY

WHITE METAL,
ZINC, LEAD,

BABBITT   
//////// MARBLE,
//////// SLATE, GLASS

MAGNESIUM,
ALUMINUM, ////////

AND ALLOYS . //////// PORCELAIN  EARTH
PLASTIC, ELEC—

TRICAL INSUL.

CORK, FELT, ~1:~_~L I ROCKFABRIC, FIBER, L La a - - -
LEATHER ~ ~

 
 

   
SOUND __ SAND

INSULATION /
THERMAL . WATER AND

INSULATION _. LIQUIDS

WOOD

FIREBRICK AND 57/; / x |
REFRACTORY /// /// I ACROSS GRAINMATERIAL / / / ,— ; WITH GRAIN

 
Figure 16.4 Use these symbols for hatching parts in sec—

tion. The cast—iron symbol may be used for any material.

Computer Method Figure 16.5 shows a

few of the many cross-sectional symbols available

with AutoCAD. You may vary the spacing

between the lines and the dash lengths by

changing the pattern scale factor.

Figure 16.6A shows properly drawn section

lines: thin and evenly spaced. Figure 16.6B—F

show common errors of section lining.

Section thin parts such as sheet metal, wash-

ers, and gaskets by completely blacking in the

AUTOCAD HATCHING SYMBOLS

Cost Iron Dot pattern 'jj
(ANSISI) (Dots) -m .. I. -:3

' Steel Star pattern ' V V

m (ANSISZ) (Stars). A A

7 P »

 

Bronze, Brass,
Copper, & Comp.
(ANSI33)  

'O'O'O'O'O'O‘ Wh’t t l, M - , ,v vvv"
b’o’o’o‘o’o‘ zin': [123$ Alumi‘flnnff'il‘zs. ff’ll’fi
5.9.0.0..” (ANSI37) (ANsiss) I’ ¢"Now .0136

AAAAA -

Figure 16.5 These are a few of the hatching symbols pro-

vided by AutOCAD. Use the pattern scale factor to vary the

spacing between lines and dashes.

SECTION-LINE SPACING

  
Too. heavy

Figure 16.6 Techniques:

A Section lines are thin lines drawn 1/16 to “/8 in. apart.

B—F Avoid these typical section lining errors.

areas (Fig. 16.7), because space does not permit

the drawing of section lines. Show large parts with
an outline section to save time and effort.

You should hatch sectioned areas with sym-

bols that are neither parallel nor perpendicular to

the outlines of the parts lest they be confused with

serrations or other machining treatments of the

surface. (Fig. 16.8).

16.3 SECTIONING SYMBOLS ' 237
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LARGE AND THIN PARTS IN SECTION  

—Blcrck~in ihll’i HATCH with a ANS|31
Outline section c ast Iron —

for large ports- / parts if

 

  
STEP 2

K] Figure 16.9 Sectioning by computer:
Step1 Command: HATCH (CR)

Pattern ('9 or name/U, Style):ANSIBl (CR)

Scale for pattern <default>z ._5_O(CR)

Angle for pattern <defaulc>z 9 (CR)

Select objeccs: '_N (window option)

Step 2 Press (CR) and the hatch is completed. Press

Ctrl C to terminate hatching if desired.

 

Figure 16.7 Black—in thin parts and hatch large areas around

their outlines (outline sectioning) to save time and effort.

 

HATCH-LINE ANGLES

 
Perpen— Parallel
diculor

/ ,7
T—ioints Separate
cause lines ioining
hatching /’l. l at nodes 

A. PREFERRED B. POOR C. POOR

roblems i' -

p l \ K

’7 UA

Figure 16.8 Draw section lines at angles that are neither

parallel nor perpendicular to the outline of a part, so that

they are not misunderstood as machining features.

T~JO|NTS NODE JOINTS

Figure 16.10 For the HATCH command to work

E! Computer Method Figure 16.9 shows the
method of applying section symbols to an area

with AutoCAD. After assigning the proper hatch

properly, the outlines of areas to be section lined

must be drawn with perfect outlines, that is, with-

out T—joints, gaps, or overlaps.

symbol with the HATCH command, select the
area to be sectioned with a window, and the sec-

tion lines are drawn. To vary the spacing of the

section lines, change the scale factor of the

‘ HATCH command. BHATCH, another hatching

command, is covered in Chapter 36.

The lines used to depict sectioned areas must

intersect perfectly at each corner point; no T-joints

are permitted (Fig. 16.10). Poor intersections may When sectioning an assembly of several parts,

cause hatching symbols to fill the desired area draw section lines at varying angles to distinguish

improperly. the parts from each other (Fig. 16.11A). Using dif—

16.4 Sectioning Assemblies of Parts

238 0 CHAPTER 16 SECTIONS
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ASSEMBLIES IN SECTION

Secfion Hnes
of varying
angles for

different party‘lwo__l_

Some port,
same angle

  

  

  

 

W7\

  
J

l”///////////s\\\\\s  
A. THREE PARTS B. TWO PARTS

Figure 16.11 Hatching assemblies;

A Draw section lines of different parts in an assembly at

varying angles to distinguish the parts.

B Draw section lines on separated portions of the same

part (both sides of a hole here) in the same direction.

ferent material symbols in an assembly also helps

distinguish between the parts and their materials.

Cross-hatch the same part at the same angle and

with the same symbol even though portions of the

part may be separated (Fig. 16.1113).

16.5 Full Sections

A cutting plane passed fully through an object

and removing half of it forms a full section View.

Figure 16.12 shows two orthographic views of an

object with all its hidden lines. We can describe

the part better by passing a cutting plane through

the top view to remove half of it. The arrows on

the cutting plane indicate the direction of sight.

The front view becomes a full section, showing

the surfaces cut by the cutting plane.

Figure 16.13 shows a full section through a

cylindrical part, with half the object removed.

Figure 16.13A shows the correctly drawn section—

al View. A common mistake in constructing sec-

tions is omitting the visible lines behind the

cutting plane (Fig. 16.13B).

FULL SECTION

 
 

CUTTING PLANE _ .
PASSES FULLY THRU PORTION
PART REMOVED TO

SHOW FULL SECTION

Figure 16.12 A full section is found by passing a cutting

plane fully through the top View of this part, removing half
of it. The arrows at each end of the cutting plane indicate

the direction of your sight. The sectional view shows the

part’s internal features clearly.

Omit hidden lines in sectional views unless you

consider them necessary for a clear understanding

of the View. Also, omit cutting planes if you consid-

er them unnecessary. Figure 16.14 shows a full

section of a part from which the cutting plane was

omitted because its path is obvious.

Parts Not Requiring Section Lining

Many standard parts, such as nuts and bolts, riv-

ets, shafts, and set screws, do not require section

lining even though the cutting plane passes

through them (Fig. 16.15). These parts have no

internal features, so sections through them would

be of no value. Other parts not requiring section

lining are roller bearings, ball bearings, gear teeth,

dowels, pins, and washers.

16.5 FULL SECTIONS a 239
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FULL SECTION: CYLINDRICAL PART

 
 
  
 

  
 

FULL SECTION:
When viewing a

full section, you
will see lines

behind the cutting
plane. Do notomit them.

   
Figure 16.13

A When a cutting plane is passed through a cylinder to

obtain a full section, you will see lines behind the plane,

not just the cut surface.

8 Showing only the lines at the cutting plane's surface

yields an incomplete view.

Ribs

Ribs are not section lined when the cutting plane

passes flatwise through them (Fig. 16.16A),

because to do so would give a misleading impres-

sion of the rib. But ribs do require section lining

when the cutting plane passes perpendicularly

through them and shows their true thickness (Fig.
16.16B).

Figure 16.17 shows an alternative method of

section lining webs and ribs. The outside ribs in

Fig. 16.17A do not require section lining because

the cutting plane passes flatwise through them

240 ' CHAPTER 16 SECTIONS

 

FULL SECTION: PULLEY ARM

 
Cutting plone
optional here,
but it could

4’ be shown

TOP VIEW

 

   
 

FULL SECTlON

Figure 16.14 The cutting plane of a section can be omit-
ted if its location is obvious.

PARTS NOT HATCHED

 
 

(Also, roller &
ball bearings)

  
Figure 16.15 By conventional practice these parts are not

section lined even though cutting planes pass through them.
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RIBS IN SECTION

  
A.

Figure 16.16
A Do not hatch a rib cut in a flatwise direction.

B Hatch ribs when cutting planes pass through them,

showing their true thickness.

 
RIBS AND WEBS IN SECTION

4 equally
space
ribsfl

 

 
 

  
 
 

     
Ribs Not Webs

lden‘ll‘iled- f identified identified

7 3 ' -' W 3 3! a. glen I éfllf M,
Willi/é Ill/IA 0/1/14 fill/[Id

A.RlB HATCHlNG B.WEBS NOT C.ALTERNATE
UNNECESSARY HATCHED HATCHlNG

NOT CLEAR PREFERRED

\\\\\\\\ \‘\\
  

Figure 16.17
A You need not hatch well-defined outside ribs in section.

B Define poorly identified webs by (C) using alternative

hatching to call attention to them.

RIBS IN SECTION

Two ribs

Ribs not hatched 
A. GOOD

Figure16.18 In this case (A) the ribs are not hatched to

better describe the part than by (B) hatching them. When

you use partial views to save space for drawing sections,

remove the portion from the side adjacent to the section.

and they are well identified. As a rule, webs do not

require cross-hatching, but the webs shown in Fig.
16.17B are not well identified in the front section

and could go unnoticed. Therefore using alternate

section lines as shown in Fig. 16.17C is better.

Here, extending every-other section line through

the webs ensures that they can be identified easily.

By not section lining the ribs in Fig. 16.18A we

provided an effective section View of the part. If
we had section lined the ribs, the section would

give the impression that the part is solid and coni-

cal (Fig. 16.18B). ‘

16.6 Half Sections

A half section is a view obtained by passing a cut-

ting plane halfway through an object and remov-

ing a quarter of it to show both external and

16.6 HALF SECTIONS - 241
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HALF SECTION

  
 

 

 
 

 

 

HALF SECTION:

Cutting plane halfway
through part; one
quarter removed

Cutting
plane

Hidden
lines
omitted
in
section

  
HALF SECTION VIEW

Figure 16.19 In a half section the cutting plane passes

halfway through the object, removing a quarter of it, to

show half the outside and half the inside of the object.

Omit hidden lines unless you need them to clarify the view.

internal features. Half sections are used with

symmetrical parts and with cylinders, in particu-

lar, as shown in Fig. 16.19. By comparing the half

section with the standard front View, you can see

that both internal and external features show

more clearly in a half section than in a View.

Hidden lines are unnecessary, and we’ve omitted

them to simplify the section. Figure 16.20 shows a

half section of a pulley.

Note omission of the cutting plane from the

half section shown in Fig. 16.21 because the cut-
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HALF SECTION: PULLEY

 

 
 

Cutting plane halfway
through obiect

 
 

 
 

centerline
here

 

 

Hidden lines
omitted from
section view

 
HALF SECTION

Figure 16.20 This half section describes the part that is

shown orthographically and pictorially.

HALF SECTION

/—_—‘\

36:4  
If shown, plane

would be here
 
Cutting plane omitted if
its position is obvious  

 
 
 

Centerline
or visible
line

HALF SECTION

Figure 16.21 The cutting planecan be omitted when its

location is obvious. The parting line between the section

and the view may be a visible line or a centerline it the part
is not cylindrical.

ting plane’s location is obvious. Because the part—

ing line of the half section is not at a centerline,

you may use a solid line or a centerline to sepa-

rate the sectional half from the half that appears
as an external view.
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HALF VIEWS

Section
side

 
View Side

  
Clut towardCut away from
full sectionfront view  

A. FRONT VIEW B. FULL SECTION

Figure 16.22 Half views of symmetrical objects can be

used to conserve space and drawing time. (A) The omitted

portion of the view is away from the front View. (B) The

omitted portion of the top view is adjacent to the section.

In half sections, the omitted half view may be either adja-

cent to or away from the section.

16.7 Half Views

Figure 16.22 shows half views, or conventional

methods of representing symmetrical views that

require less space and less time to draw than full

views. A half top View is sufficient when drawn

adjacent to the section view or front view. For half

Views (not sections), the removed half is the half

away from the adjacent view (Fig. 16.22A). For full

sections, the removed half is the half nearest the

section (Fig. 16.228). When drawing partial views

with half sections, you may omit either the near or

the far halves of the partial views.

OFFSET SECTION

     
Omit offset
line here

7
/ IIEm

OFFSET SECTION

Figure 16.23 An offset section is formed by a cutting

plane that must be offset to pass through features not in a

single plane. Here, the offset cutting plane is drawn in the

top View and the front view is drawn as an offset section.

16.8 Offset Sections

An offset section is a full section in which the cut—

ting plane is offset to pass through important fea-

tures that do not lie in a single plane. Figure 16.23

shows an offset section in which the plane is offset

to pass through the large hole and one of the small

holes. The cut formed by the offset is not shown in

the section because it is imaginary.

16.9 Broken-Out Sections

A broken-out section shows a partial view of a

part’s interior features. The broken-out section of

the part shown in Fig. 16.24 reveals details of the

16.9 BROKEN-OUT SECTIONS 0 243
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BROIGEN-OUT SECTION

8053

(Raised
cylinder)

 

  as
s)

Figure 16.24 To find a broken-out section, imagine that

part of the object has been broken away to reveal interior
features.

wall thickness to describe the part better. The

irregular lines representing the break are conven-

tional breaks (discussed later in this chapter).

The broken-out section of the pulley in Fig.

16.25 clearly depicts the keyway and threaded

hole for a setscrew. This method shows the part
efficiently, with the minimum of views.

16.10 Revolved Sections

A revolved section describes a part when you
revolve its cross section about an axis of revolution

and place it on the view where the revolution

occurred. Note the use of revolved sections to

explain two cross sections of the shaft shown in

Fig. 16.26 (with and without conventional breaks).

Conventional breaks are optional; you may draw a
revolved section on the view without them.
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BROKEN-OUT SECTION: PULLEY

 
Threaded hole
for o setscrew

 
 

  
Figure 16.25 This broken-out section effectively shows

the keyway and threaded hole for a setscrew in the pulley.

REVOLVED SECTIONS

Without
conventional

  
Figure 16.26 Revolved sections show cross-sectional fea-

tures of a part to eliminate the need for supplementary
orthographic views. You may superimpose revolved sec—

tions on the given views or use conventional breaks to sep-
arate them from the given views.
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REVOLVED SECTION

CUTTI N6 PLANE

CUTTING

REVOLVED SECTION

Figure 16.27 Drawing revolved sections:

Step 1 Show an axis of revolution in the front view. The

cutting plane would appear as an edge in the top view it

you were to show it.

REVOLVED SECTIONS

 

  
—_——

II-it-Il
d-_W {Illa—-

   
C. RIBBED PART

Figure16.28 These revolved sections help describe the

cross sections of the two parts and make complex ortho-

graphic views unnecessary.

 
 

REVOLVED SECTION

TRUE-SIZE
SECTiON 

Step 2 Revolve the vertical section in the top view to show
the section at true size in the front view. Do not draw object

lines through the revolved section.

A revolved section helps to describe the part

shown in Fig. 16.27. Imagine passing a cutting

plane through the top View of the part (step 1).

Then imagine revolving the cutting plane in the

top view to obtain a true—size revolved section in

the front View [step 2). Conventional breaks could
be used on each side of the revolved section.

Figure 16.28 demonstrates how to use typical

revolved sections to show cross sections through

parts without having to draw additional ortho-

graphic views.

16.11 Conventional Revolutions

In Fig. 16.29A, the middle hole is omitted because

it does not pass through the center of the circular

plate. However, in Fig. 16.298, the hole does pass

through the plate’s center and is shown in the sec-

tion. Although the cutting plane does not pass

through one of the symmetrically spaced holes in

16.11 CONVENTIONALREVOLUTIONS 0 245

 
R.J. Reynolds Vapor Exhibit 1034-00029



R.J. Reynolds Vapor Exhibit 1034-00030

SYMMETRICAL HOLES

 
Figure 16.29 Revolve symmetrically spaced holes to show
their true radial distances from their centers in sectional

views. (A) Do not show the middle hole because it is not at

the center of the plate. (B) Show the center hole because it

is at the center of the plate. (C) Rotate one of the holes to

the cutting plane to make the sectional view symmetrical
and more descriptive.

the top view (Fig. 16.29C), the hole is revolved to

the cutting plane to show the full section.

When ribs are symmetrically spaced about a hub

(Fig. 16.30), it is conventional practice to revolve

them so that they appear true size in both views and

sections. Figure 16.31 illustrates the conventional

practice of revolving both holes and ribs (or webs) of

symmetrical parts. Revolution gives a better descrip-

tion of the parts in a manner that is easier to draw.

A cutting plane may be positioned in either of

two ways shown in Fig. 16.32. Even though the

cutting plane does not pass through the ribs and

holes in Fig. 16.32A, they may appear in section as

if the cutting plane passed through them. The

path of the cutting plane also may be revolved, as

shown in Fig. 16.32B. In this case the ribs are

revolved to their true—size position in the section

View, although the plane does not cut them.
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SYMMETRICAL RIBS

 
A. TRUE VIEW B. TRUE SECTION

Ribs
revolved

GOOD 
 

C. CONVENTIONAL D. CONVENTIONAL
VIEW SECTION

Figure 16.30 Show symmetrically spaced ribs revolved in

both orthographic and sectional views to show them true

size as a conventional practice.

RIBS AND HOLES IN SECTION

 

  
Symmetricolly
spaced ribs .

. and holes

 

   
 GOOD GOOD POOR

CONVENTIONAL CONVENTIONAL TRUE PROJECT.

Figure 16.31 Show parts having symmetrically spaced ribs
and holes in section with ribs rotated to show their true

size and holes rotated to show them at their true radial dis—
tance from the center.
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CUTTING-PLANE POSITIONS

Sight arrows are
always 90° to

cutting
plane

  
 

Revolved cutting
cutting plane plane
Conventional

 
B.Show rib missed

by cutting plcme
A.Show hole missed

by cutting plane

Figure 1632 Show symmetrically located ribs true size in
section whether the cutting plane passes through them or

not. You may revolve the path of the cutting plane

through certain features it you want, but the sight arrows

are always perpendicular to the cutting plane.

SPOKES IN SECTION

 
 
 

 

VIII/III.—

'1  

 

 

 
 

 

 

Revolved

spoke

Figure 16.33 Revolve symmetrically spaced spokes to show
them at true size in section. Do not section line spokes.

The same principles apply to symmetrically

spaced spokes (Fig. 16.33). Draw only the

revolved, true—size spokes and do not section line

them. If the spokes shown in Fig. 16.34A were

 
WEBS AND SPOKES IN SECTION

Solid web

 
A. FULL SECTION B. FULL SECTION

Figure 16.34

A Do not hatch spokes when the cutting plane passes

through them.

3 Hatch solid webs in sections of this type.

hatched, they could be misunderstood as a solid

web, as shown in Fig l6,34B.

Revolving the symmetrically positioned lugs

shown in Fig. 16.35 yields their true size in both

the front view and section. The same principles of

rotation apply to the part shown in Fig. 16.36,

where the inclined arm appears in the section as if

it had been revolved to the centerline in the top -

view and then projected to the sectional view.

16.12 Removed Sections

A removed section is a revolved section that is

shown outside the View in which it was revolved

(Fig. 16.37). Centerlines are used as axes of rotation
to show the locations from which the sections are

taken. Where space does not permit revolution on

16.12 REMOVED SECTIONS ‘" 247
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LUGS IN SECTION

Draw lugs TS
in Front View
8c Section

 
 

 
 

 

   
A. VIEW B. SECTION-

Figure 16.35 Revolve symmetrically spaced lugs (flanges) to
show their true size in the (A) front view and (B) in sections.

REVOLVED FEATURES

Draw front View as
if the arm had
been revolved
into the frontal

 
 

 

    
Rotate to

frontal picme
Do not 
 True Shape

Figure 16.36 It is conventional practice to revolve a part

with an inclined arm extending from a circular hub as it it

were true shape in the sectional view.

the given View (Fig. 16.38A), removed sections must

be used instead of revolved sections (Fig. 16.38B).

Removed sections do not have to position

directly along an axis of revolution adjacent to the

View from which they were revolved. Instead,
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REMOVED SECTIONS

 
Revolved sections
removed from
view where the
were revolved

Axes of

/'evolution\,_r

  
 

   
Figure 16.37 Removed sections are revolved sections that

are drawn outside the object along their axes of revolution.

REVOLVED AND REMOVED SECTIONS

 

 
Use

Too crowded for removed
revolved section—x section

D ‘i

  
A. REVOLVED SECTION B. REMOVED SECTlON

Figure 16.38 Removed sections are necessary when space
does not permit the use of revolved sections.
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REMOVED SECTIONS

  
SECTION B— B

SECTION A— A

Figure 16.39 Lettering each end of a cutting plane (such
as A—A) identifies the removed section labeled Section A—A

shown elsewhere on the drawing.

CUTTING PLANE FOR REMOVED SECTIONS

/ "A" is Used to label a

A section called SECTION A— A
G: "3" is the page on which

Figure 16.40 if placing a removed section on another page
in a set of drawings is necessary, label each end of the cut-

ting plane with a letter and a number. Here, the letters refer
to Section A—A, and the numbers mean that Section A—A

appears on page 3.

removed sections can be located elsewhere on a

drawing if they are properly labeled (Fig. 16.39).

For example, the plane labeled with an A at each
end identifies the location of section A—A; the

same applies to section B—B.

When a set of drawings consists of multiple

sheets, removed sections and the Views from

CONVENTIONAL BREAKS

BEBE

 

RECTANGULAR RECTANGULAR

(Wood) (Metal)

TUBULAR CYLINDRICAL '
(Metal) (Metal)

 WI////////////// W
[W W
TUBULAR SECTION CYLINDRICAL SECTION

(Metal) (Metal)

  

 

RECTANGULAR: LONG BREAK

(Any material)

Figure 16.41 These conventional breaks indicate that a
portion of an object is not shown.

which they are taken may appear on different

sheets. When this method of layout is necessary,

label the cutting plane in the View from which the
section was taken and the sheet on which the sec—

tion appears (Fig. 16.40).

16.13 Conventional Breaks

Figure 16.41 shows types of conventional breaks
to use when you remove portions of an object. You

may draw the “figure-eight” breaks used for cylin-
drical and tubular parts freehand (Fig. 16.42) or

with a compass when they are larger (Fig. 16.43).
One use of conventional breaks is to shorten a

long piece by removing the portion between the
breaks so that it may be drawn at a larger size (Fig.

16.44). The dimension specifies the true length of

16.13 CONVENTIONALBREAKS . 249
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CYLINDRICAL BREAKS

Freehand

d K

it ill Kill}I

STEP l STEP 2 STEP 3
NDRlCAL BREAKS

K Freehand

Bl}
STEP l STEP 2 STEP 3

B. TUBULAR BREAKS

(NlPU

 

 

        

Figure 16.42 Guidelines aid in drawing conventional

breaks in (A) cylindrical and (B) tubular sections freehand,
as shown here. The radius, R, establishes the width of both

“figure-eight" break symbols.

BREAKS WITH INSTRUMENTS

Freehand ends

\4

    
STEP 1 g” STEP 2 STEP 3

A. CYLINDRlCAL BREAK

B Freehand ends
l‘Z—l and inside

 
\

  
'— 30°

 

R
STEP 1 Z STEP 2 STEP 3
B. TUBULAR BREAK

Figure 16.43 Instruments help in drawing conventional

breaks in larger cylindrical and tubular parts.
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APPLICATION OF BREAKS

 
4—2
 

 
 Drawn true length 
 
 

Drown less than TL

l- E 4'—2

 
Conventional break

Figure 16.44 The use of conventional breaks allows this

part to be drawn effectively at a larger scale. It is permissible
to insert a revolved section between the breaks.

the part, and the breaks indicate that a portion of

the length has been removed.

16.14 Phantom (Ghost) Sections

A phantom or ghost section depicts parts as if they

were being X-rayed. In Fig. 16.45, the cutting

plane is used in the normal manner, but the sec-

tion lines are drawn as dashed lines. If the object

were shown as a regular full section, the circular

hole through the front surface could not be shown
in the same view.

1 6.1 5 Auxiliary Sections

You may use auxiliary sections to supplement the

principal views of orthographic projections (Fig.

16.46). Pass auxiliary cutting plane A—A through

the front view and project the auxiliary View from

the cutting plane as indicated by the sight arrows.

Section A—A gives a cross-sectional description of

the part that would be difficult to depict by other

principal orthographic views.
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PHANTOM SECTION

 Section Shown as

on "X—Roy" view;
removed feature
shown.

Figure 16.45 Phantom sections give an “X-ray” view of

an object, allowing you to Show the hole in the front of

the cutting plane. Draw section lines as dashed lines.

Problems

rltJXltiLlHl/QDQTHLIN

 
REVOLVED
SECTlON

 
Figure 16.46 Auxiliary sections can be used as supplemen-

tary views to add clarity to a drawing.

 

 

  

 
   

 

  
'1.II... :III .‘ 

  
 

 

 

  
 
  

Ewarwfi.‘ .-
:ma::;«: ,1:   

 
 

 

Figure 16.47 Problems 1—24. Introductory sections.

Solve the problems shown in Fig. 16.47 on size A sheets

by drawing two solutions per sheet. Each grid space
equals 0.20 in, or 5 mm.

   
    

 

   
  

   
   

viii-n.I :
-:'.‘.-'"..l‘ i :

 

 
 

F

 
(continued)

1—16. Draw the sections indicated by the cutting planes.

1 7—20. Draw broken—out sections.
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Fig. 16.47 continued
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30—34. (Figs. 16.49—16.53) Complete these drawings as
full sections. Draw one solution per size AH sheet. Each

grid space equals 020 in., or 5 mm. Show the cutting
planes in each solution.

35—36. (Figs. 16.54—16.55) Complete the drawings as

half sections with one solution per size AH sheet. Each

grid space equals 0.20 in., or 5 mm. Show the cutting

planes in each solution.

37—38. (Figs. 16.56—16.57) Complete the drawings as
offset sections. Draw one solution per size AH sheet.

Each grid space equals 0.20 in., or 5 mm. Show the cut-

Figure 16.49 Problem 30. Full section.

ting planes in each solution.

size dimensions of the parts. Select

and rounds where you believe they are

needed but not shown. Use the grid—0.20 in., or 5 mm—
to determine the full

the best scale and sheet size for each solution. (Courtesy

size A sheets and draw appropriate sections to describe

of Jergens, Incorporated, Cleveland, Ohio.)

25—29. (Fig. 16.48) Construct Views of these fixtures on

them clearly. Exercise your design ability and add finish

252 " CHAPTER 16 SECTIONS

Figure 16.48 Problems 25—29.

21—24. Draw half sections.

marks, fillets,
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Figure 16.52 Problem 33. Full section. Figure 16.55 Problem 36. Half section.
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Figure 16.57 Problem 38. Offset sec ion.

39. (Fig. 16.58) Complete the partial View as a full sec-

tion. Draw the views on a size AH sheet. Each grid space

equals 0.20 in., or 5 mm. Show the cutting plane in your
solution.

40. (Fig. 16.59) Complete the front View as a full section

of the assembly. Draw the Views on a size AH sheet.

Each grid space equals 0.20 in., or 5 mm. Show the cut—

ting plane in your solution.
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Figure 16.59 Problem 40. Full section in assembly.
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ABSTRACT

The Thermodynamics, Heat Transfer, and Fluid Flow Fundamentals Handbook was
developed to assist nuclear facility operating contractors provide operators, maintenance
personnel, and the technical staff with the necessary fundamentals training to ensure a basic
understanding of the thermal sciences.  The handbook includes information on thermodynamics
and the properties of fluids; the three modes of heat transfer - conduction, convection, and
radiation; and fluid flow, and the energy relationships in fluid systems.  This information will
provide personnel with a foundation for understanding the basic operation of various types of DOE
nuclear facility fluid systems.

Key Words:  Training Material, Thermodynamics, Heat Transfer, Fluid Flow, Bernoulli's
Equation
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FOREWORD

The Department of Energy (DOE) Fundamentals Handbooks consist of ten academic
subjects, which include Mathematics; Classical Physics; Thermodynamics, Heat Transfer, and Fluid
Flow; Instrumentation and Control; Electrical Science; Material Science; Mechanical Science;
Chemistry; Engineering Symbology, Prints, and Drawings; and Nuclear Physics and Reactor
Theory.  The handbooks are provided as an aid to DOE nuclear facility contractors.

These handbooks were first published as Reactor Operator Fundamentals Manuals in 1985
for use by DOE Category A reactors.  The subject areas, subject matter content, and level of detail
of the Reactor Operator Fundamentals Manuals was determined from several sources.  DOE
Category A reactor training managers determined which materials should be included, and served
as a primary reference in the initial development phase.  Training guidelines from the commercial
nuclear power industry, results of job and task analyses, and independent input from contractors
and operations-oriented personnel were all considered and included to some degree in developing
the text material and learning objectives.

The DOE Fundamentals Handbooks represent the needs of various DOE nuclear facilities'
fundamentals training requirements.  To increase their applicability to nonreactor nuclear facilities,
the Reactor Operator Fundamentals Manual learning objectives were distributed to the Nuclear
Facility Training Coordination Program Steering Committee for review and comment.  To update
their reactor-specific content, DOE Category A reactor training managers also reviewed and
commented on the content.  On the basis of feedback from these sources, information that applied
to two or more DOE nuclear facilities was considered generic and was included.  The final draft
of each of these handbooks was then reviewed by these two groups.  This approach has resulted
in revised modular handbooks that contain sufficient detail such that each facility may adjust the
content to fit their specific needs.

Each handbook contains an abstract, a foreword, an overview, learning objectives, and text
material, and is divided into modules so that content and order may be modified by individual DOE
contractors to suit their specific training needs.  Each subject area is supported by a separate
examination bank with an answer key.

The DOE Fundamentals Handbooks have been prepared for the Assistant Secretary for
Nuclear Energy, Office of Nuclear Safety Policy and Standards, by the DOE Training Coordination
Program.  This program is managed by EG&G Idaho, Inc.
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OVERVIEW

The Department of Energy Fundamentals Handbook entitled Thermodynamics, Heat
Transfer, and Fluid Flow was prepared as an information resource for personnel who are
responsible for the operation of the Department's nuclear facilities.  A basic understanding of the
thermal sciences is necessary for DOE nuclear facility operators, maintenance personnel, and the
technical staff to safely operate and maintain the facility and facility support systems.  The
information in the handbook is presented to provide a foundation for applying engineering
concepts to the job.  This knowledge will help personnel more fully understand the impact that
their actions may have on the safe and reliable operation of facility components and systems.

The Thermodynamics, Heat Transfer, and Fluid Flow handbook consists of three modules
that are contained in three volumes.  The following is a brief description of the information
presented in each module of the handbook.

Volume 1 of 3

Module 1 - Thermodynamics

This module explains the properties of fluids and how those properties are
affected by various processes.  The module also explains how energy balances can
be performed on facility systems or components and how efficiency can be
calculated.

Volume 2 of 3

Module 2 - Heat Transfer

This module describes conduction, convection, and radiation heat transfer.  The
module also explains how specific parameters can affect the rate of heat transfer.

Volume 3 of 3

Module 3 - Fluid Flow

This module describes the relationship between the different types of energy in a
fluid stream through the use of Bernoulli's equation.  The module also discusses
the causes of head loss in fluid systems and what factors affect head loss.
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The information contained in this handbook is by no means all encompassing.  An
attempt to present the entire subject of thermodynamics, heat transfer, and fluid flow would be
impractical.  However, the Thermodynamics, Heat Transfer, and Fluid Flow handbook does
present enough information to provide the reader with a fundamental knowledge level sufficient
to understand the advanced theoretical concepts presented in other subject areas, and to better
understand basic system and equipment operations.
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Fluid Flow OBJECTIVES

TERMINAL OBJECTIVE

1.0 Given conditions affecting the fluid flow in a system,EVALUATE the effects on
the operation of the system.

ENABLING OBJECTIVES

1.1 DESCRIBE how the density of a fluid varies with temperature.

1.2 DEFINE the term buoyancy.

1.3 DESCRIBE the relationship between the pressure in a fluid column and the density and
depth of the fluid.

1.4 STATE Pascal’s Law.

1.5 DEFINE the terms mass flow rate and volumetric flow rate.

1.6 CALCULATE either the mass flow rate or the volumetric flow rate for a fluid system.

1.7 STATE the principle of conservation of mass.

1.8 CALCULATE the fluid velocity or flow rate in a specified fluid system using the
continuity equation.

1.9 DESCRIBE the characteristics and flow velocity profiles of laminar flow and turbulent
flow.

1.10 DEFINE the property of viscosity.

1.11 DESCRIBE how the viscosity of a fluid varies with temperature.

1.12 DESCRIBE the characteristics of an ideal fluid.

1.13 DESCRIBE the relationship between the Reynolds number and the degree of turbulence
of the flow.

1.14 DESCRIBE the relationship between Bernoulli’s equation and the First Law of
Thermodynamics.
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ENABLING OBJECTIVES (Cont.)

1.15 DEFINE the term head with respect to its use in fluid flow.

1.16 EXPLAIN the energy conversions that take place in a fluid system between the velocity,
elevation, and pressure heads as flow continues through a piping system.

1.17 Given the initial and final conditions of the system,CALCULATE the unknown fluid
properties using the simplified Bernoulli equation.

1.18 DESCRIBE the restrictions applied to Bernoulli’s equation when presented in its simplest
form.

1.19 EXPLAIN how to extend the Bernoulli equation to more general applications.

1.20 RELATE Bernoulli’s principle to the operation of a venturi.

1.21 DEFINE the terms head loss, frictional loss, and minor losses.

1.22 DETERMINE friction factors for various flow situations using the Moody chart.

1.23 CALCULATE the head loss in a fluid system due to frictional losses using Darcy’s
equation.

1.24 CALCULATE the equivalent length of pipe that would cause the same head loss as the
minor losses that occur in individual components.

1.25 DEFINE natural circulation and forced circulation.

1.26 DEFINE thermal driving head.

1.27 DESCRIBE the conditions necessary for natural circulation to exist.

1.28 EXPLAIN the relationship between flow rate and temperature difference in natural
circulation flow.

1.29 DESCRIBE how the operator can determine whether natural circulation exists in the
reactor coolant system and other heat removal systems.

1.30 DESCRIBE how to enhance natural circulation flow.

1.31 DEFINE two-phase flow.
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ENABLING OBJECTIVES (Cont.)

1.32 DESCRIBE two-phase flow including such phenomena as bubbly, slug, and annular flow.

1.33 DESCRIBE the problems associated with core flow oscillations and flow instability.

1.34 DESCRIBE the conditions that could lead to core flow oscillation and instability.

1.35 DESCRIBE the phenomenon of pipe whip.

1.36 DESCRIBE the phenomenon of water hammer.

1.37 DEFINE the terms net positive suction head and cavitation.

1.38 CALCULATE the new volumetric flow rate, head, or power for a variable speed
centrifugal pump using the pump laws.

1.39 DESCRIBE the effect on system flow and pump head for the following changes:
a. Changing pump speeds
b. Adding pumps in parallel
c. Adding pumps in series
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Fluid Flow CONTINUITY EQUATION

CONTINUITY EQUATION

Understanding the quantities measured by the volumetric flow rate
and mass flow rate is crucial to understanding other fluid flow topics.
The continuity equation expresses the relationship between mass flow
rates at different points in a fluid system under steady-state flow
conditions.

EO 1.1 DESCRIBE how the density of a fluid varies with temperature.

EO 1.2 DEFINE the term buoyancy.

EO 1.3 DESCRIBE the relationship between the pressure in a
fluid column and the density and depth of the fluid.

EO 1.4 STATE Pascal’s Law.

EO 1.5 DEFINE the terms mass flow rate and volumetric flow
rate.

EO 1.6 CALCULATE either the mass flow rate or the
volumetric flow rate for a fluid system.

EO 1.7 STATE the principle of conservation of mass.

EO 1.8 CALCULATE the fluid velocity or flow rate in a
specified fluid system using the continuity equation.

Introduction

Fluid flow is an important part of most industrial processes; especially those involving the
transfer of heat. Frequently, when it is desired to remove heat from the point at which it is
generated, some type of fluid is involved in the heat transfer process. Examples of this are the
cooling water circulated through a gasoline or diesel engine, the air flow past the windings of
a motor, and the flow of water through the core of a nuclear reactor. Fluid flow systems are also
commonly used to provide lubrication.

Fluid flow in the nuclear field can be complex and is not always subject to rigorous mathematical
analysis. Unlike solids, the particles of fluids move through piping and components at different
velocities and are often subjected to different accelerations.
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Even though a detailed analysis of fluid flow can be extremely difficult, the basic concepts
involved in fluid flow problems are fairly straightforward. These basic concepts can be applied
in solving fluid flow problems through the use of simplifying assumptions and average values,
where appropriate. Even though this type of analysis would not be sufficient in the engineering
design of systems, it is very useful in understanding the operation of systems and predicting the
approximate response of fluid systems to changes in operating parameters.

The basic principles of fluid flow include three concepts or principles; the first two of which the
student has been exposed to in previous manuals. The first is the principle of momentum
(leading to equations of fluid forces) which was covered in the manual on Classical Physics. The
second is the conservation of energy (leading to the First Law of Thermodynamics) which was
studied in thermodynamics. The third is the conservation of mass (leading to the continuity
equation) which will be explained in this module.

Properties of Fluids

A fluid is any substance which flows because its particles are not rigidly attached to one another.
This includes liquids, gases and even some materials which are normally considered solids, such
as glass. Essentially, fluids are materials which have no repeating crystalline structure.

Several properties of fluids were discussed in the Thermodynamics section of this text. These
included temperature, pressure, mass, specific volume and density.Temperaturewas defined as
the relative measure of how hot or cold a material is. It can be used to predict the direction that
heat will be transferred.Pressurewas defined as the force per unit area. Common units for
pressure are pounds force per square inch (psi).Masswas defined as the quantity of matter
contained in a body and is to be distinguished from weight, which is measured by the pull of
gravity on a body. Thespecific volumeof a substance is the volume per unit mass of the
substance. Typical units are ft3/lbm. Density, on the other hand, is the mass of a substance per
unit volume. Typical units are lbm/ft3. Density and specific volume are the inverse of one
another. Both density and specific volume are dependant on the temperature and somewhat on
the pressure of the fluid. As the temperature of the fluid increases, the density decreases and the
specific volume increases. Since liquids are considered incompressible, an increase in pressure
will result in no change in density or specific volume of the liquid. In actuality, liquids can be
slightly compressed at high pressures, resulting in a slight increase in density and a slight
decrease in specific volume of the liquid.

Buoyancy

Buoyancyis defined as the tendency of a body to float or rise when submerged in a fluid. We
all have had numerous opportunities of observing the buoyant effects of a liquid. When we go
swimming, our bodies are held up almost entirely by the water. Wood, ice, and cork float on
water. When we lift a rock from a stream bed, it suddenly seems heavier on emerging from the
water. Boats rely on this buoyant force to stay afloat. The amount of this buoyant effect was
first computed and stated by the Greek philosopher Archimedes. When a body is placed in a
fluid, it is buoyed up by a force equal to the weight of the water that it displaces.
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If a body weighs more than the liquid it displaces, it sinks but will appear to lose an amount of
weight equal to that of the displaced liquid, as our rock. If the body weighs less than that of the
displaced liquid, the body will rise to the surface eventually floating at such a depth that will
displace a volume of liquid whose weight will just equal its own weight. A floating body
displaces its own weight of the fluid in which it floats.

Compressibility

Compressibilityis the measure of the change in volume a substance undergoes when a pressure
is exerted on the substance. Liquids are generally considered to be incompressible. For instance,
a pressure of 16,400 psig will cause a given volume of water to decrease by only 5% from its
volume at atmospheric pressure. Gases on the other hand, are very compressible. The volume
of a gas can be readily changed by exerting an external pressure on the gas

Relationship Between Depth and Pressure

Anyone who dives under the surface of the water notices that the pressure on his eardrums at a
depth of even a few feet is noticeably greater than atmospheric pressure. Careful measurements
show that the pressure of a liquid is directly proportional to the depth, and for a given depth the
liquid exerts the same pressure in all directions.

Figure 1 Pressure Versus Depth

Rev. 0 Page 3 HT-03

R.J. Reynolds Vapor Exhibit 1034-00064



CONTINUITY EQUATION Fluid Flow

As shown in Figure 1 the pressure at different levels in the tank varies and this causes the fluid
to leave the tank at varying velocities. Pressure was defined to be force per unit area. In the
case of this tank, the force is due to the weight of the water above the point where the pressure
is being determined.

Example:

Pressure =Force
Area

= Weight
Area

P = m g
A gc

= ρ V g
A gc

where:
m = mass in lbm

g = acceleration due to earth’s gravity 32.17ft

sec2

gc = 32.17 lbm ft

lbf sec2

A = area in ft2

V = volume in ft3

ρ = density of fluid in lbm

ft 3

The volume is equal to the cross-sectional area times the height (h) of liquid. Substituting
this in to the above equation yields:

P = ρ A h g
A gc

P = ρ h g
gc
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This equation tells us that the pressure exerted by a column of water is directly proportional to
the height of the column and the density of the water and is independent of the cross-sectional
area of the column. The pressure thirty feet below the surface of a one inch diameter standpipe
is the same as the pressure thirty feet below the surface of a large lake.

Example 1:

If the tank in Figure 1 is filled with water that has a density of 62.4 lbm/ft3, calculate the
pressures at depths of 10, 20, and 30 feet.

Solution:

P ρ h g
gc

P10 feet








62.4 lbm

ft 3
10 ft

















32.17 ft

sec2

32.17 lbm ft

lbf sec2

624 lbf

ft 2











1 ft 2

144 in2

4.33 lbf

in 2

P20 feet








62.4 lbm

ft 3
20 ft

















32.17 ft

sec2

32.17 lbm ft

lbf sec2

1248 lbf

ft 2











1 ft 2

144 in2

8.67 lbf

in 2
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P30 feet








62.4 lbm

ft 3
30 ft

















32.17 ft

sec2

32.17 lbm ft

lbf sec2

1872 lbf

ft 2











1 ft 2

144 in2

13.00 lbf

in 2

Example 2:

A cylindrical water tank 40 ft high and 20 ft in diameter is filled with water that has a
density of 61.9 lbm/ft3.
(a) What is the water pressure on the bottom of the tank?
(b) What is the average force on the bottom?

Solution:

(a)
P ρ h g

gc

P 







61.9 lbm

ft 3
40 ft

















32.17 ft

sec2

32.17 lbm ft

lbf sec2

2476 lbf

ft 2











1 ft 2

144 in2

17.2 lbf

in 2
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(b)
Pressure Force

Area

Force (Pressure) (Area)

Area πr 2

F 







17.2 lbf

in 2
π 10 ft

2










144 in2

1 ft 2

7.78 x 105 lbf

Pascal’s Law

The pressure of the liquids in each of the previously cited cases has been due to the weight of
the liquid. Liquid pressures may also result from application of external forces on the liquid.
Consider the following examples. Figure 2 represents a container completely filled with liquid.
A, B, C, D, and E represent pistons of equal cross-sectional areas fitted into the walls of the
vessel. There will be forces acting on the pistons C, D, and E due to the pressures caused by
the different depths of the liquid. Assume that the forces on the pistons due to the pressure
caused by the weight of the liquid are as follows: A = 0 lbf, B = 0 lbf, C = 10 lbf, D = 30 lbf,
and E = 25 lbf. Now let an external force of 50 lbf be applied to piston A. This external force
will cause the pressure at all points in the container to increase by the same amount. Since the
pistons all have the same cross-sectional area, the increase in pressure will result in the forces
on the pistons all increasing by 50 lbf. So if an external force of 50 lbf is applied to piston A,
the force exerted by the fluid on the other pistons will now be as follows: B = 50 lbf, C = 60
lbf, D = 80 lbf, and E = 75 lbf.

This effect of an external force on a confined fluid was first stated by Pascal in 1653.

Pressure applied to a confined fluid is transmitted undiminished throughout the
confining vessel of the system.
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Figure 2 Pascal’s Law

Control Volume

In thermodynamics, acontrol volumewas defined as a fixed region in space where one studies
the masses and energies crossing the boundaries of the region. This concept of a control volume
is also very useful in analyzing fluid flow problems. The boundary of a control volume for fluid
flow is usually taken as the physical boundary of the part through which the flow is occurring.
The control volume concept is used in fluid dynamics applications, utilizing the continuity,
momentum, and energy principles mentioned at the beginning of this chapter. Once the control
volume and its boundary are established, the various forms of energy crossing the boundary with
the fluid can be dealt with in equation form to solve the fluid problem. Since fluid flow
problems usually treat a fluid crossing the boundaries of a control volume, the control volume
approach is referred to as an "open" system analysis, which is similar to the concepts studied in
thermodynamics. There are special cases in the nuclear field where fluid does not cross the
control boundary. Such cases are studied utilizing the "closed" system approach.

Regardless of the nature of the flow, all flow situations are found to be subject to the established
basic laws of nature that engineers have expressed in equation form. Conservation of mass and
conservation of energy are always satisfied in fluid problems, along with Newton’s laws of
motion. In addition, each problem will have physical constraints, referred to mathematically as
boundary conditions, that must be satisfied before a solution to the problem will be consistent
with the physical results.
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Volumetric Flow Rate

Thevolumetric flow rate( ) of a system is a measure of the volume of fluid passing a point inV̇
the systemper unit time. The volumetric flow rate can be calculated as the product of the cross-
sectional area (A) for flow and the average flow velocity (v).

(3-1)V̇ A v

If area is measured in square feet and velocity in feet per second, Equation 3-1 results in
volumetric flow rate measured in cubic feet per second. Other common units for volumetric flow
rate include gallons per minute, cubic centimeters per second, liters per minute, and gallons per
hour.

Example:

A pipe with an inner diameter of 4 inches contains water that flows at an average velocity
of 14 feet per second. Calculate the volumetric flow rate of water in the pipe.

Solution:

Use Equation 3-1 and substitute for the area.

V̇ (π r 2) v

V̇ (3.14) ( 2
12

ft)2 (14 ft
sec

)

V̇ 1.22 ft 3

sec

Mass Flow Rate

The mass flow rate of a system is a measure of the mass of fluid passing a point in the(ṁ)
system perunit time. The mass flow rate is related to the volumetric flow rate as shown in
Equation 3-2 whereρ is the density of the fluid.

(3-2)ṁ ρV̇

If the volumetric flow rate is in cubic feet per second and the density is in pounds-mass per cubic
foot, Equation 3-2 results in mass flow rate measured in pounds-mass per second. Other
common units for measurement of mass flow rate include kilograms per second and pounds-mass
per hour.
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Replacing in Equation 3-2 with the appropriate terms from Equation 3-1 allows the directV̇
calculation ofthe mass flow rate.

(3-3)ṁ ρ A v

Example:

The water in the pipe of the previous example had a density of 62.44 lbm/ft3. Calculate
the mass flow rate.

Solution:

ṁ ρ V̇

ṁ (62.44 lbm

ft 3
) (1.22 ft 3

sec
)

ṁ 76.2 lbm
sec

Conservation of Mass

In thermodynamics, you learned that energy can neither be created nor destroyed, only changed
in form. The same is true for mass. Conservation of mass is a principle of engineering that
states that all mass flow rates into a control volume are equal to all mass flow rates out of the
control volume plus the rate of change of mass within the control volume. This principle is
expressed mathematically by Equation 3-4.

(3-4)ṁin ṁout

∆m
∆t

where:

= the increase or decrease of the mass within the control volume over a∆m
∆t

(specified time period)

Steady-State Flow

Steady-state flow refers to the condition where the fluid properties at any single point in the
system do not change over time. These fluid properties include temperature, pressure, and
velocity. One of the most significant properties that is constant in a steady-state flow system is
the system mass flow rate. This means that there is no accumulation of mass within any
component in the system.

HT-03 Page 10 Rev. 0

R.J. Reynolds Vapor Exhibit 1034-00071



Fluid Flow CONTINUITY EQUATION

Continuity Equation

The continuity equation is simply a mathematical expression of the principle of conservation of
mass. For a control volume that has a single inlet and a single outlet, the principle of
conservation of mass states that, for steady-state flow, the mass flow rate into the volume must
equal the mass flow rate out. The continuity equation for this situation is expressed by Equation
3-5.

(3-5)ṁinlet ṁoutlet

(ρAv)inlet = (ρAv)outlet

For a control volume with multiple inlets and outlets, the principle of conservation of mass
requires that the sum of the mass flow rates into the control volume equal the sum of the mass
flow rates out of the control volume. The continuity equation for this more general situation is
expressed by Equation 3-6.

(3-6)ṁinlets ṁoutlets

One of the simplest applications of the continuity equation is determining the change in fluid
velocity due to an expansion or contraction in the diameter of a pipe.

Example: Continuity Equation - Piping Expansion

Steady-state flow exists in a pipe that undergoes a gradual expansion from a diameter of
6 in. to a diameter of 8 in. The density of the fluid in the pipe is constant at 60.8 lbm/ft3.
If the flow velocity is 22.4 ft/sec in the 6 in. section, what is the flow velocity in the 8
in. section?

Solution:

From the continuity equation we know that the mass flow rate in the 6 in. section must
equal the mass flow rate in the 8 in. section. Letting the subscript 1 represent the 6 in.
section and 2 represent the 8 in. section we have the following.
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So by using the continuity equation, we find that the increase in pipe diameter from 6 to 8 inches

ṁ1 ṁ2

ρ1 A1 v1 ρ2 A2 v2

v2 v1

ρ1

ρ2

A1

A2

v1

π r 2
1

π r 2
2









22.4 ft
sec

(3 in)2

(4 in)2

v2 12.6 ft
sec

caused a decrease in flow velocity from 22.4 to 12.6 ft/sec.

The continuity equation can also be used to show that a decrease in pipe diameter will cause an
increase in flow velocity.

Figure 3 Continuity Equation
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Example: Continuity Equation - Centrifugal Pump

The inlet diameter of the reactor coolant pump shown in Figure 3 is 28 in. while the
outlet flow through the pump is 9200 lbm/sec. The density of the water is 49 lbm/ft3.
What is the velocity at the pump inlet?

Solution:

Ainlet πr 2 (3.14)






14 in 







1 ft
12 in

2

4.28 ft2

ṁinlet ṁoutlet 9200 lbm
sec

(ρAv)inlet 9200 lbm
sec

vinlet

9200 lbm
sec

Aρ

9200 lbm
sec

(4.28 ft2) 







49 lbm

ft 3

vinlet 43.9 ft
sec

The above example indicates that the flow rate into the system is the same as that out of the
system. The same concept is true even though more than one flow path may enter or leave the
system at the same time. The mass balance is simply adjusted to state that the sum of all flows
entering the system is equal to the sum of all the flows leaving the system if steady-state
conditions exist. An example of this physical case is included in the following example.
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Figure 4 "Y" Configuration for Example Problem

Example: Continuity Equation - Multiple Outlets

A piping system has a "Y" configuration for separating the flow as shown in Figure 4.
The diameter of the inlet leg is 12 in., and the diameters of the outlet legs are 8 and 10
in. The velocity in the 10 in. leg is 10 ft/sec. The flow through the main portion is 500
lbm/sec. The density of water is 62.4 lbm/ft3. What is the velocity out of the 8 in. pipe
section?
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Solution:

A8 π 







4 in. 1 ft
12 in.

2

0.349 ft2

A10 π 







5 in. 1 ft
12 in.

2

0.545 ft2

Σṁinlets Σṁoutlets

ṁ12 ṁ10 ṁ8

ṁ8 ṁ12 ṁ10

(ρAv)8 ṁ12 (ρAv)10

v8

ṁ12 (ρAv)10

(ρA)8

500 lbm
sec









62.4 lbm

ft 3
(0.545 ft2) 








10 ft
sec









62.4 lbm

ft 3
(0.349 ft2)

v8 7.3 ft
sec

Summary

The main points of this chapter are summarized on the next page.
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Continuity Equation Summary

• Density changes in a fluid are inversely proportional to temperature changes.

• Buoyancy is the tendency of a body to float or rise when submerged in a
fluid.

• The pressure exerted by a column of water is directly proportional to the
height of the column and the density of the water.

P = ρ h g
gc

• Pascal’s law states that pressure applied to a confined fluid is transmitted
undiminished throughout the confining vessel of a system.

• Volumetric flow rate is the volume of fluid per unit time passing a point in
a fluid system.

• Mass flow rate is the mass of fluid per unit time passing a point in a fluid
system.

• The volumetric flow rate is calculated by the product of the average fluid
velocity and the cross-sectional area for flow.

V̇ A v

• The mass flow rate is calculated by the product of the volumetric flow rate
and the fluid density.

ṁ ρ A v

• The principle of conservation of mass states that all mass flow rates into a
control volume are equal to all mass flow rates out of the control volume
plus the rate of change of mass within the control volume.

• For a control volume with a single inlet and outlet, the continuity equation
can be expressed as follows:

ṁinlet ṁoutlet

• For a control volume with multiple inlets and outlets, the continuity
equation is:

ṁinlets ṁoutlets
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LAMINAR AND TURBULENT FLOW

The characteristics of laminar and turbulent flow are very different.
To understand why turbulent or laminar flow is desirable in the
operation of a particular system, it is necessary to understand the
characteristics of laminar and turbulent flow.

EO 1.9 DESCRIBE the characteristics and flow velocity profiles
of laminar flow and turbulent flow.

EO 1.10 DEFINE the property of viscosity.

EO 1.11 DESCRIBE how the viscosity of a fluid varies with
temperature.

EO 1.12 DESCRIBE the characteristics of an ideal fluid.

EO 1.13 DESCRIBE the relationship between the Reynolds
number and the degree of turbulence of the flow.

Flow Regimes

All fluid flow is classified into one of two broad categories or regimes. These two flow regimes
are laminar flow and turbulent flow. The flow regime, whether laminar or turbulent, is important
in the design and operation of any fluid system. The amount of fluid friction, which determines
the amount of energy required to maintain the desired flow, depends upon the mode of flow.
This is also an important consideration in certain applications that involve heat transfer to the
fluid.

Laminar Flow

Laminar flow is also referred to as streamline or viscous flow. These terms are descriptive of
the flow because, in laminar flow, (1) layers of water flowing over one another at different
speeds with virtually no mixing between layers, (2) fluid particles move in definite and
observable paths or streamlines, and (3) the flow is characteristic of viscous (thick) fluid or is
one in which viscosity of the fluid plays a significant part.

Turbulent Flow

Turbulent flow is characterized by the irregular movement of particles of the fluid. There is no
definite frequency as there is in wave motion. The particles travel in irregular paths with no
observable pattern and no definite layers.
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Flow Velocity Profiles

Not all fluid particles travel at the same velocity within a pipe. The shape of the velocity curve
(the velocity profile across any given section of the pipe) depends upon whether the flow is
laminar or turbulent. If the flow in a pipe is laminar, the velocity distribution at a cross section
will be parabolic in shape with the maximum velocity at the center being about twice the average
velocity in the pipe. In turbulent flow, a fairly flat velocity distribution exists across the section
of pipe, with the result that the entire fluid flows at a given single value. Figure 5 helps illustrate
the above ideas. The velocity of the fluid in contact with the pipe wall is essentially zero and
increases the further away from the wall.

Figure 5 Laminar and Turbulent Flow Velocity Profiles

Note from Figure 5 that the velocity profile depends upon the surface condition of the pipe wall.
A smoother wall results in a more uniform velocity profile than a rough pipe wall.
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Average (Bulk) Velocity

In many fluid flow problems, instead of determining exact velocities at different locations in the
same flow cross-section, it is sufficient to allow a single average velocity to represent the
velocity of all fluid at that point in the pipe. This is fairly simple for turbulent flow since the
velocity profile is flat over the majority of the pipe cross-section. It is reasonable to assume that
the average velocity is the same as the velocity at the center of the pipe.

If the flow regime is laminar (the velocity profile is parabolic), the problem still exists of trying
to represent the "average" velocity at any given cross-section since an average value is used in
the fluid flow equations. Technically, this is done by means of integral calculus. Practically, the
student should use an average value that is half of the center line value.

Viscosity

Viscosityis a fluid property that measures the resistance of the fluid to deforming due to a shear
force. Viscosity is the internal friction of a fluid which makes it resist flowing past a solid
surface or other layers of the fluid. Viscosity can also be considered to be a measure of the
resistance of a fluid to flowing. A thick oil has a high viscosity; water has a low viscosity. The
unit of measurement for absolute viscosity is:

µ = absolute viscosity of fluid (lbf-sec/ft2).

The viscosity of a fluid is usually significantly dependent on the temperature of the fluid and
relatively independent of the pressure. For most fluids, as the temperature of the fluid increases,
the viscosity of the fluid decreases. An example of this can be seen in the lubricating oil of
engines. When the engine and its lubricating oil are cold, the oil is very viscous, or thick. After
the engine is started and the lubricating oil increases in temperature, the viscosity of the oil
decreases significantly and the oil seems much thinner.

Ideal Fluid

An ideal fluid is one that is incompressible and has no viscosity. Ideal fluids do not actually
exist, but sometimes it is useful to consider what would happen to an ideal fluid in a particular
fluid flow problem in order to simplify the problem.

Reynolds Number

The flow regime (either laminar or turbulent) is determined by evaluating the Reynolds number
of the flow (refer to figure 5). TheReynolds number, based on studies of Osborn Reynolds, is
a dimensionless number comprised of the physical characteristics of the flow. Equation 3-7 is
used to calculate the Reynolds number (NR) for fluid flow.

NR = ρ v D / µ gc (3-7)
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where:

NR = Reynolds number (unitless)
v = average velocity (ft/sec)
D = diameter of pipe (ft)
µ = absolute viscosity of fluid (lbf-sec/ft2)
ρ = fluid mass density (lbm/ft3)
gc = gravitational constant (32.2 ft-lbm/lbf-sec2)

For practical purposes, if the Reynolds number is less than 2000, the flow is laminar. If it is
greater than 3500, the flow is turbulent. Flows with Reynolds numbers between 2000 and 3500
are sometimes referred to as transitional flows. Most fluid systems in nuclear facilities operate
with turbulent flow. Reynolds numbers can be conveniently determined using a Moody Chart;
an example of which is shown in Appendix B. Additional detail on the use of the Moody Chart
is provided in subsequent text.

Summary

The main points of this chapter are summarized below.

Laminar and Turbulent Flow Summary

• Laminar Flow
Layers of water flow over one another at different speeds with virtually no
mixing between layers.
The flow velocity profile for laminar flow in circular pipes is parabolic in shape,
with a maximum flow in the center of the pipe and a minimum flow at the pipe
walls.
The average flow velocity is approximately one half of the maximum velocity.

• Turbulent Flow
The flow is characterized by the irregular movement of particles of the fluid.
The flow velocity profile for turbulent flow is fairly flat across the center section
of a pipe and drops rapidly extremely close to the walls.
The average flow velocity is approximately equal to the velocity at the center of
the pipe.

• Viscosity is the fluid property that measures the resistance of the fluid to deforming
due to a shear force. For most fluids, temperature and viscosity are inversely
proportional.

• An ideal fluid is one that is incompressible and has no viscosity.

• An increasing Reynolds number indicates an increasing turbulence of flow.
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BERNOULLI’S EQUATION

Bernoulli’s equation is a special case of the general energy equation
that is probably the most widely-used tool for solving fluid flow
problems. It provides an easy way to relate the elevation head,
velocity head, and pressure head of a fluid. It is possible to modify
Bernoulli’s equation in a manner that accounts for head losses and
pump work.

EO 1.14 DESCRIBE the relationship between Bernoulli’s
equation and the First Law of Thermodynamics.

EO 1.15 DEFINE the term head with respect to its use in fluid
flow.

EO 1.16 EXPLAIN the energy conversions that take place in a
fluid system between the velocity, elevation, and
pressure heads as flow continues through a piping
system.

EO 1.17 Given the initial and final conditions of the system,
CALCULATE the unknown fluid properties using the
simplified Bernoulli equation.

EO 1.18 DESCRIBE the restrictions applied to Bernoulli’s
equation when presented in its simplest form.

EO 1.19 EXPLAIN how to extend the Bernoulli equation to
more general applications.

EO 1.20 RELATE Bernoulli’s principle to the operation of a
venturi.

General Energy Equation

The conservation of energy principle states that energy can be neither created nor destroyed.
This is equivalent to the First Law of Thermodynamics, which was used to develop the general
energy equation in the module on thermodynamics. Equation 3-8 is a statement of the general
energy equation for an open system.

Q + (U + PE + KE + PV)in =

W + (U + PE + KE + PV)out + (U + PE + KE + PV)stored (3-8)
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where:

Q = heat (Btu)
U = internal energy (Btu)
PE = potential energy (ft-lbf)
KE = kinetic energy (ft-lbf)
P = pressure (lbf/ft2)
V = volume (ft3)
W = work (ft-lbf)

Simplified Bernoulli Equation

Bernoulli’s equation results from the application of the general energy equation and the first law
of thermodynamics to a steady flow system in which no work is done on or by the fluid, no heat
is transferred to or from the fluid, and no change occurs in the internal energy (i.e., no
temperature change) of the fluid. Under these conditions, the general energy equation is
simplified to Equation 3-9.

(PE + KE + PV)1 = (PE + KE + PV)2 (3-9)

Substituting appropriate expressions for the potential energy and kinetic energy, Equation 3-9 can
be rewritten as Equation 3-10.

(3-10)
mgz1

gc

mv 2
1

2gc

P1V1

mgz2

gc

mv 2
2

2gc

P2V2

where:

m = mass (lbm)
z = height above reference (ft)
v = average velocity (ft/sec)
g = acceleration due to gravity (32.17 ft/sec2)
gc = gravitational constant, (32.17 ft-lbm/lbf-sec2)

Note: The factor gc is only required when the English System of measurement is used and mass
is measured in pound mass. It is essentially a conversion factor needed to allow the units
to come out directly. No factor is necessary if mass is measured in slugs or if the metric
system of measurement is used.

Each term in Equation 3-10 represents a form of energy possessed by a moving fluid (potential,
kinetic, and pressure related energies). In essence, the equation physically represents a balance
of the KE, PE, PV energies so that if one form of energy increases, one or more of the others
will decrease to compensate and vice versa.
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Multiplying all terms in Equation 3-10 by the factor gc/mg results in the form of Bernoulli’s
equation shown by Equation 3-11.

(3-11)z1

v 2
1

2g
P1ν1

gc

g
z2

v 2
2

2g
P2ν2

gc

g

Head

Since the units for all the different forms of energy in Equation 3-11 are measured in units of
distance, these terms are sometimes referred to as "heads" (pressure head, velocity head, and
elevation head). The termheadis used by engineers in reference to pressure. It is a reference
to the height, typically in feet, of a column of water that a given pressure will support. Each of
the energies possessed by a fluid can be expressed in terms of head. The elevation head
represents the potential energy of a fluid due to its elevation above a reference level. The
velocity head represents the kinetic energy of the fluid. It is the height in feet that a flowing
fluid would rise in a column if all of its kinetic energy were converted to potential energy. The
pressure head represents the flow energy of a column of fluid whose weight is equivalent to the
pressure of the fluid.

The sum of the elevation head, velocity head, and pressure head of a fluid is called the total
head. Thus, Bernoulli’s equation states that the total head of the fluid is constant.

Energy Conversions in Fluid Systems

Bernoulli’s equation makes it easy to examine how energy transfers take place among elevation
head, velocity head, and pressure head. It is possible to examine individual components of piping
systems and determine what fluid properties are varying and how the energy balance is affected.

If a pipe containing an ideal fluid undergoes a gradual expansion in diameter, the continuity
equation tells us that as the diameter and flow area get bigger, the flow velocity must decrease
to maintain the same mass flow rate. Since the outlet velocity is less than the inlet velocity, the
velocity head of the flow must decrease from the inlet to the outlet. If the pipe lies horizontal,
there is no change in elevation head; therefore, the decrease in velocity head must be
compensated for by an increase in pressure head. Since we are considering an ideal fluid that
is incompressible, the specific volume of the fluid will not change. The only way that the
pressure head for an incompressible fluid can increase is for the pressure to increase. So the
Bernoulli equation indicates that a decrease in flow velocity in a horizontal pipe will result in an
increase in pressure.

If a constant diameter pipe containing an ideal fluid undergoes a decrease in elevation, the same
net effect results, but for different reasons. In this case the flow velocity and the velocity head
must be constant to satisfy the mass continuity equation.
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So the decrease in elevation head can only be compensated for by an increase in pressure head.
Again, the fluid is incompressible so the increase in pressure head must result in an increase in
pressure.

Although the Bernoulli equation has several restrictions placed upon it, there are many physical
fluid problems to which it is applied. As in the case of the conservation of mass, the Bernoulli
equation may be applied to problems in which more than one flow may enter or leave the system
at the same time. Of particular note is the fact that series and parallel piping system problems
are solved using the Bernoulli equation.

Example: Bernoulli’s Equation

Assume frictionless flow in a long, horizontal, conical pipe. The diameter is 2.0 ft at one
end and 4.0 ft at the other. The pressure head at the smaller end is 16 ft of water. If
water flows through this cone at a rate of 125.6 ft3/sec, find the velocities at the two ends
and the pressure head at the larger end.

Solution:

V̇1 A1v1

v1

V̇1

A1

v1

125.6 ft 3

sec

π(1 ft)2

v1 40 ft
sec

v2

V̇2

A2

v2

125.6 ft 3

sec

π(2 ft)2

v2 10 ft
sec

z1

v 2
1

2g
P1ν1

gc

g
z2

v 2
2

2g
P2ν2

gc

g

P2ν2

gc

g
P1ν1

gc

g
(z1 z2)

v 2
1 v 2

2

2g

16 ft 0 ft









40 ft
sec

2 







10 ft
sec

2

2 







32.17 ft lbm

lbf sec2

39.3 ft
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Restrictions on the Simplified Bernoulli Equation

Practical applications of the simplified Bernoulli Equation to real piping systems is not possible
due to two restrictions. One serious restriction of the Bernoulli equation in its present form is
that no fluid friction is allowed in solving piping problems. Therefore, Equation 3-10 only
applies to ideal fluids. However, in reality, the total head possessed by the fluid cannot be
transferred completely from one point to another because of friction. Taking these losses of head
into account would provide a much more accurate description of what takes place physically.
This is especially true because one purpose of a pump in a fluid system is to overcome the losses
in pressure due to pipe friction.

The second restriction on Bernoulli’s equation is that no work is allowed to be done on or by the
fluid. This restriction prevents two points in a fluid stream from being analyzed if a pump exists
between the two points. Since most flow systems include pumps, this is a significant limitation.
Fortunately, the simplified Bernoulli equation can be modified in a manner that satisfactorily
deals with both head losses and pump work.

Extended Bernoulli

The Bernoulli equation can be modified to take into account gains and losses of head. The
resulting equation, referred to as the Extended Bernoulli equation, is very useful in solving most
fluid flow problems. In fact, the Extended Bernoulli equation is probably used more than any
other fluid flow equation. Equation 3-12 is one form of the Extended Bernoulli equation.

(3-12)z1

v 2
1

2g
P1ν1

gc

g
Hp z2

v 2
2

2g
P2ν2

gc

g
Hf

where:

z = height above reference level (ft)
v = average velocity of fluid (ft/sec)
P = pressure of fluid (lbf/ft2)
ν = specific volume of fluid (ft3/lbm)
Hp = head added by pump (ft)
Hf = head loss due to fluid friction (ft)
g = acceleration due to gravity (ft/sec2)

The head loss due to fluid friction (Hf) represents the energy used in overcoming friction caused
by the walls of the pipe. Although it represents a loss of energy from the standpoint of fluid
flow, it does not normally represent a significant loss of total energy of the fluid. It also does
not violate the law of conservation of energy since the head loss due to friction results in an
equivalent increase in the internal energy (u) of the fluid. These losses are greatest as the fluid
flows through entrances, exits, pumps, valves, fittings, and any other piping with rough inner
surfaces.
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Most techniques for evaluating head loss due to friction are empirical (based almost exclusively
on experimental evidence) and are based on a proportionality constant called the friction factor
(f), which will be discussed in the next section.

Example: Extended Bernoulli

Water is pumped from a large reservoir to a point 65 feet higher than the reservoir. How
many feet of head must be added by the pump if 8000 lbm/hr flows through a 6-inch pipe
and the frictional head loss is 2 feet? The density of the fluid is 62.4 lbm/ft3, and the
cross-sectional area of a 6-inch pipe is 0.2006 ft2.

Solution:

To use the modified form of Bernoulli’s equation, reference points are chosen at the
surface of the reservoir (point 1) and at the outlet of the pipe (point 2). The pressure at
the surface of the reservoir is the same as the pressure at the exit of the pipe, i.e.,
atmospheric pressure. The velocity at point 1 will be essentially zero.

Using the equation for the mass flow rate to determine the velocity at point 2:

ṁ2 ρA2v2

v2

ṁ2

ρA2

v2

8000 lbm
hr









62.4 lbm

ft 3
(0.2006 ft2)

v2 639 ft
hr









1 hr
3600 sec

v2 0.178 ft
sec
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Now we can use the Extended Bernoulli equation to determine the required pump head.

z1

v 2
1

2g
P1ν1

gc

g
Hp z2

v 2
2

2g
P2ν2

gc

g
Hf

Hp (z2 z1)










v 2
2 v 2

1

2g
(P2 P1) ν

gc

g
Hf

65 ft









0.178 ft
sec

2 







0 ft
sec

2

2 







32.17 ft lbm

lbf sec2

0 ft 2 ft

Hp 67 ft

The student should note that the solution of this example problem has a numerical value that
"makes sense" from the data given in the problem. The total head increase of 67 ft. is due
primarily to the 65 ft. evaluation increase and the 2 ft. of friction head.

Application of Bernoulli’s Equation to a Venturi

Many plant components, such as a venturi, may be analyzed using Bernoulli’s equation and the
continuity equation. A venturi is a flow measuring device that consists of a gradual contraction
followed by a gradual expansion. An example of a venturi is shown in Figure 6. By measuring
the differential pressure between the inlet of the venturi (point 1) and the throat of the venturi
(point 2), the flow velocity and mass flow rate can be determined based on Bernoulli’s equation.

Figure 6 Venturi Meter
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Bernoulli’s equation states that the total head of the flow must be constant. Since the elevation
does not change significantly, if at all, between points 1 and 2, the elevation head at the two
points will be essentially the same and will cancel out of the equation. So Bernoulli’s equation
simplifies to Equation 3-13 for a venturi.

(3-13)
v 2

1

2g
P1ν1

gc

g

v 2
2

2g
P2ν2

gc

g

Applying the continuity equation to points 1 and 2 allows us to express the flow velocity at point
1 as a function of the flow velocity at point 2 and the ratio of the two flow areas.

ρ1A1v1 ρ2A2v2

v1

ρ2A2v2

ρ1A1

v1 v2

A2

A1

Using algebra to rearrange Equation 3-13 and substituting the above result for v1 allows us to
solve for v2.

v 2
2 v 2

1

2g
(P1 P2) ν

gc

g

v 2
2











v2

A2

A1

2

(P1 P2) 2νgc

v 2
2













1










A2

A1

2

(P1 P2) 2νgc
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Therefore the flow velocity at the throat of the venturi and the volumetric flow rate are directly
proportional to the square root of the differential pressure.

The pressures at the upstream section and throat are actual pressures, and velocities from
Bernoulli’s equation without a loss term are theoretical velocities. When losses are considered
in the energy equation, the velocities are actual velocities. First, with the Bernoulli equation (that
is, without a head-loss term), the theoretical velocity at the throat is obtained. Then by
multiplying this by the venturi factor (Cv), which accounts for friction losses and equals 0.98 for
most venturis, the actual velocity is obtained. The actual velocity times the actual area of the
throat determines the actual discharge volumetric flow rate.

The pressure drop, P1-P2, across the venturi can be used to measure the flow rate using a U-tube
manometer as shown in Figure 6. The reading, R’, of the manometer is proportional to the
pressure drop and thus the velocity of the fluid.
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Summary

The main points of this chapter are summarized below.

Bernoulli’s Equation Summary

Bernoulli’s equation is an application of the First Law of Thermodynamics.

Bernoulli’s equation is an application of the general energy equation to a steady
flow system in which no work is done on or by the fluid, no heat is transferred
to or from the fluid, and no change occurs in the internal energy of the fluid.

Head is the term used to describe pressure exerted on or by a fluid.

As fluid flows in a piping system, changes in elevation, velocity, and pressure
heads must be consistent so that Bernoulli’s equation is satisfied.

Bernoulli’s equation can be modified to take into account friction losses and
pump work.

A venturi can be used to determine mass flow rates due to changes in pressure
and fluid velocity.

The volumetric flow rate through a venturi is directly proportional to the square
root of the differential pressure between the venturi’s inlet and its throat.

HT-03 Page 30 Rev. 0

R.J. Reynolds Vapor Exhibit 1034-00091



Fluid Flow HEAD LOSS

HEAD LOSS

The head loss that occurs in pipes is dependent on the flow velocity,
pipe length and diameter, and a friction factor based on the roughness
of the pipe and the Reynolds number of the flow. The head loss that
occurs in the components of a flow path can be correlated to a piping
length that would cause an equivalent head loss.

EO 1.21 DEFINE the terms head loss, frictional loss, and minor
losses.

EO 1.22 DETERMINE friction factors for various flow situations
using the Moody chart.

EO 1.23 CALCULATE the head loss in a fluid system due to
frictional losses using Darcy’s equation.

EO 1.24 CALCULATE the equivalent length of pipe that would
cause the same head loss as the minor losses that occur
in individual components.

Head Loss

Head lossis a measure of the reduction in the total head (sum of elevation head, velocity head
and pressure head) of the fluid as it moves through a fluid system. Head loss is unavoidable in
real fluids. It is present because of: the friction between the fluid and the walls of the pipe; the
friction between adjacent fluid particles as they move relative to one another; and the turbulence
caused whenever the flow is redirected or affected in any way by such components as piping
entrances and exits, pumps, valves, flow reducers, and fittings.

Frictional loss is that part of the total head loss that occurs as the fluid flows through straight
pipes. The head loss for fluid flow is directly proportional to the length of pipe, the square of
the fluid velocity, and a term accounting for fluid friction called the friction factor. The head
loss is inversely proportional to the diameter of the pipe.

Head Loss∝ f Lv 2

D

Friction Factor

The friction factor has been determined to depend on the Reynolds number for the flow and the
degree of roughness of the pipe’s inner surface.
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The quantity used to measure the roughness of the pipe is called the relative roughness, which
equals the average height of surface irregularities (ε) divided by the pipe diameter (D).

Relative Roughness ε
D

The value of the friction factor is usually obtained from the Moody Chart (Figure B-1 of
Appendix B). The Moody Chart can be used to determine the friction factor based on the
Reynolds number and the relative roughness.

Example:

Determine the friction factor (f) for fluid flow in a pipe that has a Reynolds number of
40,000 and a relative roughness of 0.01.

Solution:

Using the Moody Chart, a Reynolds number of 40,000 intersects the curve corresponding
to a relative roughness of 0.01 at a friction factor of 0.04.

Darcy’s Equation

The frictional head loss can be calculated using a mathematical relationship that is known as
Darcy’s equation for head loss. The equation takes two distinct forms. The first form of Darcy’s
equation determines the losses in the system associated with the length of the pipe.

(3-14)
Hf f L v 2

D 2 g

where:

f = friction factor (unitless)
L = length of pipe (ft)
D = diameter of pipe (ft)
v = fluid velocity (ft/sec)
g = gravitational acceleration (ft/sec2)

Example: Darcy’s Head Loss Equation

A pipe 100 feet long and 20 inches in diameter contains water at 200°F flowing at a mass
flow rate of 700 lbm/sec. The water has a density of 60 lbm/ft3 and a viscosity of 1.978
x 10-7 lbf-sec/ft2. The relative roughness of the pipe is 0.00008. Calculate the head loss
for the pipe.
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Solution:

The sequence of steps necessary to solve this problem is first to determine the flow
velocity. Second, using the flow velocity and the fluid properties given, calculate the
Reynolds number. Third, determine the friction factor from the Reynolds number and the
relative roughness. Finally, use Darcy’s equation to determine the head loss.

ṁ ρAv

v ṁ
ρA

700 lbm
sec









60 lbm

ft 3
π (10 in) 2 1 ft 2

144 in2

v 5.35 ft
sec

NR

ρvD
µ gc

NR









60 lbm

ft 3









5.35 ft
sec









20 in 1 ft
12 in

1.978 x 107 lbf sec

ft 2
32.17 ft lbm

lbf sec2

8.4 x 107

Use the Moody Chart for a Reynolds number of 8.4 x 107 and a relative roughness of
0.00008.

f 0.012

Hf f L
D

v 2

2g

(0.012) 100 ft

20 in 







1 ft
12 in









5.35 ft
sec

2

2 







32.17 ft

sec2

Hf 0.32 ft
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Minor Losses

The losses that occur in pipelines due to bends, elbows, joints, valves, etc. are sometimes called
minor losses. This is a misnomer because in many cases these losses are more important than
the losses due to pipe friction, considered in the preceding section. For all minor losses in
turbulent flow, the head loss varies as the square of the velocity. Thus a convenient method of
expressing the minor losses in flow is by means of a loss coefficient (k). Values of the loss
coefficient (k) for typical situations and fittings is found in standard handbooks. The form of
Darcy’s equation used to calculate minor losses of individual fluid system components is
expressed by Equation 3-15.

(3-15)
Hf k v 2

2g

Equivalent Piping Length

Minor losses may be expressed in terms of the equivalent length (Leq) of pipe that would have
the same head loss for the same discharge flow rate. This relationship can be found by setting
the two forms of Darcy’s equation equal to each other.

f L v 2

D 2 g
k v 2

2 g

This yields two relationships that are useful.

(3-16)
Leq k D

f

(3-17)
k f

Leq

D

Typical values of Leq/D for common piping system components are listed in Table 1. The
equivalent length of piping that will cause the same head loss as a particular component can be
determined by multiplying the value of Leq/D for that component by the diameter of the pipe.
The higher the value of Leq/D, the longer the equivalent length of pipe.
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TABLE 1

Typical Values of
Leq

D

Item
Leq

D

Globe Valve

Conventional
Y-Pattern

Gate Valve

Fully Open
75% Open
50% Open
25% Open

Standard Tee

Flow through Run
Flow through Branch

90° Standard Elbow
45° Standard Elbow
Return Bend

400
160

10
35

150
900

10
60

30
16
50

Example:

A fully-open gate valve is in a pipe with a diameter of 10 inches. What equivalent length
of pipe would cause the same head loss as the gate valve?

Solution:

From Table 1, we find that the value of Leq/D for a fully-open gate valve is 10.

Leq = (L/D) D
= 10 (10 inches)
= 100 inches

By adding the equivalent lengths of all components to the actual length of pipe in a system we
can obtain the Leq value for the entire piping system.
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Summary

The main points of this chapter are summarized below.

Head Loss Summary

• Head loss is the reduction in the total head (sum of potential head, velocity head,
and pressure head) of a fluid caused by the friction present in the fluid’s motion.

• Frictional loss is that part of the total head loss that occurs as the fluid flows
through straight pipes.

• Minor losses are the head losses that occur due to bends, elbows, joints, valves,
and other components. Any time the flow experiences a change in direction or
a change in cross-sectional area, it will experience a head loss.

• The friction factor for fluid flow can be determined using a Moody Chart if the
relative roughness of the pipe and the Reynolds number of the flow can be
determined.

• Darcy’s equation can be used to calculate frictional losses.

• A special form of Darcy’s equation can be used to calculate minor losses.

• The length of pipe that would cause the same head loss as a valve or fitting can
be determined by multiplying the value of L/D for the component found in
handbooks or vendor manuals by the diameter of the pipe.
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NATURAL CIRCULATION

Natural circulation is the circulation of fluid within piping systems or
open pools that is due to the density changes caused by temperature
differences. Natural circulation does not require any mechanical
devices to maintain flow.

EO 1.25 DEFINE natural circulation and forced circulation.

EO 1.26 DEFINE thermal driving head.

EO 1.27 DESCRIBE the conditions necessary for natural
circulation to exist.

EO 1.28 EXPLAIN the relationship between flow rate and
temperature difference in natural circulation flow.

EO 1.29 DESCRIBE how the operator can determine whether
natural circulation exists in the reactor coolant system
and other heat removal systems.

EO 1.30 DESCRIBE how to enhance natural circulation flow.

Forced and Natural Circulation

In the previous chapters on fluid flow, it was explained that any time that fluid flows there is
some friction associated with the movement, which will cause head loss. It was pointed out that
this head loss is commonly compensated for in piping systems by pumps that do work on the
fluid, compensating for the head loss due to friction. Circulation of fluid in systems by pumps
is referred to asforced circulation.

It is possible to design some fluid systems in a manner that does not require the presence of
pumps to provide circulation. The head required to compensate for the head losses is created by
density gradients and elevation changes. Flow that occurs under these circumstances is called
natural circulation.

Thermal Driving Head

Thermal driving headis the force that causes natural circulation to take place. It is caused by
the difference in density between two bodies or areas of fluid.
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Consider two equal volumes of the same type of fluid. If the two volumes are not at the same
temperature, then the volume with the higher temperature will also have a lower density and,
therefore, less mass. Since the volume at the higher temperature will have a lower mass, it will
also have less force exerted on it by gravity. This difference in the force of gravity exerted on
the fluid will tend to cause the hotter fluid to rise and the colder fluid to sink.

This effect is seen in many places. One example of this is a hot air balloon. The force causing
a hot air balloon to rise is a result of a difference in density between the hot air inside the
balloon and the cooler air surrounding it.

Heat added to the air in the balloon adds energy to the molecules of air. The movement of the
air molecules increases and the air molecules take up more space. The air molecules inside the
balloon take up more space than the same amount of air molecules outside the balloon. This
means the hot air is less dense and lighter than the surrounding air. Since the air in the balloon
is less dense, gravity has less effect on it. The result is that the balloon weighs less than the
surrounding air. Gravity pulls cooler air down into the space occupied by the balloon. The
downward movement of the cooler air forces the balloon out of the space previously occupied,
and the balloon rises.

Conditions Required for Natural Circulation

Natural circulation will only occur if the correct conditions exist. Even after natural circulation
has begun, removal of any one of these conditions will cause the natural circulation to stop. The
conditions for natural circulation are as follows.

1. A temperature difference exists (heat source and heat sink exists).

2. The heat source is at a lower elevation than the heat sink.

3. The fluids must be in contact with each other.

There must be two bodies of fluid at different temperatures. This could also be one body of fluid
with areas of different temperatures. The difference in temperature is necessary to cause a
density difference in the fluid. The density difference is the driving force for natural circulation
flow.

The difference in temperature must be maintained for the natural circulation to continue.
Addition of heat by a heat source must exist at the high temperature area. Continuous removal
of heat by a heat sink must exist at the low temperature area. Otherwise the temperatures would
eventually equalize, and no further circulation would occur.

The heat source must be at a lower elevation than the heat sink. As shown by the example of
the balloon, a warmer fluid is less dense and will tend to rise, and a cooler fluid is more dense
and will tend to sink. To take advantage of the natural movement of warm and cool fluids, the
heat source and heat sink must be at the proper elevations.
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The two areas must be in contact so that flow between the areas is possible. If the flow path is
obstructed or blocked, then natural circulation cannot occur.

Example of Natural Circulation Cooling

Natural circulation is frequently the primary means of cooling for pool-type reactors and for
irradiated fuel assemblies stored in pools of water after removal from the reactor. The heat
source is the fuel assembly. The heat sink is the bulk of the water in the pool.

Water at the bottom of a fuel assembly absorbs energy generated by the assembly. The water
increases in temperature and decreases in density. Gravity pulls cooler (more dense) water into
the bottom of the assembly displacing the warmer water. The warmer (lighter) water is forced
to give up its position to the cooler (heavier) water. The warmer (lighter) water rises higher in
the assembly. As water travels up the length of the assembly, it absorbs more energy. The water
becomes lighter and lighter being continuously forced upward by more dense water moving in
below it. In turn, the cooler water absorbs energy from the assembly and is also forced to rise
as natural circulation flow continues. Water exiting the top of the fuel assembly gives up its
energy as it mixes with the bulk of the water in the pool. The bulk of the water in the pool is
commonly cooled by circulation through heat exchangers in a separate process.

Flow Rate and Temperature Difference

The thermal driving head that causes natural circulation is due to the density change caused by
a temperature difference. In general, the greater the temperature difference between the hot and
cold areas of fluid, the greater the thermal driving head and the resulting flow rate. However,
it is good practice to keep the hot fluid subcooled to prevent a change of phase from occurring.
It is possible to have natural circulation take place in two-phase flow, but it is usually more
difficult to maintain flow.

Various parameters can be used to indicate or verify natural circulation is occurring. This is
dependent on plant type. For instance for a pressurized water reactor (PWR) selected Reactor
Coolant System (RCS) parameters that would be used are as follows.

1. RCS∆T (THot - TCold) should be 25-80% of the full power value and either steady or
slowly decreasing. This indicates that the decay heat is being removed from the system
at an adequate rate to maintain or reduce core temperatures.

2. RCS Hot and Cold leg temperatures should be steady or slowly decreasing. Again, this
indicates that heat is being removed and the decay heat load is decreasing as expected.

3. Steam generator steam pressure (secondary side pressure) should be following RCS
temperature. This verifies that the steam generator is removing heat from the RCS
coolant.

If natural circulation for a PWR is in progress or is imminent, several actions can be performed
to ensure or enhance core cooling capabilities. First, pressurizer level can be maintained greater
than 50%. Secondly, maintain the RCS subcooled by 15oF or greater.
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Both of these actions will help ensure steam/vapor pockets are not formed in the RCS where they
would restrict RCS flow. Thirdly, maintain steam generator water level≥ normal range. This
provides an adequate heat sink to ensure heat removal is sufficient to prevent boiling of the RCS.

Summary

The main points of this chapter are listed below.

Natural Circulation Flow Summary

Natural circulation flow is circulation of a fluid without the use of
mechanical devices.

Forced circulation flow is circulation of a fluid through a system by pumps.

Thermal driving head is the driving force for natural circulation caused
by the difference in density between two areas of fluid.

Three items are necessary to support natural circulation:

There must be a heat sink and a heat source.
The heat source must be located below the heat sink.
Flowpaths must exist between the warm fluid and the cold fluid.

Generally, the greater the temperature difference, the higher the natural
circulation flow rate.

Natural circulation in a PWR can be verified by monitoring:

RCS∆T - 25%-80% full power value
THot / TCold - steady or slowly decreasing
S/G steam pressure - tracking RCS temperature

Natural circulation in a PWR can be enhanced by:

maintain pressurizer level >50%
maintain RCS≥ 15oF subcooling
maintain adequate heat sink, S/G level≥ normal range

HT-03 Page 40 Rev. 0

R.J. Reynolds Vapor Exhibit 1034-00101



Fluid Flow TWO-PHASE FLUID FLOW

TWO-PHASE FLUID FLOW

Water at saturation conditions may exist as both a fluid and a vapor.
This mixture of steam and water can cause unusual flow
characteristics within fluid systems.

EO 1.31 DEFINE two-phase flow.

EO 1.32 DESCRIBE two-phase flow including such phenomena
as bubbly, slug, and annular flow.

EO 1.33 DESCRIBE the problems associated with core flow
oscillations and flow instability.

EO 1.34 DESCRIBE the conditions that could lead to core flow
oscillation and instability.

EO 1.35 DESCRIBE the phenomenon of pipe whip.

EO 1.36 DESCRIBE the phenomenon of water hammer.

Two-Phase Fluid Flow

All of the fluid flow relationships discussed previously are for the flow of a single phase of fluid
whether liquid or vapor. At certain important locations in fluid flow systems the simultaneous
flow of liquid water and steam occurs, known astwo-phase flow. These simple relationships
used for analyzing single-phase flow are insufficient for analyzing two-phase flow.

There are several techniques used to predict the head loss due to fluid friction for two-phase
flow. Two-phase flow friction is greater than single-phase friction for the same conduit
dimensions and mass flow rate. The difference appears to be a function of the type of flow and
results from increased flow speeds. Two-phase friction losses are experimentally determined by
measuring pressure drops across different piping elements. The two-phase losses are generally
related to single-phase losses through the same elements.

One accepted technique for determining the two-phase friction loss based on the single-phase loss
involves the two-phase friction multiplier (R), which is defined as the ratio of the two-phase head
loss divided by the head loss evaluated using saturated liquid properties.

(3-18)R
Hf , two phase

Hf , saturated liquid
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where:

R = two-phase friction multiplier (no units)

Hf , two-phase = two-phase head loss due to friction (ft)

Hf , saturated liquid = single-phase head loss due to friction (ft)

The friction multiplier (R) has been found to be much higher at lower pressures than at higher
pressures. The two-phase head loss can be many times greater than the single-phase head loss.

Although a wide range of names has been used for two-phase flow patterns, we shall define only
three types of flow. The flow patterns to be used are defined as follows:

1. Bubbly flow: there is dispersion of vapor bubbles in a continuum of liquid.

2. Slug flow: in bubbly flow, the bubbles grow by coalescence and ultimately
become of the same order of diameter as the tube. This generates the typical
bullet-shaped bubbles that are characteristic of the slug-flow regime.

3. Annular flow: the liquid is now distributed between a liquid film flowing up the
wall and a dispersion of droplets flowing in the vapor core of the flow.

Flow Instability

Unstable flow can occur in the form of flow oscillations or flow reversals.Flow oscillationsare
variations in flow due to void formations or mechanical obstructions from design and
manufacturing. A flow oscillation in one reactor coolant channel sometimes causes flow
oscillations in the surrounding coolant channels due to flow redistribution. Flow oscillations are
undesirable for several reasons. First, sustained flow oscillations can cause undesirable forced
mechanical vibration of components. This can lead to failure of those components due to fatigue.
Second, flow oscillations can cause system control problems of particular importance in liquid-
cooled nuclear reactors because the coolant is also used as the moderator. Third, flow
oscillations affect the local heat transfer characteristics and boiling. It has been found through
testing that the critical heat flux (CHF) required for departure from nucleate boiling (DNB) can
be lowered by as much as 40% when flow is oscillating. This severely reduces the thermal limit
and the power density along the length of the reactor core. Again, it has been found through
testing that flow oscillations are not a significant problem for some pressurized water reactors
unless power is above 150% for the normal flow conditions. Flow oscillations can be a problem
during natural circulation operations because of the low flow rates present.

During natural circulation, the steam bubbles formed during a flow oscillation may have enough
of an effect to actually cause complete flow reversal in the affected channel.
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Both the flow oscillations and flow reversals lead to a very unstable condition since the steam
blankets formed on heated surfaces directly affect the ability to transfer heat away from those
surfaces.

Pipe Whip

If a pipe were to rupture, the reaction force created by the high velocity fluid jet could cause the
piping to displace and cause extensive damage to components, instrumentation, and equipment
in the area of the rupture. This characteristic is similar to an unattended garden hose or fire hose
"whipping" about unpredictably. This type of failure is analyzed to minimize damage if pipe
whip were to occur in the vicinity of safety-related equipment.

Water Hammer

Water hammeris a liquid shock wave resulting from the sudden starting or stopping of flow.
It is affected by the initial system pressure, the density of the fluid, the speed of sound in the
fluid, the elasticity of the fluid and pipe, the change in velocity of the fluid, the diameter and
thickness of the pipe, and the valve operating time.

During the closing of a valve, kinetic energy of the moving fluid is converted into potential
energy. Elasticity of the fluid and pipe wall produces a wave of positive pressure back toward
the fluid’s source. When this wave reaches the source, the mass of fluid will be at rest, but
under tremendous pressure. The compressed liquid and stretched pipe walls will now start to
release the liquid in the pipe back to the source and return to the static pressure of the source.
This release of energy will form another pressure wave back to the valve. When this shockwave
reaches the valve, due to the momentum of the fluid, the pipe wall will begin to contract. This
contraction is transmitted back to the source, which places the pressure in the piping below that
of the static pressure of the source. These pressure waves will travel back and forth several times
until the fluid friction dampens the alternating pressure waves to the static pressure of the source.
Normally, the entire hammer process takes place in under one second.

The initial shock of suddenly stopped flow can induce transient pressure changes that exceed the
static pressure. If the valve is closed slowly, the loss of kinetic energy is gradual. If it is closed
quickly, the loss of kinetic energy is very rapid. A shock wave results because of this rapid loss
of kinetic energy. The shock wave caused by water hammer can be of sufficient magnitude to
cause physical damage to piping, equipment, and personnel. Water hammer in pipes has been
known to pull pipe supports from their mounts, rupture piping, and cause pipe whip.

Pressure Spike

A pressure spikeis the resulting rapid rise in pressure above static pressure caused by water
hammer. The highest pressure spike attained will be at the instant the flow changed and is
governed by the following equation.

∆P
ρc ∆v

gc
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where:

∆P = Pressure spike






lbf

ft 2

ρ = Density of the fluid







lbm

ft 3

c = Velocity of the pressure wave 







ft
sec(Speed of sound in the fluid)

∆v = Change in velocity of the fluid






ft
sec

gc = Gravitational constant 32.17






lbm ft

lbf sec2

Example: Pressure spike

Water at a density of 62.4 lbm/ft3 and a pressure of 120 psi is flowing through a pipe
at 10 ft/sec. The speed of sound in the water is 4780 ft/sec. A check valve suddenly
closed. What is the maximum pressure of the fluid in psi?

Solution:

PMax = PStatic + ∆PSpike

PMax = 120lbf

in 2

ρc ∆V

gc

PMax = 120lbf

in 2

62.4lbm

ft 3
4780 ft

sec
10 ft

sec

32.17 lbm ft

lbf sec2

PMax = 120lbf

in 2
92,631lbf

ft 2











ft 2

144 in2

PMax = 120lbf

in 2
643.3lbf

in 2

PMax = 763.3 psi
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Steam Hammer

Steam hammer is similar to water hammer except it is for a steam system.Steam hammeris a
gaseous shock wave resulting from the sudden starting or stopping of flow. Steam hammer is
not as severe as water hammer for three reasons:

1. The compressibility of the steam dampens the shock wave

2. The speed of sound in steam is approximately one third the speed of sound in
water.

3. The density of steam is approximately 1600 times less than that of water.

The items of concern that deal with steam piping are thermal shock and water slugs (i.e.,
condensation in the steam system) as a result of improper warm up.

Operational Considerations

Water and steam hammer are not uncommon occurrences in industrial plants. Flow changes in
piping systems should be done slowly as part of good operator practice. To prevent water and
steam hammer, operators should ensure liquid systems are properly vented and ensure gaseous
or steam systems are properly drained during start-up. When possible, initiate pump starts
against a closed discharge valve, and open the discharge valve slowly to initiate system flow.
If possible, start-up smaller capacity pumps before larger capacity pumps. Use warm-up valves
around main stream stop valves whenever possible. If possible, close pump discharge valves
before stopping pumps. Periodically verify proper function of moisture traps and air traps during
operation.
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Summary

The main points from this chapter are summarized below.

Two-Phase Fluid Flow Summary

The combination of liquid and vapor flowing through a pipe is called two-phase
flow.

Types of two-phase flow include:

• Bubbly flow: there is a dispersion of vapor bubbles in a continuum of liquid.
• Slug flow: the bubbles grow by coalescence and ultimately become of the

same order of diameter as the tube, generating bullet shaped
bubbles.

• Annular flow: the liquid is distributed between a liquid film flowing up the wall
and a dispersion of droplets flowing in the vapor core of the
flow.

Core flow oscillations and instabilities can cause:

• undesirable mechanical vibration of components.
• a reduction in the heat flux required to cause DNB.
• interruptions to actual circulation flow.

Flow oscillations and instabilities can occur during the following conditions:

• core is outside design conditions, power > 150%
• mechanical failure, causing flow blockage
• inadequate core cooling during natural circulation, such that boiling is occurring

Pipe whip is the displacement of piping created by the reaction forces of a high
velocity fluid jet following a pipe rupture.

Water hammer is a liquid shock wave resulting from a sudden starting or stopping
of flow.
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CENTRIFUGAL PUMPS

Centrifugal pumps are one of the most common components found in
fluid systems. In order to understand how a fluid system containing
a centrifugal pump operates, it is necessary to understand the head
and flow relationships for a centrifugal pump.

EO 1.37 DEFINE the terms net positive suction head and
cavitation.

EO 1.38 CALCULATE the new volumetric flow rate, head, or
power for a variable speed centrifugal pump using the
pump laws.

EO 1.39 DESCRIBE the effect on system flow and pump head
for the following changes:
a. Changing pump speeds
b. Adding pumps in parallel
c. Adding pumps in series

Energy Conversion in a Centrifugal Pump

Fluid entering a centrifugal pump is immediately directed to the low pressure area at the center
or eye of the impeller. As the impeller and blading rotate, they transfer momentum to incoming
fluid. A transfer of momentum to the moving fluid increases the fluid’s velocity. As the fluid’s
velocity increases its kinetic energy increases. Fluid of high kinetic energy is forced out of the
impeller area and enters the volute.

The volute is a region of continuously increasing cross-sectional area designed to convert the
kinetic energy of the fluid into fluid pressure. The mechanism of this energy conversion is the
same as that for subsonic flow through the diverging section of a nozzle. The mathematical
analysis of flow through the volute is based on the general energy equation, the continuity
equation, and the equation relating the internal properties of a system. The key parameters
influencing the energy conversion are the expanding cross-sectional area of the volute, the higher
system back pressure at the discharge of the volute, and the incompressible, subsonic flow of the
fluid. As a result of the interdependence of these parameters, the fluid flow in the volute, similar
to subsonic flow in a diverging nozzle, experiences a velocity decrease and a pressure increase.
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Operating Characteristics of a Centrifugal Pump

Normally, a centrifugal pump produces a relatively low pressure increase in the fluid. This
pressure increase can be anywhere from several dozen to several hundred psid across a
centrifugal pump with a single stage impeller. The term PSID (Pounds Force PerSquareInch
Differential) is equivalent to∆P. In this context, it is the pressure difference between the suction
and discharge of a pump. PSID can also be used to describe a pressure drop across a system
component (strainers, filters, heat exchangers, valves, demineralizers, etc.). When a centrifugal
pump is operating at a constant speed, an increase in the system back pressure on the flowing
stream causes a reduction in the magnitude of volumetric flow rate that the centrifugal pump can
maintain.

Figure 7 Typical Centrifugal Pump
Characteristic Curve

Analysis of the relationship between the

volumetric flow rate ( ) that a centrifugalV̇
pump can maintain and the pressure
differential across the pump (∆Ppump) is
based on various physical characteristics of
the pump and the system fluid. Variables
evaluated by design engineers to determine
this relationship include the pump efficiency,
the power supplied to the pump, the
rotational speed, the diameter of the impeller
and blading, the fluid density, and the fluid
viscosity. The result of this complicated
analysis for a typical centrifugal pump
operating at one particular speed is
illustrated by the graph in Figure 7.

Pump head, on the vertical axis, is the
difference between system back pressure and the inlet pressure of the pump (∆Ppump). Volumetric

flow rate ( ), on the horizontal axis, is the rate at which fluid is flowing through the pump. TheV̇
graph assumesone particular speed (N) for the pump impeller.

Cavitation

When the liquid being pumped enters the eye of a centrifugal pump, the pressure is significantly
reduced. The greater the flow velocity through the pump the greater this pressure drop. If the
pressure drop is great enough, or if the temperature of the liquid is high enough, the pressure
drop may be sufficient to cause the liquid to flash to steam when the local pressure falls below
the saturation pressure for the fluid that is being pumped. These vapor bubbles are swept along
the pump impeller with the fluid. As the flow velocity decreases the fluid pressure increases.
This causes the vapor bubbles to suddenly collapse on the outer portions of the impeller. The
formation of these vapor bubbles and their subsequent collapse iscavitation.
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Cavitation can be a very serious problem for centrifugal pumps. Some pumps can be designed
to operate with limited amounts of cavitation. Most centrifugal pumps cannot withstand
cavitation for significant periods of time; they are damaged by erosion of the impeller, vibration,
or some other cavitation-induced problem.

Net Positive Suction Head

It is possible to ensure that cavitation is avoided during pump operation by monitoring the net
positive suction head of the pump.Net positive suction head(NPSH) for a pump is the
difference between the suction pressure and the saturation pressure of the fluid being pumped.
NPSH is used to measure how close a fluid is to saturated conditions. Equation 3-19 can be used
to calculate the net positive suction head available for a pump. The units of NPSH are feet of
water.

NPSH = Psuction - Psaturation (3-19)

where:

Psuction = suction pressure of the pump
Psaturation = saturation pressure for the fluid

By maintaining the available NPSH at a level greater than the NPSH required by the pump
manufacturer, cavitation can be avoided.

Pump Laws

Centrifugal pumps generally obey what are known as the pump laws. These laws state that the
flow rate or capacity is directly proportional to the pump speed; the discharge head is directly
proportional to the square of the pump speed; and the power required by the pump motor is
directly proportional to the cube of the pump speed. These laws are summarized in the following
equations.

(3-20)V̇ ∝ n

(3-21)Hp ∝ n 2

(3-22)p ∝ n 3
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where:

n = speed of pump impeller (rpm)

= volumetric flow rate of pump (gpm or ft3/hr)V̇
Hp = head developed by pump (psid or feet)
p = pump power (kW)

Using these proportionalities, it is possible to develop equations relating the condition at one
speed to those at a different speed.

(3-23)V̇1











n2

n1

V̇2

(3-24)Hp1











n2

n1

2

Hp2

(3-25)p1











n2

n1

3

p2

Example: Pump Laws

A cooling water pump is operating at a speed of 1800 rpm. Its flow rate is 400 gpm at
a head of 48 ft. The power of the pump is 45 kW. Determine the pump flow rate, head,
and power requirements if the pump speed is increased to 3600 rpm.

Solution:

Flow rate

V̇2 V̇1











n2

n1

(400 gpm)







3600 rpm
1800 rpm

800 gpm
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Head

Hp2

HP1











n2

n1

2

48 ft 







3600 rpm
1800 rpm

2

192 ft

Power

P2 P1











n2

n1

3

45 kW 







3600 rpm
1800 rpm

3

360 kW

It is possible to develop the characteristic curve for the new speed of a pump based on the curve
for its original speed. The technique is to take several points on the original curve and apply the
pump laws to determine the new head and flow at the new speed. The pump head versus flow
rate curve that results from a change in pump speed is graphically illustrated in Figure 8.

Figure 8 Changing Speeds for Centrifugal Pump
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System Characteristic Curve

Figure 9 Typical System Head Loss Curve

In the chapter on head loss, it was determined
that both frictional losses and minor losses in
piping systems were proportional to the
square of the flow velocity. Since flow
velocity is directly proportional to the
volumetric flow rate, the system head loss
must be directly proportional to the square of
the volumetric flow rate. From this
relationship, it is possible to develop a curve
of system head loss versus volumetric flow
rate. The head loss curve for a typical piping
system is in the shape of a parabola as shown
in Figure 9.

System Operating Point

Figure 10 Operating Point for a Centrifugal Pump

The point at which a pump
operates in a given piping system
depends on the flow rate and head
loss of that system. For a given
system, volumetric flow rate is
compared to system head loss on a
system characteristic curve. By
graphing a system characteristic
curve and the pump characteristic
curve on the same coordinate
system, the point at which the
pump must operate is identified.
For example, in Figure 10, the
operating point for the centrifugal
pump in the original system is
designated by the intersection of
the pump curve and the system
curve (hLo).
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The system has a flow rate equal to and a total system head loss equal to∆Po. In order toV̇o

maintain the flow rate , the pump head must be equal to∆Po. In the system described by(V̇o)
the system curve (hL1), a valve has been opened in the system to reduce the system’s resistance

to flow. For this system, the pump maintains a large flow rate at a smaller pump head(V̇1)
(∆P1).

System Use of Multiple Centrifugal Pumps

A typical centrifugal pump has a relatively low number of moving parts and can be easily
adapted to a variety of prime movers. These prime movers include AC and DC electric motors,
diesel engines, steam turbines, and air motors. Centrifugal pumps are typically small in size and
can usually be built for a relatively low cost. In addition, centrifugal pumps provide a high
volumetric flow rate with a relatively low pressure.

In order to increase the volumetric flow rate in a system or to compensate for large flow
resistances, centrifugal pumps are often used in parallel or in series. Figure 11 depicts two
identical centrifugal pumps operating at the same speed in parallel.

Centrifugal Pumps in Parallel

Figure 11 Pump Characteristic Curve for Two Identical Centrifugal Pumps Used in Parallel

Since the inlet and the outlet of each pump shown in Figure 11 are at identical points in the
system, each pump must produce the same pump head. The total flow rate in the system,
however, is the sum of the individual flow rates for each pump.
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When the system characteristic curve is considered with the curve for pumps in parallel, the
operating point at the intersection of the two curves represents a higher volumetric flow rate than
for a single pump and a greater system head loss. As shown in Figure 12, a greater system head
loss occurs with the increased fluid velocity resulting from the increased volumetric flow rate.
Because of the greater system head, the volumetric flow rate is actually less than twice the flow
rate achieved by using a single pump.

Figure 12 Operating Point for Two Parallel Centrifugal Pumps

Figure 13 Pump Characteristic Curve for Two Identical Centrifugal
Pumps Used in Series

Centrifugal Pumps in Series

Centrifugal pumps are used in
series to overcome a larger system
head loss than one pump can
compensate for individually. As
illustrated in Figure 13, two
identical centrifugal pumps
operating at the same speed with
the same volumetric flow rate
contribute the same pump head.
Since the inlet to the second pump
is the outlet of the first pump, the
head produced by both pumps is
the sum of the individual heads.
The volumetric flow rate from the
inlet of the first pump to the outlet
of the second remains the same.
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As shown in Figure 14, using two pumps in series does not actually double the resistance to flow
in the system. The two pumps provide adequate pump head for the new system and also
maintain a slightly higher volumetric flow rate.

Figure 14 Operating Point for Two Centrifugal Pumps in Series
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Summary

The main points from this chapter are summarized below.

Centrifugal Pumps Summary

• Net positive suction head is the difference between the pump suction
pressure and the saturation pressure for the fluid.

• Cavitation is the formation and subsequent collapse of vapor bubbles on the
impeller of a pump as the local pressure falls below and then rises above
the saturation pressure of the fluid being pumped.

• The pump laws can be used to determine the effect of varying the speed of
a centrifugal pump on the flow, head, and power.

V̇1











n2

n1

V̇2

Hp1











n2

n1

2

Hp2

p1











n2

n1

3

p2

• The combined pump curve for two centrifugal pumps in parallel can be
determined by adding the individual flows for any given head.

• The combined pump curve for two centrifugal pumps in series can be
determined by adding the individual heads for any given flow.

• The operating point (head and flow) of a system can be determined by
plotting the pump curve and the system head loss curve on the same axes.
The system will operate at the intersection of the two curves.

HT-03 Page 56 Rev. 0

R.J. Reynolds Vapor Exhibit 1034-00117



Appendix B

Fluid Flow

R.J. Reynolds Vapor Exhibit 1034-00118



R.J. Reynolds Vapor Exhibit 1034-00119R.J. Reynolds Vapor Exhibit 1034-00119



R.J. Reynolds Vapor Exhibit 1034-00120

APPENDIX BFluid Flow
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end of text.
CONCLUDING MATERIAL

Review activities: Preparing activity:

DOE - ANL-W, BNL, EG&G Idaho, DOE - NE-73
EG&G Mound, EG&G Rocky Flats, Project Number 6910-0018/3
LLNL, LANL, MMES, ORAU, REECo,
WHC, WINCO, WEMCO, and WSRC.
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2 / FUNDAMENTALS OF THE MECHANICAL BEHAVIOR OF MATERIALS

2.1 INTRODUCTION 

The manufacturing methods and techniques by which materials can be shaped

into useful products were outlined in Chapter 1. In manufacturing, one of the most
important groups of processes is plastic deformation, namely, shaping materials by

applying forces in various ways (also known as deformation processing). It includes
bulk deformation (forging, rolling, extrusion, rod and wire drawing) and sheet—

forming processes (bending, drawing, spinning, and general pressworking).
This chapter deals with the fundamental aspects of the mechanical behavior of

materials during deformation. Individual topics are deformation modes, stresses,

forces, effects of rate of deformation and temperature, hardness, residual stresses,

yield criteria, and various methods of analyzing metalworking processes in order to
determine force and power requirements.

In stretching a piece of metal to make an object such as a fender of an automobile
or a length of wire, the material is subjected to tension. A solid cylindrical piece of
metal is forged in the making of a turbine disk, thus the material is subjected to com—

pression. Sheet metal undergoes shearing stresses when, for instance, a hole is punched
in it. A piece of plastic tubing is expanded by internal pressure to make a bottle, thus
subjecting the material to tension in various directions.

In all of these processes, the material is subjected to one or more of the basic
modes of deformation shown in Fig 2.1, namely, tension, compression, and shear.

The degree of deformation to which the material is subjected is defined as strain. For
tension or compression the engineering strain, or nominal strain, is defined as

2; :§ (2.1)
do i

We note that in tension the strain is positive and in compression it is negative. The
shear strain is defined as

a

r — b (2.2)

In order to change the geometry of the bodies or elements in Fig. 2.1, forces must

be applied to them as shown by the arrows. The determination of these forces as a
function of strain is very important in manufacturing processes. The forces have to be

known in order to design the proper equipment, to selectthe tool and die materials for

proper strength, and to determine whether or not a specific metalworking operation
can be accomplished on certain equipment.

Thus, the relation between a force and the deformation it produces is an essential

parameter in manufacturing. In this relationship, strain is an independent variable,
whereas the force required to cause it is a dependent variable. The basic material

property tests that are performed to establish these relationships are covered in the
sections below.
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FIGURE 2.1 Types of strain. (a) Tensile. (b) Compressive. (c) Shear. All deformation
processes in manufacturing involve strains of these types. Tensile strains are involved

in stretching sheet metal to make car bodies, compressive strains in forging metals to
make turbine disks, and shear strains in making holes by punching.

2.2 THE TENSION TEST

The tension test, because of its relative simplicity, is the most common test for

determining the strength-deformation characteristics of materials. It involves the

preparation of a test specimen (according to ASTM specifications) and testing it

under tension on any of a variety of available testing machines.

The specimen (Fig. 2.2a) has an original length {a and an original cross-sectional

area A0. Although most. specimens are solid and round, flat sheet or tubular speci-

mens are also tested under tension. The original length is the distance between gage

marks on the specimen and is generally 2 in. (50 mm). Longer lengths may be used for

larger specimens such as structural members.

Typical results from a tension test are shOwn in Fig. 2.2(b). The engineering Stress,

or nominal stress, is defined as the ratio of the applied load to the original area,

a = :4.— (2-3)0

and the engineering strain is

_r—4

"(0’

When the load is applied, the specimen elongates proportionately up to the yield

point Y. If the load is removed within this range, the specimen returns to its original

length. This is the range of linear elastic behavior. The modulus ofelasticity, or Young’s
modulus, E is defined as

 
e

an

0"

6’

—
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FIGURE 2.2 (a) Original and final shape of a standard tensile test specimen

(b) Outline of a tensile test sequence showing different stages in the elongation of
the specimen. See also Fig. 1046(3). Tensile test data are important in calculating
forces and power requirements, and predicting the behavior of materials in
manufacturing processes.

This linear relationship between stress and strain is known as Hooke’s law (after
R. Hooke, 1635—1703), the more generalized forms ofwhich are given in Section 2.8.3.

The elongation of the specimen is accompanied by a contraction of its lateral
dimensions. The absolute value of the ratio of the lateral strain to longitudinal strain

is known as Poisson’s ratio, v, (after S. D. Poisson, 17814840). Some typical values

for a variety of materials are given in Table 2.1.
The area under the stress—strain curve up to the yield point Y of a material is »

known as the modulus of resilience,

Ye Y2
d ' ' —« _.._o — LnMO [111.15 Of reslhellce 2 2E

This area has the units of energy per unit volume and indicates the specific energy that

the material can store elastically (Table 2.2).

With increasing load, the specimen begins to yield, that is, it begins to undergo

plastic (permanent) deformation and the relationship between stress and strain is no
longer linear. Since the rate of change in the slope of the stress—strain curve beyond
the yield point is rather small for most materials, the determination of Y may be
diflicult.

The usual practice is to define the yield stress as the point on the curve that is
offset by a strain of (usually) 0.2 %, or 0.002 (Fig. 2.2b). Other offset strains may also

(2.5)
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TABLE 2.1

MODULUS OF ELASTICITY E AND POISSON'S RATIO v FOR VARIOUS
MATERIALS

‘ E

METALS psi X 106 GPa v

Aluminum and its alloys 10—1 1.5 6949 0.31~0.34

Cast irons 15—22 105—150 ' 0.21—0.30

Copper and its alloys 15~21.5 105~1 50 0.33
Ductile iron 22—25 150~17O 0.28

Lead and its alloys 2 14 0.43

Magnesium and its alloys 6—6.5 41~45 0.35
Malleable iron 26—27 18051 85 0.27

Molybdenum 47 325 0.32

Nickel and its alloys 26—31 180~214 0.31

Steel (plain carbon) 29 200 0.33

Steel (austenitic stainless) 27.5—29 1904200 0.28

Tantalum and its alloys 21.5727 150~1 86 0.35

Titanium and its alleys 11.549 80—130 0.31—0.34

Tungsten 58 400 0.27

NONMETALLIC

Acrylics 0.2—05 1.4v3.4 0.35~—O.40

Epoxies 0.5—2.5 35—17 0.34

Nylons 02—04 1.4~2.8 0.32~O,40
Rubbers 00015—0015 0.01401 0.5

Concrete ' 3—5 20—35 0.12—0.25

Glass and porcelain 10 70 0.24
Diamond 120~150 8204050

Graphite (bulk) 1 7

TABLE 2.2

MODULUS OF RESILIENCE, MODULUS OF ELASTICITY, AND YIELD STRESS FOR
VARIOUS METALS - 

MODULUS OF RESILIENCE, inmlb/ina E, psi X 106 Y, psi X 103 

Copper, annealed 3 ‘ 16 10
Lead 0.25 2 1

Magnesium 8.5 6 10

Medium-carbon steel, annealed 27.5 29 40

Spring steel ‘ 385 29 150

Titanium alloy, annealed 570 16 135 

'—
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2 / FUNDAMENTALS OF THE MECHANICAL BEHAVIOR OF MATERIALS

be used and should be specified in reporting the yield stress. The terms elastic limit and
proportional limit can also be used to specify the point where the stress and strain are
no longer proportional.

As the specimen continues to elongate under increasing load, its cross-sectional
area decreases uniformly throughout its length. The load (hence the engineering
stress) reaches a maximum and then begins to decrease. The maximum stress is known
as the tensile strength or ultimate tensile strength (UTS) of the material.

When the specimen is loaded beyOnd its UTS, it begins to neck (Fig. 2.2) and the
eldngation is no longer uniform. That is, the change in the cross-sectional area of the
specimen is no longer uniform along the length of the specimen but is concentrated
locally in a “neck” formed in the specimen (known as necking, or necking down). As
the test progresses, the engineering stress drops further and the specimen finally
fractures in the necked region. The final stress level (marked by an x in Fig. 2.2b) is

known as breaking or fracture stress.

2.2.1 DUCTILITY

Ultimate tensile strength is a practical measure of the overall strength of a material.
Likewise, the strain at fracture is a measure of its ductility, that is, how large a strain
the material withstands before failure. Note from Fig. 2.2(b) that until the UTS is

reached, elongation is uniform. The strain up to the UTS is known as uniform strain.
The elongation at fracture is known as the total elongation. This is measured between
the original gage marks after the two pieces of the broken specimen are placed to-
gether, as shown in Fig. 2.2(a).

TWO quantities commonly used to define ductility in a tension test are percent
elongatiOn and reduction of area. Percent elongation is defined as

{f " {2 x 100 (2.6)
 

' ‘X, elongation = 0

and is based on the total elongation.

Necking is a local phenomenon. If we put a series of gage marks at different points
on the specimen, pull, and break it under tension and then calculate the percent '
elongation for each pair of gage marks, we find that with decreasing gage length the
percent elongation increases (Fig. 2.3). The closest pair 0f gagevmarks undergo the
largest elongation because they are closest to the necked region. However, the curves
do not approach zero elongation. with increasing gage length. This is because the
specimens have all undergone a finite uniform and permanent elongation before
fracture. It is thus important to report gagelength in conjunction with elongation data,
whereas other tensile properties are generally independent of gage length. 5’

A second measure of ductility is reduction of area, defined as

A0-Af
‘70 reduction of area = x 100. (2.7)0
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FlGURE 2.3 Total elongation in a

tensile test as a function of original gage Structural silicon steel
length for various metals. Because
necking is a local phenomenon, Magnesium

elongation decreases with gage length. loT
Standard gage length is usually 2 in.
(50 mm), although shorter ones can be

used if larger specimens are not COPper

available. 0,__ l | l l | l l | l
0 1 2 3 4 5 6 7 8 9 10

Gage length (in l

2 Thus, a material that necks down to a point at fracture, such as a glass rod at elevated
temperature has 100 0/0 reduction of area

The elongation and reduction of area are generally related to each other for many

common engineering metals and alloys, as shown in Fig. 2.4. Elongation ranges
approximately between 10 and 60 %, for most materials, while values between 20 and

90% are typical for reduction of area. Thermoplastics (Chapter 10) and superplastic

- materials (Section 2.2.7) exhibit much higher ductility. Brittle materials, by definition,

have little or no ductility. Examples are glass at room temperature or a piece of chalk.

—_—+
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FIGURE 2.4 Approximate relation- g9 20'
ship between elongation and 5

reduction of area for different [:1 10_
groups of metals. Both elongation
and reduction of area are measures

of the ductility of a material. _ 0 l

O Illustrative Problem 2.1

 

 
 

Copper and its
alloys, annealed

 
 

  

Stainless steels,
annealed

Aluminum alloys,
annealed

”carbon steels,cold rolled

l l l l l l
30 40 50 60 70 80 90

 
Reduction of area (‘71)

A tension test specimen has an original gage length of 50 mm and a diameter of

4 mm. The maximum load during the test is 10 kN. The final gage length is 80 mm and

the diameter of theneeked region is 3 mm. Calculate the UTS, percent elongation,
and reduction of area.

 

= 796 N/rnm2 = 796 MPa.

SOLUTION.

P 10,000

UTS : X0 — 42
fl 4

— 50

Elongation = 78930:? x 100 = 60 %.
2

A0 = HI = 12.57 mmz.
32

AI = To? = 707 mmz.
12.57 — 7.07

Reduct1on of area = 12.57 x 100 = 43.8 %. 0

2.2.2 TRUE STRESS AND TRUE STRAIN ?

It is apparent that, since stress is defined as the ratio of force to area, true stress
should be defined as

azv,
A (2.8)

where A is the actual (hence true) or instantaneous area supporting the load.
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TABLE 2.3

COMPARISON OF ENGINEERING AND TRUE STRAINS IN TENSION

4 e 0.01 0.05 0.1 0.2 0.5 1 2 5 1O

6 0.01 0.049 0.095 0.18 0.4 0.69 1.1 1.8 2.4 

Likewise, the complete tension test may be regarded as a series of incremental

tension tests where, for each succeeding increment, the original specimen is a little

longer than the previous one. We can now define true strain (or natural or logarithmic

strain) 6 as

l d/
z _ = __ , 2.9e [a Z ln(/U) ( )

Note that, for small values of engineering strain, 6 = 6 since the value of ln(1 + e)

= e. For larger strains, however, the values diverge rapidly, as seen in Table 2.3.
The volume of a metal specimen in the plastic region of the test remains constant

(Section 2.8.5). Hence, the true strain within the uniform elongation range can be
expressed as

e = 111(2) = ln(%) = ln(%)2 = 21n<%>. (2.10)
Once necking begins, the true strain at any point in the specimen can be calculated
from the change in cross—sectional area at that point. Thus, by definition, the largest
strain is at the narrowest region of the neck.

We have seen that, at small strains, the engineering and true strains are very

close and hence either one can be used in calculations. However, for the large strains

encountered in metalworking, the true strain'should be used. This is the true measure

of the strain and can be illustrated by the following two examples.

Assume that a tension Specimen is elongated to twice its original length. This
involves a deformation equivalent to that of compressing a specimen to one half of its

original height. Using the subscripts t and c for tension and compression, reSpectively,
it is found that e, = 0.69 and 6,. == —O.69, whereas 6, = 1 and ec = —0.5. Thus, true
strain is a correct measure of strain.

For the second example, assume that a specimen 10 mm in height is compressed
to a final thickness of zero. Thus, 66 = — 00, whereas eC = ~ 1. The fact is that we have

deformed the specimen infinitely, which is exactly What the value of the true strain
indicates.

It is obvious from these examples that true strains are consistent with the actual

physical phenomenon and that the engineering strains are not.

2.2.3 TRUE STRESS—TRUE STRAIN CURVES

; The relation between engineering and true values for stress and strain can now
be used to construct true stress—true strain curves from a curve such as that in Fig. 2.2.
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The procedure for this construction is given in Illustrative Problem 2.2 below.
A typical true stress—true strain curve is shown in Fig. 2.5. For convenience, such

a curve can be approximated by the equation

a = K6". (2.11)

Note that this equation indicates neither the elastic region nor the yield point Y of the
material. These quantities, however, are easily available from the engineering stress—
strain curve. (Since the strains at the yield point are very small, the difference between
the true and engineering yield stress is negligible for metals. This is because the dif-
ference in the cross-sectional areas A0 and A at yielding is very small.)

When the curve in Fig. 2.5 is plotted on a logwlog scale, it is composed of two

straight lines. One straight line indicates the elastic region and the other straight line,
with the slope n, indicates the plastic region, Fig. 2.6. The slope n is known as the
strain—hardening exponent, and K (the true stress at a true strain of one) is known as
the strength coefificient. The agreement between the data points and Eq. (2.11) may
not always be as good as shown in Fig. 2.6; however, in most cases the curve can be
drawn with a reasonably representative value of n.

Values of K and n for a variety of engineering materials are given in Table 2.4.
The true stress—true strain curves for some materials are given in Fig. 2.7. Some

differences between Table 2.4 and these curves may exist because of different sources
of data and test conditions.  

Fracture

FIGURE 2.5 True stress~true strain curve in tension. Note

that, unlike in an engineering stress-strain curve, the slope is
always positive, and that the slope decreases with increasing
strain. Whereas in the elastic range stress and strain are

proportional, in the plastic range the curve can be
approximated by the power expression shown in the figure.

Truestress  
 
 

True strain (e)

 

  
100

f2

FIGURE 2.6 True stress—true strain E
curve in tension for 1100—0 2‘ .10 _
aluminum plotted on log—log scale. a
Note the large difference in the 5 Y
slopes in the elastic and plastic E
ranges. Source: After R. M. Caddell E‘
and R. Sowerby, Bull. Mech. Eng.
Educ, vol. 8, 1969, pp. 31—43. 1
 

0.0001 0.001 0.01 0.1 1

True strain (6)
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TABLE 2.4

TYPICAL VALUES FOR K‘AND n IN EQ. (2.11) AT ROOM TEMPERATURE 

 

K

psi X 103 MPa n

Aluminum, 11000 26' 180 0.20
2024-T4 100 690 0.16
5052-0 30 . 210 0.13

6061 —O 30 205 0.20
6061 —T6 60 410 0.05
7075—0 58 400 0.17

Brass, 60-39—1 Pb, annealed 115 800 0.33
70—30, annealed 130 895 0.49
85-15, cold-rolled 84 580 0.34

Bronze (phosphor), annealed 105 720 0.46

Cobalt~base alloy, heat—treated 300 2070 0.50

Copper, annealed 46 315 0.54

Molybdenum, annealed 105 725 0.13

Muntz metal, annealed 115 800 050

Steel, low-carbon annealed 77 530 0-26

1045 hot-rolled 140 965 0.14
1112 annealed 110 760 0.19
1112 cold-rolled 110 760 0.08
4135 annealed 147 1015 0.17
4135 cold-rolled 160 1100 0.14
4340 annealed 93 640 0.15
17-4 P-H annealed 175 1200 0.05
52100 annealed 210 1450 0.07
302 stainless, annealed 190 1300 0.30
304 stainless, annealed 185 1275 0.45
410 stainless, annealed 140 960 0.10

Vanadium, annealed 112 770 0.35 

180'

 
 

 

304 Stainless steel 1200
i

160 70—30 Brass, as received
1000

 

8650 Steel i
   ll

,. ,1;
l

70—30 Brass. annealed

 
  
 

  

 

 

        
S . I W
x 1112 CR Steel @1221 / 1020 Steel 800
'23 i l

FIGURE 2.7 True stress-true % i ’ ' 'fi‘i'w_g‘“ '7 m
strain curves in tension at g Copper: annealed 600 E
room temperature for various t; 7 ‘ '
metals. The point of inter- E
section of each curve at the 5‘ '

ordinate is the yield stress Y; i 400
thus the elastic portions of the , 1100-0A1
curves are not indicated. ,1 7‘
Compare with Fig. 2.5. The 200
area under the curve is _,_

toughness. See also Fig. 10.8.
Source: S. Kalpakjian. 0

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

True strain (6)
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The area under the true stress—true strain curve is known as toughness and can be

expressed as F
6!

Toughness = f a de, (2.12)
where cf is the true strain at fracture. Toughness is defined as the energy per unit
volume (specific energy) that has been dissipated up to fracture.

It is important to remember that this specific energy pertains only to that volume
of material at the narrowest region of the neck. Any volume of material away from

the neck has undergone less strain and, hence, has dissipated less energy.

It should also be pointed out that here toughness is different from the concept of

fracture toughness as treated in textbooks on fracture mechanics. Fracture mechanics

(the study of the initiation and propagation of cracks in a solid medium) is beyond the

scope of this text. It is of limited relevance to metalworking processes, except in die

design and die life.

0 Illustrative Problem 2.2

The following data are taken from a stainless steel tension test Specimen:

A0 = 0.056 in2

A, = 0.016 in2

azzm

Elongation in 2 in. = 49 ‘70

 

LOAD, P, EXTENSlON, AZ,
lb in.

1600 0
2500 0.02
3000 0.08
3600 0.20
4200 ' 0.40
4500 0.60

4600 (max) 0.86
3300 (fracture) 0.98

Draw the true stress—true strain curve for the material.

SOLUTION. The loadiextension curve is shown in Fig. P21. In order to deter-

mine the true stress and true strain, the following relationships are used:

P
True stress a = ——

A

{

True strain 6 = ln(?) up to necking0

R.J. Reynolds Vapor Exhibit 1034-00137
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A, '

6f = ln<—) at fractureAr

= {a + AZ up to necking

Assuming that the volume of the specimen remains constant, we have

m4=Aa ’

Thus,

n2.
 

&4_mwm3_mui
A_/ z /

Using these relationships, we obtain the following data:

TRUE STRESS,

 M, in. r, in. e A, in2 psn

0 2.00 O 0.056 28,600
0.02 2.02 0.01 0.0555 45,000
0.08 2.08 0.039 0.054 55,800
0.20 2.20 0.095 0.051 70,800
0.40 2.40 0,182 0.047 90,000
0.60 2.60 0.262 0.043 104,500
0.86 2.86 0.357 0.039 117,300
0.98 2.98 1.253 0.016 206,000

The true stress and true strain are plotted (solid line) in Fig. P22. The point at necking

  

 

   
   

200

cg"‘ 150x

a Corrected

A E ‘ for necking .‘
S .5 100 i
x 3 Maximum loadU)

a eV [-t'd

E 50

0
0 0.4 0.8 1.2 O 0.5 1.0 1.5

Extension (in.) True strain (5)

FIGURE P2.1 FIGURE P2.2
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2/ FUNDAMENTALS OF THE MECHANICAL BEHAVIOR OF MATERIALS

is connected to the point at fracture by a straight line because there are no data on the
instantaneous areas after necking begins. The correction on this curve (broken line)

is explained in Section 2.8. 0

2.2.4 INSTABILITY IN THE TENSION TEST

As noted previously the onset of necking in a tension test corresponds to the ultimate

tensile strength (UTS) of the material. The slope of the load—elongation curve at

this point is zero, and it is here that instability begins. That is, the specimen begins
to neck and cannot support the load because the neck is becoming smaller in cross-
sectional area.

Using the following relationships

6 =1n(£9),A

A = Age”,

and

P = 0A 2 0A0e_‘,

one finds that at necking,

However,

a 2 K6",

and consequently,

nK€"—1 2 KC"

6:71. (2.13)

Thus, the true strain at the onset of necking (termination of uniform elongation) is

numerically equal to the strain hardening exponent, 11. Hence, the higher the value of
n, the greater the strain to which a piece of material can be stretched before necking

begins. s

It can be seen from Table 2.4 that metals such as annealed copper, brass, and

stainless steel can be stretched uniformly to a greater extent than the other materials
listed. These observations are covered in greater detail in Chapters 7 and 10 because of

their relevance to sheet—forming processes.

R.J. Reynolds Vapor Exhibit 1034-00139
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Instability in a tension test can be viewed as a phenomenon where two competing

processes are simultaneously taking place. AS the load on the specimen is increased,

its cross—sectional area becomes smaller, this being more pronounced in the region

where necking begins. On the other hand, with increasing strain, the material is

becoming stronger due to strain hardening. Since the load on the specimen is the
product of area and strength, instability sets in when the rate of decrease in area is

greater than the rate of increase in strength. This is also known as geometric softening.

O Illustrative Problem 2.3

A material has a true stress—true strain curve given by

a = 100,00050'5 psi.

Calculate the true ultimate tensile strength and the engineering UTS of this material.

SOLUTION. Since the necking strain corresponds to the maximum load and

the necking strain for this material is

e = n .—. 0.5,

we have as the true ultimate tensile strength

a = Kn"

a = 100,000 (0.5)0'5 = 70,710 psi.

The true area at the onset of necking is obtained from

ln< A” )2 n = 0.5.Aneck

Thus,

Aneck : Ace—0'5

 

and the maximum load P is

P = 0A 2 voeTO‘S,

where a is the true ultimate tensile strength. Hence,

P = (7O,710)(O.606)(A0) = 42,850A0 lb.

Since UTS = P/Ao,

UTS = 42,850 psi. 0

2.2.5 TYPES OF STRESS—STRAIN CURVES

Every material has a differently shaped stress—strain curve. Its shape depends on

its composition and many other factors to be treated in detail later. Some of the major

types of curves are shown in Fig. 2.8.
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(a)

Stress

(b) (C) (d) (e)

Y 4 Y “ Y Y
tan" E ,/ 1

Strain

 
FIGURE 2.8 Schematic illustration of various types of idealized stress-strain curves.

(a) Perfectly elastic. (b) Rigid, perfectly plastic. (0) Elastic, perfectly plastic. (d) Rigid,
linearly strain-hardening. (e) Elastic, linearly strain hardening The broken lines and
arrows indicate unloading and reloading during the test. Most engineering metals
exhibit a behavior similar to curve (e). See also Fig. 10.9.

A perfectly elastic material behaves like a spring with stiffness E. The behavior of
brittle materials, such as glass, ceramics, and some cast irons, may be represented by
such a curve (Fig. 2.8a). There is a limit to the stress the material can sustain, after
which it breaks.

A rigid, perfectly plastic material has, by definition, an infinite value of E. Once
the stress reaches the yield stress Y, it continues to undergo deformation at the same
stress level. When the load is released, the material has undergone permanent deforma-

tion, with no elastic recovery, as seen in Fig. 2.8(b).

An elastic, perfectly plastic material is a combination ofthe first two; it undergoes
elastic recovery when the load is released (Fig. 2.8c).

A rigid, linearly strain-hardening material requires an increasing stress level to

undergo further strain. Thus, itsflow stress (magnitude of the stress required to main-

tain plastic deformation at a given strain) increases with increasing strain. It has no

elastic recovery upon unloading (Fig. 2.8d). See Fig. 2.51 for flow stress.

An elastic, linearly strain—hardening curve (Fig. 2.8c) is an approximation of the

behavior of most engineering materials, with the modification that the plastic portion
of the curve has a decreasing slope with increasing strain (i.e., Fig. 2.5).

Remember that the slopes of the elastic portions of the models in Fig. 2.8 are

highly exaggerated and that the initial slopes are actually very steep. This can be seen by
noting the magnitude ofthe modulus of elasticity of engineering materials. Also note
that some of these curves can be expressed by Eq. (2.11) by changing the value of n

(Fig.«2.9) or by other equations of a similar nature.

2.2.6 EFFECTS OF TEMPERATURE

In this and subsequent sections, the various factors that have an influence on the

shape of stress~strain curves will be discussed. The first factor is temperature. Al-
though somewhat difficult to generalize, increasing temperature usually increases
ductility and toughness and lowers the modulus of elasticity, yield stress, and ultimate
tensile strength. These effects are shown in Figs. 2.10 and 2.11.

Temperature also affects the strain-hardening exponent n of most metals, in that
n decreases with increasing temperature (Fig. 2.12). Depending on the type of material

and its composition and level of impurities, elevated temperatures can have other
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FIGURE 2.9 The effect of strain-

hardening exponent n on the shape of
true stress-true strain curves. When

n = 1, the material is elastic, and when
n = 0 it is rigid, perfectly plastic. See
Table 2.4 for n values.

FIGURE 2.10 Typical effects of

temperature on engineering stress-
strain curves. Temperature affects the

modulus of elasticity, yield stress,
ultimate tensile strength, and
toughness of materials. See also
Fig. 10.12.
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FIGURE 2.11 The effect of temperature on the modulus of elasticity for various
materials. Note also the maximum useful temperature range for these materials. See
also Figs. 10.13 and 11.14. The properties of these materials are described in Chapter 3,
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FtGURE 2.12 The effect of

temperature on the strain—hardening
exponent n for pure aluminum. Source:
After R. P. Carreker and W. R, Hibbard,

Jr,, Trans. TMS-A/ME, vol. 209, 1957,

pp.1157—1163. 0 i f .‘i i l0 200 400 600

Strain»hardeningexponent(n)   
 

Temperature (K)

significant effects, as detailed in Chapter 3. However, the influence of temperature is
best discussed in conjunction with strain rate for the reasons explained below.

2.2.7 STRAIN RATE AND ITS EFFECTS

Depending on the particular manufacturing operation and equipment, a piece of
material may be formed at low or at high speeds. In performing a tension test, the
specimen can be strained at different rates to simulate the actual deformation process.

Whereas the deformation rate may be defined as the speed (in feet per minute or
meters per second, for instance) at which a tension test is being carried out (e.g., the
rate at which a rubber band is stretched), the Strain rate is a function of the geometry

of the specimen. _

The engineering strain rate e is defined as

Z—fo

w.de_d< {’0 )_l %_3
 

6—2.E_ dr “e, Life, (2‘14)
and the true Strain rate 6' as

{

d<m<->>_ de [a 1 (M v
6 — , (2.15)
 

T dt T dt _ / dz 5’

where v is the speed of deformation (e.g., the speed of the jaws of the testing machine

in which the Specimen is clamped);

Although the deformation rate 0 and engineering strain rate e are equivalent, the
true strain rate 6' is not identical to v. Thus, in a tension test with v constant, the true

strain rate decreases as the specimen becomes longer. In order to maintain a constant

e, the speed must be increased accordingly. However, for small changes in length of
the specimen during a test, this difference is not significant.

Typical deformation speeds employed in various metalworking processes, and
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2.2 THE TENSIQN TEST 4.3

the strain rates involved, are shown in Table 2.5. Note that there are considerable
differences in the magnitudes. Because of this wide range, strain rates are generally
quoted in orders of magnitude, such as 102 per second, 10.4 per second, etc.

The typical effects of temperature and strain rate on the strength of metals are
shown in Figs. 2.13 and 2.14. These figures clearly indicate that increasing strain rate
increases strength, and that the sensitivity of the strength to the strain rate increases
with temperature. Note, however, that for the materials in Fig. 2.13 this effect is
relatively small at room temperature; this may not be true for other metals and
alloys. For instance, the yield stress at room temperature in Fig. 214 shows con-
siderable sensitivity to strain rate.

It can be seen from Fig. 2.13 that the same strength can be obtained either at low
temperature, low strain rate or at high temperature, high strain rate. This is important
in estimating the resistance of materials to deformation when processing them at
various strain rates and temperatures.

The effect of strain rate on strength also depends on the particular level of strain;
this effect increases with strain (Fig. 2.15). The strain rate has also been found to affect
the strain hardening exponent n in that it decreases with increasing strain rate (Fig.
2.16).

The effect of strain rate on the strength of materials is generally expressed by
a = C5“, (2.16)

where C is the strength coeflicient, similar to K in Eq. (2.11), and m is the straimrate
sensitivity exponent of the material.

Equation (2.16) can be plotted in a manner similar to Fig. 2.6, with temperature
as a parameter, as seen in Fig. 2.13. Note that the value of m increases with increasing
temperature (Fig. 2.17).

A general range of values for m is as follows: up to 0.05 for cold working, 0.05 to
0.4 for hot working, and 0.3 to 0.85 for superplastic materials. For a Newtonian fluid,

TABLE 2.5

TYPICAL RANGES OF STRAIN, DEFORMATION SPEED, AND STRAIN
RATES IN METALWORKING PROCESSES
 

 

TRUE DEFORMATION STRAIN
PROCESS STRAIN SPEED, m/s RATE, 5’1

Cold working ,
Forging, roIIing 0.1—0.5 0.1—100 1—103
Wire and tube drawing 0.05~0.5 0.1~1 00 1—104

Eprosive forming 0.05~O.2 10—100 10~105
Hot working and warm working

Forging, rolling 0.1~0.5 01—30 1—103
Extrusion 2—5 0.1—1 10—1402

Machining 1—10 01—100 103—106
Sheet-metal forming 0.1—0.5 0.05—«2 1—102
Superplastic forming 0.2—»3 10*4—10‘2 10‘4—10—2
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FIGURE 2.14 The effect of strain

rate on the yield strength Y for

cold—rolled aluminum~killed steel
(Section 5.5). Note the wide range,
of strain rates. Source: After

A. Saxena and D. A. Chatfield, SAE

Paper 760209, 1976.
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FIGURE 2.16 The effect of strain rate on the FIGURE 2.17 Dependence of the strain—rate
strain hardening exponent n.for cold-rolled sensitivity exponent m on the homologous
rimmed steel (Section 5.5). Source: After temperature T/Tm for various materials. T is
A. Saxena and D. A. Chatfield, SAE Paper the testing temperature and Tm is the melting
760209, 1976. point of the metal, both on the absolute scale.

The transition in the slopes of the curve
occurs at about the recrystallization

temperature of the metals. See also Fig. 3.17.
Source: After F. W. Boulger, DMIC Report
226, Battelle Mem. lnst., 1966, pp. 13—37.
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TABLE 2.6

APPROXIMATE RANGE OF VALUES FOR C AND m IN EQ: (2.16) FOR
VARIOUS ANNEALED METALS AT TRUE STRAINS RANGING FROM 0.2

T0 1.0. (After T. Altan and F. W. Boulger, Jr. Eng. Ind. 95:1009—1019, 1973.) 

 

C

MATERIAL TEMPERATURE, “C psi X 103 MPa m

Aluminum 200—500 1272 82—1 4 0.07~O.23

Aluminum alloys 200—500 45~5 310—35 O~O.2O

Copper 300—900 35—3 240—20 0.06~O.17

Copper alloys (brasses) 200—800 60—2 415—14 002—03
Lead 100—300 1.6—0.3 11—2 0.1402

Magnesium 200—400 20—2 140—1 4 0.07~O.43
Steel

Lowvcarbon 9004 200 24—7 165-48 0.08—0.22
Medium—carbon 900—1200 23—7 16041-8 0.07—024
Stainless 600—1200 60—5 415v35 0.02—04

Titanium 200—1000 135~2 930—14 004—03

Titanium alloys 200—1000 13075 900—35 0.02~O.3

Ti—6Al—4V* 815—930 9.5—1.6 65—11 0.50v0,80

Zirconium 200~1000 120—4 830—27 0.04~0,4 

* At a strain rate of 2 X 10“‘/s. .

Note: As temperature inereases, C decreases and m increases. As strain increases, C increases and m
may increase or decrease, or it may become negative within certain ranges of temperature and strain.

where the shear stress increases linearly with rate of shear, the value of m is 1. Some

specific values for C and m are given in Table 2.6.

The term superplastic refers to the capability of some materials to undergo large

uniform elongation prior to failure. The elongation may be on the order of a few

hundred to as much as 2000 ‘70. An extreme example is hot glass. Among other materials

exhibiting superplastic behavior are polymers at elevated temperatures, very—fine—

grain alloys of zinc-aluminum and titanium alloys.

The magnitude of m has a significant effect on necking in a tension test. Experi-

mental observations show that, with high m values, the material stretches to a greater

length before it fails. This is an indication that necking is delayed with increasing In.

When necking is about to begin (i.e., the cross-sectional area of the specimen in the

neck region becomes smaller) its strength, with respect to the rest of the specimen,

increases due to strain hardening. However, the strain rate in the neck region is also

higher than the rest of the specimen because the material is elongating faster there.

Since the material in the necked region is becoming stronger as it is strained, at a

higher rate, this region exhibits a greater resistance to necking. This increased re-

sistance to necking thus depends on the magnitude of m.

As the test progresses, necking becomes more diffuse and the specimen becomes

longer before fracture. Thus, total elongation increases with increasing m value (Fig.

2.18). As expected, the elongation after necking (postuniform elongation) also
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FIGURE 2.18 The effect of strain-rate sensitivity
exponent m on the total elongation for various

metals. Note that elongation at high values of m
approaches 1000%. This phenomenon is utilized
in superplastic forming of metals, described in
Section 7.13. Source: After D. Lee and W. A.
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FIGURE 2.19 The effect of strain-rate

sensitivity exponent m on the post-
uniform (after necking) elongation for
various metals. See Fig. 2.2(b). Source:
After A. K. Ghosh, Jr. Eng. Mat. Tee/7.,
vol. 99, 1977, pp. 264—274.

Backofen, Trans. TMS-A/ME, vol. 239, 1967,
p. 1034.

increases with increasing m (Fig. 2.19). It has also been observed that the value of m

decreases with metals of increasing strength (Fig. 2.20).
The effect of strain rate on ductility is difficult to generalize, as can be seen from

Fig. 2.21. Some of these phenomena are explained in Chapter 3. Since the form—
ability of materials depends largely on their ductility, it is important to recognize
the effect of temperature and strain rate on ductility. Generally, higher strain rates
have an adverse effect on the ductility ofmaterials. (The increase in ductility due to the
strain-rate sensitivity of materials has been exploited in superplastic forming, as will
be described in Section 7.13.) '

2.2.8 EFFECTS OF HYDROSTATIC PRESSURE

Note that the tests described thus far have been carried out at ambient pressure.
Tests have been performed under hydrostatic conditions, with pressures ranging up
to 105 psi (103 MPa). Important observations have been made concerning the effects
of high hydrostatic pressure on the behavior of materials:

‘ a. Hydrostatic pressure substantially increases the strain at fracture (Fig. 2.22).

b. It has little or no effect on the shape of the true stress—true strain curve, but only
extends it (Fig. 2.23). '

c. It has no effect on the strain or the maximum load at which necking begins.

47
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FIGURE 2.20 Relationship
between flow stress for hot- and

cold—rolled low—carbon steels and

their m value at room temperature.

Stronger steels are less sensitive
to strain rate. Flow stress in this

figure is the same as the uniaxial 0.01-
yield stress. Source: After
A. Saxena and D. A. Chatfield,

SAE Paper 760209, 1976. 0 l l l l I l l
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FIGURE 2.21 True strain at fracture for 303 stainless steel as a function of strain rate

and temperature. This curve shows that it is difficult to generalize the combined effects

of temperature and strain rate on the ductility of metals. Source: After G. W. Form and
W. M. Baldwin, Jr., Trans. ASM, vol. 48, 1956, pp. 474—485.
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MPa

FIGURE 2.22 The effect of hydro-
static pressure on true strain at

fracture in tension for various metals.
Even cast iron becomes ductile under

high pressure. Source: After « ‘
H. LI. D. Pugh and D. Green, Proc. Magnesium Castlm“
Inst. Mech. Eng, vol. 179, Part 1,
No. 12, 1964—1965. 0
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FIGURE 2.23 Schematic illustration of the effect of hydrostatic pressure on true
stress-true strain curves. Note that pressure does not change the shape of the curve, it
simply extends it. Ductility (true strain at fracture) and toughness of metals increase
substantially with hydrostatic pressure, an observation that is significant in
metalworking processes. See, for instance, Section 6.16.4. '
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The increase in ductility due to hydrostatic pressure has also been observed in

other tests, such as compression and torsion. This increase in ductility has been

observed not only with ductile metals, but also with brittle metals and nonmetallic

materials. Materials such as cast iron, marble, and various rocks have been found to

acquire some ductility (or increase in ductility), and thus deform plastically, when

subjected to hydrostatic pressure. The level of the pressure required to enhance
ductility depends on the material.

Experiments have shown that generally the mechanical properties of metals are

not altered after being subjected to hydrostatic pressure.

2.2.9 EFFECTS OF RADIATION

In view of the nuclear applications of many metals and alloys, studies have been

conducted on the efiects of radiation on material properties. Typical changes in the

mechanical properties of steels and other metals exposed to high-energy radiation are

increased yield stress and tensile strength and hardness, and decreased ductility and
toughness (Fig. 2.24). The magnitudes of these changes depend on the material and its
condition, temperature, and level of radiation.

2.2.10 FLEXURE (BEND) TESTS

For materials with insufficient ductility or for brittle materials (certain tool and

die materials made of ceramics and carbides), it can be difficult to prepare and test
tension-test specimens. The test“ commonly used for such materials is the 3-point or
4-point flexure, or bend, test, as described in Section 3.7.2.
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FIGURE 2.24 The effect of radiation

on the strength and ductility for a
carbon—silicon steel. Such curves are

useful in predicting the service
behavior of materials for nuclear

applications. Source: After C. O.

Smith, ORSORT, Oak Ridge, TN.
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2.3 THE COMPRESSION TEST
M

Many operations in metalworking, such as forging, rolling, and extrusion, are per—
formed with the workpieces under compressive loads. The compression test, where
the specimen is subjected to a compressive load as shown in Fig. 2.1(b), can give useful
information for these processes, such as stresses required and the behavior of the
material under compression.

However, the deformation shown in Fig. 2.1(b) is ideal. The compression test is
usually carried out by compressing a solid cylindrical specimen between two flat
platens; the friction between the specimen and the dies is an important factor. Friction
causes barreling (Fig. 2.25). In other words. friction prevents the top and bottom sur—
faces from expanding freely.

This situation makes it difficult to obtain relevant data and to construct properly
the compressive stress—strain curve for the following reasons:

a. The cross-sectional area of the specimen changes along its height,

h. Friction dissipates energy and this energy is supplied through an increased com—
pressive force (Fig. 2.26). Thus it is difficult to obtain results that are truly indica—
tive of the properties of the material. With effective lubrication or other means
(see Chapter 4) it is, of course, possible to minimize friction, and hence barreling,
to obtain a reasonably constant cross—sectional area during this test.

»F|GURE 2.25 Barreling in compressing a
round solid cylindrical specimen (7075—0
aluminum) between flat dies. Barreling is due
to friction at the die—specimen interfaces,
which retard the free flow of the material. See
also Figs. 6.1 and 6.2. Source: K. M. Kulkarni
and S. Kalpakjian.

 
—
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FIGURE 2.26 The effect of surface roughness of dies on g
the compressive stress for annealed copper. The stress must 0
increase because additional work has to be provided
to overcome friction. Source: After M. Cook and

E. C. Larke, Jr. Inst. Met, vol. 71, 1945, p. 386. 0 _L 080

Reduction in height (%l

The engineering strain rate é in compression is given by

v

é = — i, 2.17h r )

Where v is the speed of the die and ho is the original height of the specimen. The true
strain rate 6' is given by

_ v

e — h’ . (2.18)

where h is the instantaneous height ofthe specimen. It can be seen that, if v is constant,
the true strain rate increases as the test progresses. ‘

In order to conduct this test at a constant true strain rate, a cam plastometer has

been designedthat, through a cam action, reduces v proportionately as h decreases
during the test.

The compression test can also be used to determine the ductility of a metal by
observing the cracks that form on the barreled cylindrical surfaces of the specimen.
These are discussed in Section 6.7 in greater detail. It should be noted here that hydro—

static pressure has a beneficial effect in delaying the formation of these cracks.
It is apparent that, with a sufiiciently ductile material and effective lubrication,

compression tests can be carried out uniformly to large strains. This is unlike the
tension test, where, even for very ductile materials, necking sets in after relatively little

elongation.

:Plane Strain Compression Test
Another test is the plane strain compression test (Fig. 2.27), Which simulates pro-
cesses such as rolling (see Section 6.10). In this test, the die and workpiece geometries
are such that the width ofthe specimen does not undergo any significant change during
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FIGURE 2.27 Schematic illustration of the plane—
strain compression test. The dimensional relation-
ships shown should be satisfied for this test to be

useful and reprOducible. This test gives the yield
stress of the material in plane strain, Y’. Source:
After A. Nadai and H. Ford.  

compression; that is, the material under the dies is in the condition ofplane strain (see
Section 2.8.3). '

The yield stress of a material in plane strain Y’ can be shown to be

’ 2

Y’2KY= 1.15Y (2.19)
fl

(see Section 2.8.3).

As can be seen from the recommended geometric relationships given in Fig. 2.27,
the test parameters must be chosen properly to make the results meaningful. Further-
more, caution should be exercised in test procedures, such as preparing the die surfaces
and aligning the dies, lubricating the surfaces, and accurately measuring the load.

When the results of tension and compression tests on the same material are
compared, it is found that, for ductile metals, the true stressetrue strain curves for

both tests coincide (Fig. 2.28). However, this is not true for brittle materials, particu~
larly in regard to ductility.

O Illustrative Problem 2.4

A 40-mm—high cylindrical specimen is being compressed between flat platens at a
speed of0.l m/s. Calculate the engineering and true strain rates to which the material is
being subjected when its height is 10 mm.

 

   
12F

10~ 100

”a
:5 8H

3“ a
FIGURE 2.28 True stress-true strain curve in a 6* o Tension E
tension and compression for aluminum. For g A Compression 750 '
ductile metals the curves for tension and $ 4

compression are identical. This is not true for 5
brittle materials. Source: After A. H. Cottrell, 2_
The Mechanica/ Properties of Matter,

New York: Wiley, 1964, p. 289 0 l l l l l l 0
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FIGURE 2.29 Schematic illustration of the

Bauschinger effect. Arrows show loading and
unloading paths. Note the decrease in the yield
stress in compression after the specimen has been

subjected to tension. The same result is obtained if
compression is applied first, followed by tension, V
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SOLUTION. The engineering strain rate is

v 0.1
'= —*= ——= —2.5 ‘1.
e be 0.040 S

The true strain rate is

v 0.1 ‘1

6— ‘2" #m- ‘105 -

Note the large difference in the numbers obtained. 0

2.3.1 BAUSCHINGER EFFECT

There are situations in deformation processing of materials where a workpiece is

first subjected to tension and then to compression, or vice versa. Examples are bending
and unbending, roller leveling (see Section 6.12.3), and reverse drawing (see Section
7.9.4). It has been observed that when a metal with a tensile yield stress Y is subjected
to tension into the plastic range and then the load is released and applied in compres~
sion, the yield stress in compression is lower than that in tension (Fig. 2.29).

This phenomenon is known as the Bauschz'nger eflecr (after J. Bauschinger, 1886)
and is exhibited in varying degrees by all metals and alloys. This effect is also observed
when the loading path is reversed, i.e., compression followed by tension. Because of
the lowered yield stress in the reverse direction of load application, this phenomenon
is also called strain softenin‘g'or work softening.

2.3.2 THE DISK TEST

For brittle materials a disk test is available where the disk is subjected to diametral

compression. This test is covered in Section 3.7.2.

Tension
A U I’

 ’6  
whereby the yield stress in tension decreases. Compression
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2.4 THE TORSION TEST
———————-———-——_———_._________________________

Another test method for determination of material properties is the torsion test.
In order to obtain an approximately uniform stress and strain distribution along the
cross—section, this test is generally carried out on a tubular specimen (Fig. 2.30). ‘

The shear stress I can be determined from the equation
 T

= , 2.201. 27'rr2t ( )

where T is the torque, r is the mean radius, and t is the thickness of the reduced section
of the tube.

The shear strain 3) is determined from the equation

r . ,V = f, (2.21)

where f is the length of the reduced section and qb is the angle of twist, in radians.
With the shear stress and shear strain thus obtained from torsion tests, one can con—
struct the shear stress—shear strain curve of the material (see Section 2.8.7).

In the elastic range, the ratio of the shear stress to shear strain is known as the
shear modulus or the modulus of rigidity, G

’

G = 3. (2.22), i/

It can be shown that the shear modulus and the modulus of elasticity E are
related by the formula

E

2 ——~«—. 2.232(1 + v) ( )

Thus, for most metals E is about 2.6 times G.

Note that unlike tension and compression tests, one does not have to be con—

cerned with changes in the cross—sectional area of the specimen in torsion testing. The

  

   
'ep

FIGURE 2.30 Notched-tube specimen for torsion testing. Torsion tests do not involve
necking (as in tensile testing), or friction (as in compression testing).
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shear stress—shear strain curves in torsion increase monotonically, hence they are

analogous to true stress—true strain curves.
Torsion tests are performed on solid round bars at elevated temperatures in order

to estimate the formability of a metal in forging. The greater the number of twists
prior to failure, the greater the forgeability of the material (see Section 6.7).

Tests have also been conducted on round bars that are compressed axially. The

maximum shear strain at fracture is measured as a function of the compressive stress.

It has been found that the shear strain at fracture increases substantially as the com—

pressive stress increases (Fig. 2.31). This observation again indicates the beneficial
effect of a compressive environment on the ductility of materials. Other experiments
show that, with tensile normal stresses, the curves in Fig. 2.31 follow a trend downward
and to the left, signifying reduced ductility.

The effect of compressive stresses on increasing the maximum shear strain at
fracture has also been observed in metal cutting, as treated in Section 8.3.

The normal compressive stress has been found to have no effect on the magnitude
of shear stresses required to cause yielding or to continue the deformation, just as
hydrostatic pressure has no effect on the general shape of the stress—strain curve (see
Fig. 2.23).

MPa

0, ‘“ 200 400 600

 Shearstrainatfracture  
0 J. _l.._ l l .l

0 20 40 60 80 . 100

Normal stress (psi X 103)

FIGURE 2.31 The effect of axial compressive stress on the shear strain at fracture in
torsion for various steels. Note that the effect on ductility is similar to that of

hydrostatic pressure, shown in Fig. 2.22. Source: Based on data in P. W. Bridgman,
Large Plastic Flow and Fracture, New York: McGraw-Hill, 1952.
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2.5 THE HARDNESS TEST
————..—._________._________________________

One of the most common tests for assessment of the mechanical properties of
materials is the hardness test. Hardness of a material is generally defined as its
resistance to permanent indentation. Less commonly, hardness may also be defined
as resistance to scratching or to wear, as treated in Section 4.8.

Various techniques have been developed to measure the hardness of materials
using different indenter materials and geometries. However, it has been found that

the resistance to indentation depends on the shape of the indenter and the load
applied. Thus, hardness is not a fundamental property.

Among the most common standardized hardness tests are the Brinell, Rockwell,
Vickers, Knoop, and Scleroscope tests.

2.5.1 BRINELL TEST

In this test, introduced by the Swedish metallurgist J. A. Brinell in 1900, a steel or
tungsten carbide ball 10 mm in diameter is pressed against a surface with a load of

500, 1500, or 3000 kg (Fig. 2.32). The Brinell hardness number (HE) is defined as the
ratio of the load P to the curved area of indentation,

HE: (2.24)(nD)(D~— .2P/DZ— d2)
where D is the diameter of the ball and d is the diameter of the impression in milli-
meters.

Depending on the condition of the material, different types of impressions are
obtained on the surface after performing a Brinell hardness test. Annealed materials

generally have a rounded profile, whereas cold-worked (strain—hardened) materials
have a sharp profile (Fig. 2.33). The correct method of measuring the indentation
diameter d is shown in Figs. 2.33(a) and (b).

Because the indenter (with a finite elastic modulus) also undergoes elastic de—

formation under the applied load P, hardness measurements may not be as correct as

expected. One method of minimizing this effect is to use tungsten carbide balls, which,

because of their high modulus of elasticity (see Table 8.7), deform less than steel balls.

Also, since harder workpiece materials produce very small impressions, a 1500-kg
0r 3000-kg load is recommended in order to obtain impressions that are sufficiently
large for accurate measurement. Tungsten carbide balls are generally recommended
for Brinell hardness numbers higher than 500. In reporting the test results for these
high hardnesses the type of ball used should be cited.

Because the impressions made by the same indenter at different loads are not

geometrically similar, the Brinell hardness number depends on the load used. Thus

the load employed should also be cited with the test results. The Brinell test is generally
suitable for materials of low to medium hardness.

—

R.J. Reynolds Vapor Exhibit 1034-00158



R.J. Reynolds Vapor Exhibit 1034-00159

58

 

  

 

 

 

  

Test Indenter Shape of indentation Load
Side view Top view

r—D 500 kg

treatises.“ .61 O
4" d t“— _,l d .l._ 3000 kg

136 °

Vickers Diamond pyramid “Q: 1—120kg

t l b

Knoop Diamond pyramid 25 g——5 kg

Rockwell kg Hardness number

A 60 HRA
C Diamond cone 150 HRC = 100 a 500i
D 100 HRD

B
F T‘g—in. diameter steel ball 128 311:1]:
G i 150g > t: mm 0 HRG : 130 — 500i

_ -l _

E fi-in. diameter steel ball 100 HRE
 

FIGURE 2.32 General characteristics of hardness testing methods. The Knoop test is

known as a microhardness test because of the light load and small impressions.

Source: After H. W. Hayden, W. G. Moffatt, and V. Wulff.

Brinelling is a term used to describe permanent indentations on a surface between
contacting bodies, for example, a component with a hemispherical protrusion or a
ball bearing resting on a flat surface. Under fluctuating loads or Vibrations, such as
during transportation or Vibrating foundations, a permanent indentation may be
produced on the flat surface due to dynamic loading.

Meyer Hardness
Whereas the Brinell test is based on the curved area of indentation, the Meyer

test (after E. Meyer, 1908) uses the projected area of indentation,

4P

Meyer hardness = iii—2' (2.25)

This equation may be rewritten in the form

P = Cld", (2.26)

Where C 1 is a constant for the material and n is known as the Meyer hardness exponent,
which is a measure of the strain hardening capability of the material. However, the

Meyer test is not commonly used.
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(b) hd-..
(a)

  
*4;

(d)

  
FIGURE 2.33 lndentation geometry for Brinell hardness testing. (a) Annealed metal.

(b) Work—hardened metal. ((3) Hardness impression on annealed steel. (d) Hardness
impression on cold-worked steel. Note the difference of metal flow at the periphery of
the impressions.

2.5.2 ROCKWELL TEST

In this test, developed by the metallurgist S. P. Rockwell in 1922, the depth of

penetration is measured. The indenter is pressed on the surface, first with a minor

load and then a major one. The difference in the depth of penetration is a measure of
the hardness.

There are several Rockwell hardness test scales that use different loads and in—

denter materials and geometries. Some of the more common hardness scales and the

indenters used are listed in Fig. 2.32. The Rockwell hardness number, which is read

directly from a dial on the testing machine, is expressed as follows: If the hardness

number is 55 using the C scale, then it is written as 55 HRC. Rockwell superficialhard—

ness tests have also been developed using lighter loads and the same type of indenters.

The Rockwell hardness test is used for a wide range of hardnesses. The test is
rapid and can be automated.

2.5.3 VICKERS TEST

The Vickers hardness test, also known as the diamond pyramid hardness test, uses

a pyramid-shaped diamond indenter (see Fig. 2.32) with a load ranging from 1 to
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120 kg. The test was developed in England in 1922 by R. Smith and G. Sandlund. The
Vickers hardness number (HV) is given by the formula

1.854P‘ , (227)

The impressions are typically less than 0.5 mm on the diagonal. The Vickers test
gives essentially the same hardness number regardless of the load. It is suitable for
testing materials with a wide range of hardness, including very hard steels.

2.5.4 KNOOP TEST

This test uses a diamond indenter in the shape ofan elongated pyramid (see Fig. 2.32)

with loads ranging generally from 25 g to 5 kg. The Knoop hardness number (HK)
is given by the formula

 
(2.28)

The Knoop test (after F. Knoop, 1939) is a microhardness test because of the light
loads it employs and hence is suitable for very small or thin specimens and for brittle
materials, such as gem stones, carbides, and glass. This test is also used in measuring
the hardness of individual grains in a metal. The size of the indentation is generally

in the range of 0.01 to 0.10 mm; thus surface preparation is very important. Because
the hardness number obtained depends on the applied load, test results should always

cite the load employed.

2.5.5 SCLEROSCOPE

The Scleroscope is an instrument in which a diamond-tipped indenter (hammer),

enclosed in a glass tube, is dropped on the specimen from a certain height. The
hardness is determined by the rebound of the indenter; the higher the rebound, the

harder the specimen. Indentation is slight. Since the instrument is portable it is useful
for measuring the hardness of large objects.

2.5.6 MOHS HARDNESS

This test is based on the capability of one material to scratch another. The Mohs

hardness (after F. Mohs, 1822) is based on a scale of 10, with 1 for talc and 10 for
diamond (hardest substance known). Thus, a material with a higher Mohs hardness
can scratch ones with a lower hardness (Fig. 2.34).

g The Mohs scale is used generally by mineralogists and geologists. However,
some of the materials tested are of interest to manufacturing engineers, as discussed

in Chapters 8, 9, and 11. Although the Mohs scale is qualitative, good correlation is
obtained with the Knoop hardness. Soft metals have a Mohs scale of 2 to 3, hardened
steels about 6, and aluminum oxide (used in grinding wheels) a scale of 9.

/
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FIGURE 2.34 Comparison of Knoop 2000*
and Mohs hardness scales for various Gypsum Fluorite Orthoclase
materials. Diamond is the hardest

substance known. Diamonds that are 1000 T31“ Calcite Apatite i

 
iused in manufacturing industries are

synthetically made.   
Mohs hardness

2.5.7 HARDNESS AND STRENGTH

Since hardness is the resistance to permanent indentation, it is equivalent to per-
forming a compression test on a small portion of the surface ofa material. Thus, one
would expect some correlation between hardness and yield stress Yin the form of

Hardness = CY, ‘ (2.29)

Where c is a proportionality constant.

Theoretical studies, based on plane strain slip-line analysis (Section 2.102) with

a smooth flat punch indenting the surface ofa semi—infinite body, have shown that for

a perfectly plastic material ofyield stress Y the value ofc is about 3. This is in reason—

ably good agreement with experimental data (Fig. 2.35). Note that cold-worked

materials (which are close to being perfectly plastic in their behavior) show better

‘ agreement than annealed ones. The higher c value for the annealed materials is ex-

plained by the fact that, due to strain hardening, the average yield stress they exhibit
during indentation is higher than their initial yield stress.

The reason for hardness, as a compression test, giving higher values than the

uniaxial yield stress Y of the material can be seen in the following analysis. If we

assume that the volume under the indenter is a column of material (Fig. 2.36), then it

would exhibit an uniaxial compressive yield stress Y. However, the volume being

deformed under the indenter is, in reality, surrounded by a rigid mass (Fig. 2.37). The

surrounding mass prevents this volume of material from deforming freely. In fact,

this volume is under triaxial compression. As will be seen in Section 2.8 on yield

criteria, this material requires a normal compressive yield stress that is higher than
the uniaxial yield stress of the material.

61
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FIGURE 2.36 Simulation of a hardness test on a uniaxial
column of metal, showing unconstrained deformation of

i l the metal under the indenter. Because in actual hardness

testing the metal is constrained, hardness values are
about three times that of the uniaxial yield stress of the
metal. Source: After E. Orowan.

" gjmlfissww '
”"72?“ W“ > , j V FIGURE 2.37 Bulk deformation in

‘ ’ mild steel under a spherical
indenter. Note that the depth of
the deformed zone is about one

order of magnitude larger than the
depth of indentation. For a _
hardness test to be valid, the

material should be allowed to fully

develop this zone. This is why
thinner specimens require smaller

impressions. Source: Courtesy of
M. C. Shaw and C. T. Yang.
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More practically, a relationship has also been observed between the ultimate

tensile strength (UTS) and Brinell hardness number (HB) for steels, as follows:

UTS = 500(HB), (2 30)

where UTSIS in psi and HB1n kg/mm2 as measured with a load of 3000 kg In SI
units the relationship15 given by

UTS = 3.5(HB), (2.31)

where UTS is in MPa.

2.5.8 HARDNESS TESTING PROCEDURES

For a hardness test to be meaningful and reliable, the zone of deformation under

the indenter (see Fig. 2.37) must be allowed to develop freely. Consequently, the

location of the indenter with respect to the edges of the specimen to be tested and the

thickness of the specimen are important considerations. It is generally recommended

that the location be at least two diameters (of the ball) from the edge of the specimen,

and that the thickness should be at least 10 times the depth of penetration of the in-
denter. These can be appreciated by reviewing Fig. 2.37.

Moreover, the indentation should be sufficiently large to give a representative
hardness value for the bulk material. If hardness variations are to be detected in a

small area, or if the hardness of individual constituents in a matrix or an alloy is to be .

determined, the indentations should be very small, like those in Vickers or Knoop
tests obtained under light loads.

While surface preparation is not critical for the Brinell test and somewhat more

important for the Rockwell test, it is important for the other hardness tests because

of the small size of the indentations. Surfaces may have to be polished in order to

measure correctly the dimensions of the impression.
The values obtained from different hardness tests can be correlated and converted

to different scales (Fig. 2.38). Charts are available in the technical literature for such

conversions. Care should be exercised in using these charts because of the many
variables involved with regard to material characteristics and indentation geometry.

Although most hardness testers require relatively small specimens or parts,

portable testers have been developed (in addition to the Scleroscope) for soft metals

and nonmetallic materials. These testers, which can be used on large parts, usually
operate on the principle of a spring-loaded indenter mounted in a suitable frame.

New hardness testing methods are also being developed. One is based on the eddy

current principle and utilizes the electrical and magnetic properties of the workpiece

material. In another method, the deceleration of an impacting indenter is measured.

Hot hardness tests can also be carried out using conventional testers with certain

modifications, such as surrounding the specimen and indenter with a small electric

furnace. The hot hardness of materials is important in applications where the materials

are subjected to elevated temperatures, such as in cutting tools in machining and dies

for metalworking (see Fig. 8.52).
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OF MATERIALS

Diamond

Boron carbide

Titanium carbide

Tungsten carbiden

Cementite»

Hard chromium plate
Martensite

Fully hardened tool steel

Glass

Cold drawn 0.50 steel
Cold drawn 0.25C steel

Titanium

Gray iron
Malleable iron
Annealed mild steel

70—30 brass
Nickel
Pure iron

Bakelite

Zinc, gold, magnesium

Silver

Polystyrene
Pure aluminium

Vinyl resin

Graphite

Tin

Lead

FIGURE 2.38 Chart for converting various hardness
scales. Because of the various factors involved,

hardness conversions are approximate.
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0 Illustrative Problem 2.5

A piece of steel is highly deformed at room temperature. Its hardness is found

to be 300 HB. Estimate the modulus of resilience for this material in lb/inz.

SOLUTION. Since the steel has been subjected to large strains at room tempera-

ture, we may assume that its stress-strain curve has flattened considerably, thus

approaching the shape of a perfectly plastic curve. According to Eq. (2.29) and using
a value of c = 3, we obtain

300

Y = ~3— 2 100 kg/mm2 = 142,250 psi.

The modulus of resilience is defined as in Eq. (2.6),

Yz
M d l f 'l' 2 ~.

0 U. US 0 resr lence 2E

For steel, E = 30 X 106 psi. Hence,

(142,250)2Modulus of resilience =

2.6 DEFORMATION-ZONE GEOMETRY 

The observations made concerning Fig. 2.37 are important in estimating and
calculating forces in metalworking operations. As shown above for hardness testing,
the compressive stress required for indentation is, ideally, about 3 times the yield
stress Y required for uniaxial compression. It was also noted that:

a. The deformation under the indenter is localized, making the overall deformation
highly nonuniform,

b. The deformation zone is relatively small compared to the dimensions of the
specimen.

On the other hand, in a simple frictionless compression test with flat dies, the top
and bottom surfaces of the specimen are always in contact with the dies and the

specimen deforms uniformly. ,
You can visualize different situations covering the wide range between these two

extreme examples of specimen—deformation geometry. The deformation zones and the

pressures required are shown in Fig. 2.39 for the frictionless condition as obtained

from slip-line analysis (Section 2.10.2). Note that the ratio h/L is the important
parameter in determining the inhomogeneity of deformation. It is also important to
emphasize the frictionless nature of these examples since, as will be shown in Section

2.10.1, friction has a significant effect on forces, particularly at small values of h/L.

Deformation—zone geometry depends on the particular metalworking process
and such parameters as the die geometry and percent reduction of the material (Fig.
2.40). Details of these processes and the role of the deformation geometry are covered
in Chapter 6.

  

R.J. Reynolds Vapor Exhibit 1034-00166



R.J. Reynolds Vapor Exhibit 1034-00167

66

 

 

2 / FUNDAMENTALS OF THE MECHANICAL BEHAVIOR OF MATERIALS

Sheet and strip Breakdown Heavy Hardness
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FIGURE 2.39 Die pressures required in frictionless plane-strain conditions for a variety
of metalworking operations. The geometric relationship between contact area of the
dies and workpiece dimensions is an important factor in predicting forces in plastic
deformation of materials. Source: After W. A. Backofen, Deformation Processing,

Reading, Mass: Addison-Wesley, 1972, p. 135.

2.7 RESIDUAL STRESSES 

In this section it will be shown that inhomogeneous deformation, such as that

discussed above, leads to residual stresses—stresses that remain within a part after it
has been deformed and all external forces have been removed.

A typical example of inhomogeneous deformation is the bending of a beam

(Fig. 2.41). The bending moment first produces a linear elastic stress distribution.

As the moment is increased, the outer fibers begin to yield and, for a typical strain-

hardening material, the stress distribution shown in Fig. 2.41(b) is eventually obtained.

After the part is bent (permanently, since it has undergone plastic deformation) the

moment is removed by unloading. This unloading is equivalent to applying an equal

and opposite moment to the beam.

As shown in Fig. 2.8, all recovery is elastic. This means that in Fig. 2.41(c) the
moments of the areas cab and oac, about the neutral axis, must be equal. (For the

purposes of this treatment it is assumed that the neutral axis does not shift.)
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FIGURE 2.40 Examples of plastic deformation processes in plane strain showing the
ML ratio. (a) Indentlng with flat dies. This is similar to the cogging operation shown
in Fig. 6.18. (b) Drawing or extrusion of strip with a wedge-shaped die, described in
Chapter 6. (c) Ironing. See also Fig. 7.46. (d) Rolling, described in Section 6.11. As
shown in Fig. 2.39, the larger the h/l. ratio, the higher the die pressure. in actual
processing, however, the smaller this ratio the greater is the effect of friction at the
die—workpiece interfaces. This is because contact area, hence friction, increases with -

K: and compression are equal, as they are for l. 7

The difference between the two stress distributions produces the residual stress

pattern Within the beam. Note that there are compressive residual stresses in layers ad

and 0e, and tensile in layers do and ef. Since there are no external forces, the residual

stress system in the beam must be in static equilibrium.

Although this example involves stresses in one direction only, in most situations
in deformation processing the residual stresses are three-dimensional.

In the example described above, the equilibrium of residual stresses may be
disturbed by altering the geometry of the beam, such as by removing a layer of material.
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(a) Tensile . ' (C)

 
 

\/   
Compressive

 

 {l E l}
FIGURE 2.41 Residual stresses developed in bending a beam made of an elastic,

strain—hardening material. Note that unloading is equivalent to applying an equal and

opposite moment to the part, as shown in (b). Because of nonuniform deformation,
most parts made by plastic deformation processes contain residual stresses. Note that
the forces and moments due to residual stresses must be internally balanced.

 
The beam will then acquire a new radius of curvature in order to ensure the balance of
internal forces. Another example of this effect is the drilling of round holes on surfaces

with residual stresses. It may be found that, as a result of removing this material, the

equilibrium of the residual stresses is disturbed and the hole becomes oval.
Such disturbances of residual stresses lead to warping, some simple examples of

which are shown in Fig. 2.42. The equilibrium ofresidual stresses may also be disturbed

by relaxation of these stresses over a period of time; this results in instability of the
dimensions and shape of the component. These dimensional changes can be an im-

portant consideration for precision machinery and measuring equipment.
Residual stresses are also caused by phase changes in metals during or after

processing due to density differences between phases (eg, between ferrite and marten-
site in steels). This causes microscopic volumetric changes and results in residual
stresses. This phenomenon is important in warm and hot working and in heat treat-
ment following cold working (e.g., deformation at room temperature).

Residual stresses can also be caused by temperature gradients within a body, such

(a) (b) : % 2
FIGURE 2.42 Distortion of parts with residual

stresses after cutting or slitting. (a) Rolled

sheet or plate. (b) Drawn rod. (c) Thin-walled
tubing. Because of the presence of residual
stresses on the surfaces of parts, a round drill @ ‘/ a
may produce an oval—shaped hole because of {t (/’
relaxation of stresses when a portion is A
removed.
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as during the cooling cycle of a casting, applying brakes to a railroad wheel, or in a

grinding operation. The expansion and contraction due to temperature gradients are
analogous to nonuniform plastic deformation.

2.7.1 EFFECTS OF RESIDUAL STRESSES

Tensile residual stresses on the surface of a part are generally considered to be

undesirable because they lower the fatigue life and fracture strength of the part. A
surface with tensile residual stresses can sustain lower additional tensile stresses (due
to external loading) than a surface that is free of any residual stresses. This is particu—

. larly true for relatively brittle materials where fracture takes place with little or no
plastic deformation.

Tensile residual stresses in manufactured products can also lead to stress cracking
or stressecorrosion cracking over a period to time (see Section 3.7.1).

On the other hand, compressive residual stresses on a surface are generally
desirable. In fact, in order to increase the fatigue life of components, compressive
residual stresses are imparted on surfaces by techniques such as shot peening and
surface rolling (see Section 413.2).

Residual stresses on a surface can also have an effect on the action of lubricants, as
described in Section 4.11.

2.7.2 REDUCTION OF RESIDUAL STRESSES

Residual stresses may be reduced or eliminated either by stress—relief annealing
(Section 3.5) or by further plastic deformation. Given sufficient time, residual stresses

may also be diminished at room temperature by relaxation. The time required can be
greatly reduced by raising the temperature of the component.

Relaxation of residual stresses by stress—relief annealing is generally accompanied
by warpage of the part. Hence a “machining allowance” is commonly provided to
compensate for dimensional changes during stress relieving.

The mechanism ofreduction or elimination of residual stresses by plastic deforma-

tion is as follows: Assume that a piece of metal has the residual stresses shown in Fig.
2.43, namely, tensile on the outside and compressive on the inside. The part with these
stresses, which are in the elastic range, is in equilibrium. Also assume that the material

is elastic—perfectly plastic, as shown by the diagram in the figure.

The level of residual stresses are shown on the stress~strain diagram, both being
below the yield stress Y. If a uniformly distributed tension is applied to this specimen,
points (IC and a, in the diagram move up on the stress—strain curve, as shown by the
arrows. The maximum level that these stresses can reach is the tensile yield stress Y.
With sufficiently high loading, the stress distribution becomes uniform throughout
the part, as shown in Fig. 2.43(c). If the load is now removed, the stresses recover

elastically and the part has no residual stresses. .

Note that very little stretching is required to relieve these residual stresses. This is

because the elastic portions ofthe stressvstrain curves for metals are very steep, hence
the elastic stresses can be raised to the yield stress with very little strain.
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(a)

Stress +C0mpressiveTensile*'—’

70

  

 

(b) (c) (d) Tension

     
Compression

FIGURE 2.43 Elimination of residual stresses by stretching. See Section 2.7.2 for
details. Residual stresses can also be reduced or eliminated by thermal treatments, such

as stress relieving or annealing.

The technique for reducing or relieving residual stresses by plastic deformation,

such as by stretching as described above, requires sufficient straining to establish a

uniformly distributed stress in the part. It is therefore apparent that a material such as

the elastic, linearly strain—hardening type, Fig. 2.8(c), can never reach this condition

since the compressive stress as. will always lag behind 0,. If the slope of the stress~
strain curve in the plastic region is small, then the difference between ac, and 0,, will be
rather small and little residual stresses will be left in the part after unloading.

O Illustrative Problem 2.6

In Fig. 2.43 assume that a, = 140 MPa and 0C = »— 140 MPa. The material is

aluminum and the length of the specimen is 0.25 m. Calculate the length to which this

specimen should be stretched so that, when unloaded, it will be free of any residual
stresses. Assume that the yield stress of the material is 150 MPa.

SOLUTION. The stretching should be to the extent whereby ctC reaches the yield

stress in tension, Y. Thus the total strain should be

ac Y

6total I E + E V
For aluminum, let E = 70 GPa. Thus,

140 150
w 0.00414.
 

““31 ‘ 70 x 103 + 70 x 103

Hence the stretched length should be

{f11462—5) _ 0.00414
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or ‘

if = 0.2510 m.

Since the strains are very small, we may use engineering strains in these calculations.
Thus,

= .0 414
0.25 0 0

01"

if = 0.2510 m. 0

2.7.3. DETERMINATION OF RESIDUAL STRESSES

Various experimental techniques have been developed for the determination (also
called measurement) of residual stresses in manufactured parts. The most common

nondestructive technique is by x—ray analysis, where the interatomic spacing of a set
of lattice planes is measured and is compared with that of a stress—free specimen.

The most common destructive technique involves removal of layers of material
from a part and then measuring the dimensional changes, such as changes in the length
or curvature of the part. These dimensional changes are very small and are generally
measured with the use of strain gages. For large deflections, other measuring instru-
ments can be used. The residual stresses are then calculated from a set of equations
relating stresses to strains. The work involved is somewhat tedious and time con-

suming, especially in the three-dimensional case.

Another technique for determining residual stresses is to place strain gages on a
surface and then drill a small hole near it, usually 0.020 in. (0.5 mm) in diameter. The
strain gages measure the strains around the drilled hole. Based on these strains, the

residual stresses can then be computed. This is a semidestructive method. In addition

to the determination of surface residual stresses by this method, a variation of this

technique (called incremental drilling method) can be used to compute residual
stresses in the underlying layers of a material.

2.8 YIELD CRITERIA 

In most manfacturing operations involving deformation processing, the material,
unlike that in a simple tension or compression test specimen, is generally subjected to
triaxia/ stresses. For example, in the expansion of a thin-walled spherical shell under

internal pressure, an element in the shell is subjected to equal biaxial tensile stresses
(Fig. 2.44a). In drawing a rod or wire through a conical die, an element in the deforma-

tion zone is subjected to tension in its length direction and to compression on its
conical surface (Fig. 2.44b). An element in the flange in deep drawing of sheet metal is
subjected to a tensile radial stress and compressive stresses on its surface and in the
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FIGURE 2.44 The state of stress in various

metalworking operations. (3) Expansion of a
thin-walled spherical shell under internal
pressure. (b) Drawing of round rod or wire
through a conical die to reduce its diameter.

(c) Deep drawing of sheet metal with a
punch and die to make a cup.

 
circumferential direction (Fig. 2.440). As will be shown in subsequent chapters, many

similar examples can be given where the material is subjected to various normal and
shear stresses during processing.

In a simple tension or compression test, when the applied stress reaches the uni-

axial yield stress Y, the material will deform plastically. However, if the material is

subjected to a more complex state of stress there are relationships between these

stresses that will predict yielding. These relationships are known as yield criteria, the
most common ones being the maximum-shear—stress criterion and the distortion-

energy criterion.

2.8.1 MAXIMUM-SHEAR—STRESS CRITERION

This criterion (also known as the Tresca criterion, after H. Tresca, 1864) states

that yielding occurs when the maximum shear stress within an element is equal to or
exceeds a critical value. As will be seen in Section 3.2.2, this critical value of the shear

stress is a material property called shear yield stress (k). Thus, for yielding,

Tmax 2 k. (2.32)

The most convenient way of determining the stresses on an element is by the use

of Mohr circles (after 0. Mohr, 1914). Some typical examples are shown in Fig. 2.45.

Note that in these examples the normal stresses are principal stresses; in other words,
they act on planes on which there are no shear stresses. (The construction of Mohr

circles and the determination of principal stresses will not be discussed here as they

are covered in textbooks on strength of materials.)

If the maximum shear stress, as determined from Fig. 2.45 or from appropriate

equations, is equal to or exceeds k, then yielding will occur. This can be best visualized

by the construction in Fig. 2.46. In order to cause yielding, the largest circle must

touch the “ceiling” represented by the shear yield stress k. Note that there are many

combinations of stresses (or states of stress) that can give the same maximum shear
stress.
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FIGURE 2.45 Mohr's circles for various states of stress. (a) Uniaxial tension.
(b) Uniaxial compression. (c) Biaxial tension (plane stress). (d) Triaxial tension.
(e) Biaxial compression with tension. These states of stress are encountered in most
metalworking processes.

*3. Z2

){7
 

  \ A

Simple
compression Simple tension

Tension—

compression

FIGURE 2.46 Three sets of Mohr’s circles representing stresses that are large enough
to cause yielding. Note that there is an infinite number of states of stress that produce
circles of the same maximum diameter, hence yielding. For any state of stress, the

radius of the largest circle must be equal to the shear yield stress k to cause yielding.
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If, for some reason, we are unable to increase the stresses on the element in order to
cause yielding, then the solution is simply to lower the ceiling by raising the tempera—
ture ofthe material. This is the basis and one major reason for hot working of materials

(see Section 3.6).

From the simple tension test, we find that

k = ~. ' (2.33)

It should be pointed out that the material is assumed to be continuous homo—
geneous, and isotiopic, i..,e it has the same properties in all directions Also tensile
stresses are positive and compressive stresses negative and the yield stress in tension
andin compression are assumed to be equal. These ate important assumptions

The maximum-shear—stress criterion can now be written as

0 ~— 0max min : Y = 2k (2.34)

This means that the maximum and minimum normal stresses produce the largest circle

and hence the largest shear stress. Consequently, the intermediate stress has no effect on

yielding. It should be emphasized that the left—hand side of Eq. (2.34) represents the
applied stresses and the right—hand side is a material property.

2.8.2 DISTORTION-ENERGY CRITERION

This criterion (also'known as the 00.71 Mises criterion, after R. von Mises, 1913)
states that yielding will occur when the relationship between the principal applied
stresses and the uniaxial yield stress Y of the material is as follows:

(01 — 02V + (02 m 0'02 + (03 — 002 = 2Y2. (2.35)

Note that, unlike the maximu1n~shear~stress criterion, the intermediate principal
stress is included in this equation. Here again, the left-hand side of the equation repre—

sents the applied stresses and the right—hand side a material property.

0 Illustrative Problem 2.7

A thin-walled spherical shell is under internal pressure p. The shell is 20 in. in
diameter and 0.1 in. thick. It is made of a perfectly plastic material with a yield stress

of 20,000 psi. Calculate the pressure required to cause yielding of the shell according
to both yield criteria discussed above. '

SOLUTION. For this shell under internal pressure, the membrane stresses are

given by
is

197‘

01:02:23

where r = 10 in. and t = 0.1 in. The stress in the thickness direction, 03, is negligible

because of the high r/t ratio of the shell. Thus, according to the maximum-shear—stress
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criterion,

Umax _ 0min : Y

or

0'l — 0 = Y

and

02 — 0 = Y.

Hence, 0, = 02 = 20,000 psi.

The pressure required is then

= 21%: = (2)(0.1}(20,000)
p r *w’io

 

= 400 psi.

According to the distortion—energy criterion

(01“ 0'2)2 + (0'2 _ 03)3 + (03 — 0'02 = 2Y2
or

0 + 05 + of = 2Y2.

Hence 01 = 02 = Y.

Thus the answer is the same, or

p 2 400 psi. 0

O Illustrative Problem 2.8

Explain why a correction factor has to be applied in the construction of a true
stress-~true strain curve, shown in Fig. P22, from tensile test data.

SOLUTION. The stress distribution at the neck of a specimen is shown in Fig.
P23, where we note that in this region there is a triaxial state of stress. This is so

because each element in the region has a different cross-sectional area; the smaller the
area, the greater the tensile stress on the element. Hence, element 1 will contract more

than element 2, and so on. However, element 1 is restrained from contracting freely
by element 2, and element 2 is restrained by element 3, and so on. This restraint causes

radial and circumferential tensile stresses in the necked region. This situation results
in an axial tensile stress distribution as shown in Fig. P23.

The true uniaxial stress in tension is 0, whereas the calculated value of true stress at

fracture is the average stress. Hence, a correction has to be made. A mathematical

analysis by P. W. Bridgman gives the ratio of true to average stress as

0 l

0,, T (1 + 2R/a)[ln(1 + a/2R)]’

where R is the radius of curvature of the neck and a is the radius of the specimen
at the neck. Since R is not easy to measure during a test, an empirical relation has ‘

  

(2.36)
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been established between a/R and the true strain at the neck, Fig. P24. 1 he corrected

true stress~true strain curve is shown in Fig. P22. 0 »

2.8.3 PLANE STRESS AND PLANE STRAIN

These two states of stress are important in the application of yield criteria. Plane

stress is the state of stress in which one or two of the pairs of faces on an elemental

cube are free of any stresses. An example is the torsion of a thin—walled tube. There

are no stresses normal to the inside or outside surface of the tube; hence the state of

the stress of the tube is one of plane stress. Other examples are shown in Figs. 2.44(a)

and 2.47(a). ’ ‘

The state of stress where one of the pairs of faces on an element undergoes zero

strain is known as plane strain. An example is shown in Fig. 2.47(b) depicting a piece

of material being compressed in a die; note that one pair of faces is touching the walls

(groove) of the die and cannot expand. Another example is the plane strain compression

test shown in Fig. 2.27. Here, by proper choice of specimen dimensions, the width
of the specimen is kept essentially constant. (Note that an element does not have to be

physically constrained on the pair of faces for plane strain conditions to exiSt.)‘A

third example is the torsion of a thin—walled tube in which the wall thickness remains

constant (see Section 2.8.7).
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(a)

FIGURE 2.47 Two examples of states of

stress. (a) Plane stress. (b) Plane strain.is

 
Tension

Us

Hyfi
Maximum shear
stress criterion 

 

""‘<1
>01 Tension
 

Compression< 3»
FIGURE 2.48 Plane stress diagrams for

maximum shear stress and distortion energy
criteria. The stresses applied should fall on or
outside these curves to cause yielding. (it is
assumed that the yield stress Y in tension

and compression are equal, as they are for V
ductile but not for brittle materials.) Compression

\Distortion energy
criterion 

A review of the two yield criteria outlined above indicates that the plane stress
condition can be represented by the diagram in Fig. 2.48. It can be seen that the
maximum—shear-stress criterion gives an envelope of straight lines. The distortion-

energy criterion for plane stress reduces to the equation

a? + 0% 4 0103 = Y2 (2.37)

and is shown graphically in the figure. Whenever a point (with its coordinates repre—
senting the two principal stresses) falls on these boundaries, the element will yield.

Yielding under plane strain conditions requires the determination of the stress

level, if any, on the faces of the element undergoing plane strain (Fig. 2.47b). This is
done through the use of generalized Hooke’s law equations shown below.

e. = g to. — V(02 + 63)]

62 = ”1::[0'2 — 12(01 + 03)] (2.38)
1

E3 = E [03 " V(0'1 + 02)]

For plane strain, one of the strains in these equations is zero. This means that

there exists a particular relationship between the principal stresses. At yielding, the
Poisson’s ratio v is 0.5 (since the volume of an element undergoing plastic deformation
is found to remain constant) and, therefore, all three stresses can be determined. Thus,
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for the case in Fig. 2.47(b),

01+U3

02: 2

 

(2.39)

Note that 02 is now an intermediate stress.

For the plane strain compression of Fig. 2.47, the distortion-energy criterion

(which includes the intermediate stress) reduces to

2

01—“0-3:'—“Y:1.15Y=Yl.
\/§

0 Illustrative Problem 2.9

A specimen in the shape of a cube 10 mm on each side is being compressed without

friction in a die cavity as shown in Fig. 2.47(b), where the width of the groove is 15 mm.
Assume that the material is made of an elastic,_ linearly strain—hardening material

given by

a = 100 + 20c MPa.

Calculate the compressive force required when the height of the specimen is 3 mm,

according to both yield criteria.

SOLUTION. It can be seen that, when the height of this specimen is reduced

to 3 mm, the surface area A will be

(10)(10)(10) = (3)04).

Hence,

A = 333.3 mmz.

Since the groove is only 15 mm wide, the specimen will touch the walls of the groove,

because (15)(15) : 225 mmz, which is smaller than the final surface area required.

Thus, this is both a plane strain and also a plane stress problem.

The true strain after deformation is (in absolute value)

{6] = mg) = 1.204.
Hence the strength level (flow stress, see Fig. 2.51) that the material will exhibit at this
strain is

Yf = 100 + (20)(1.204) = 124.08 MPa.

According to the maximum-shear—stress criterion, the force required is

P = YfA = (124.08)(333.3) = 41,350 N = 41.35 kN.

According to the distortion—energy criterion,

13. = (1.15)(124.08) = 142.69 MPa.
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Hence,

P = (142.69)(333.3) = 47,560 N = 47.56 kN 0

2.8.4 EXPERIMENTAL VERIFICATION OF YIELD CRITERIA

The yield criteria described above have been tested experimentally. A suitable

specimen commonly used is a thin-walled tube under internal pressure and/or torsion.

Under such loading, it is possible to generate different states of plane stress. Various

experiments, with a variety of ductile materials, have shown that the distortion energy

criterion agrees better with the experimental data than does the maximum-shear-stress

criterion (Fig. 2.49). V

This would suggest that one should use the distortion~energy criterion for the

analysis of metalworking processes since the latter generally makes use of ductile

materials. On the other hand, the simpler maximum-shear—stress criterion can also be

used, particularly by designers, since the difference between the two is negligible for

most practical applications. ' 
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2.8.5 VOLUME STRAIN

By summing the three equations of the generalized Hooke’s law it is seen that

1—2v

€1+€2+632 E (01+02+U3),

where the left—hand side of the equation can be shown to be the volume strain or
dilatation A. Thus,

(2.40)
 

vol. chan e 1~ 2
A="““—g”*‘: v(01+02+03).

orig. vol. E
(2.41)

 

It can now be shown that, in the plastic range, where v = 0.5, the volume change is zero.

Hence, in plastic working,

61 + 62 + £3 = 0, (2.42)

which is a convenient means of determining a third strain if two strains are known.
The bulk modulus is defined as

a, E
- = av =_ 2.43
Bulk modulus A 30 _ 2v)’ ( )

where

__ l
Gav '— 3(01 + 02 + 0'3)

From Eq. (2.41) it can be seen that, in the elastic range, where 0 < v < 0.5, the
volume of a tension—test specimen increases and that of a compression specimen

(2.445

decreases.

2.8.6 EFFECTIVE STRESS AND EFFECTIVE STRAIN

A convenient means of expressing the state of stress on an element is the eflective

(equivalent or representative) stress 6 and eflective strain E given by the equations
below. For the maximum-shear—stress criterion,

5 = 01 — 03, (2.45) ‘

and for the distortion-energy criterion,

_ 1
0 = ”— “01 — 0'2)2 ‘l‘ (02 — 03)2 ‘l‘ (03 — 51)2]1/2~ (2-46)

fl

The factor 1/\/2 is chosen so that, for simple tension, the effective stress is equal to
the uniaxial yield stress Y.

The strains are likewise related to the effective strain. For the maximum-shear—

stress criterion,

(2.47)€— 2%(61 — £3),
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and for the distortion-energy criterion,

_ 2

d 5 == % [(51 “ (2)2 + (52 — (3)2 + ((3 — €1)2]1/2- (2‘48)
Again, the factors 2/3 and fl/3 are chosen so that for simple tension the effective
strain is equal to the uniaxial tensile strain. It is apparent that stressvstrain curves may
also be called effective stress~eflfective strain curves.

2.8.7 COMPARISON OF NORMAL STRESS—STRAIN AND SHEAR
STRESS—STRAIN CURVES

Stress—strain curves in tension and torsion for the same material are, of course,
comparable. Also, it is possible to construct one curve from the other since the material

is the same. The procedure for this conversion is outlined below.

The following observations are made in regard to Fig. 2.50, showing the tension

(a)

(b)

 

0-3 (71 (J' 

(C) 7/2 (d) y/Z

 
FIGURE 2.50 Mohr's circle diagrams for stress and strain in uniaxial tension, (3) and
(c), and torsion, (b) and (d). Guy wires for antennas, or the spokes of a bicycle, are
subjected to uniaxial tension (because they are thin and long), whereas the drive shaft
of an automobile is subjected to the stresses shown in (b). '

l _
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and torsional states of stress:

a. In the tension test, the uniaxial stress 01 is also the effective stress and the principal
stress.

b. In the torsion test, the principal stresses occur on planes whose normals are at
45 degrees to the longitudinal axis; the principal stresses 01 and 03 are equal in
magnitude but opposite in sign.

c. The magnitude of the principal stress in torsion is the same as the maximum shear
stress. I

We now have the following relationships:

01: _O-35

02.: O,

012%

Substituting these stresses in Eqs. (2.45) and (2.46) for effective stress, the following
relationships are obtained: For the maximum—shear-stress criterion,

6 = 01 — a3 : 01+ 01: 201: 2r1, (2.49)

and for the distortion—energy criterion,

1

a = # [(01 — 0,)2 + (0 + a,)2 + (~01 — 0,)211/2 = $0, = fin. (2.50)
fl

With regard to strains, the following observations can be draWn from Fig. 2.50:

z

. e

a. In the tensron test, (2 = (3 = —— —1.

b. In the torsion test, (1 = ——(3 = g.
c. The strain in the thickness direction of the tube is zero, Le, 62 = 0.

Observation (c) is true because the thinning due to the principal tensile stress is
countered by the thickening under the principal compressive stress of the same

magnitude. Hence, (2 2 0. Since 02 is also zero, a thin-walled tube under torsion is
_ both a plane stress and a plane strain situation.

Substituting these strains in Eqs. (2.47) and (2.48) for effective strain, the following
relationships are obtained: For the maximum—shear-stress criterion,

6— = %(61 ” 53) = %(61 + 61) = $61 = %V, ' (2'51)

and for the distortion-energy criterion,

fi [(61 — (Dz + (0 + 61); + (—61 — 602]”2 ‘ (2-52)_ 2 1
6 Z ——7 —— —— 61 2 —— y.

3 \/§ fl

This set of equations provides a means by which tensile-test data can be converted
to torsion-test data, and vice versa.
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2.9 WORK OF DEFORMATION
MM

In this section the work required for plastic deformation of materials will be

discussed. Since work is defined as the product of force and distance (collinear with
force), a quantity equivalent to work per unit volume is the product of stress and strain.
Since the relation between stress and strain in the plastic range depends on the
particular stress~strain curve, this work is best calculated by referring to Fig. 2.51.

Note that the area under the true stress~true strain curve for any strain 61 is the
energy per unit volume it (specific energy) of the material deformed. This is expressed
as

61 /

u z I a de. (2.53)O ,

As seen in Section 2.2.3, true stress—true strain curves can be represented by the
expression

a = K6".

Hence, Eq. (2.53) can be written as
51

u = K f e" de0

or

K n+1 __

u z ”:1 = Yel, . (2.54)
where l7 is the average flow stress of the material.

 

"Cl

Truestress
FIGURE 2.51 Schematic illustration of

true stress—true strain curve showing yield
stress Y, average flow stress )7, specific

energy (41, and flow stress Yf. Flow stress
is defined as the true stress required to
continue plastic deformation at a particular
true strain. Thus, for strain—hardening
materials there is a flow stress for each
strain. ’ 0

h<   
True strain (5)

—

R.J. Reynolds Vapor Exhibit 1034-00184



R.J. Reynolds Vapor Exhibit 1034-00185

84

 

2 / FUNDAMENTALS OF THE MECHANICAL BEHAVIOR OF MATERIALS

This energy represents the work diSSipated in uniaxial deformation. For a more

general condition, where the workpiece is subjected to triaxial stresses and strains,
the effective stress and effective strains can be used. The energy per unit volume is then

u = J‘ 6 def. (2.55)0 ,

To obtain the work expended, we multiply u by the volume of the material deformed.
Thus, ‘

Work = (u)(volume). ‘ (2.56)a

The energy represented by Eq. (2.54) is the minimum energy or the ideal energy

required for uniform (homogeneous) deformation. The energy required for actual
deformation involves two additional factors. One is the energy required to overcome

friction at the die—workpiece interfaces. The other is the redundant work of deforma-

tion, which is described as follows:

> In Fig. 2.52(a), a block of material is being deformed into shape, such as by
forging, extrusion, or drawing through a die as described in Chapter 6. As shown in

sketch (b) this deformation is uniform, or homogeneous. In reality, however, the
materialmore often than not deforms as in sketch (c) due to the effects of friction and

die geometry. The difference between (b) and (c) is that (c) has undergone additional

shearing along horizontal planes.
This shearing requires expenditure of energy since additional plastic work has to

be done in subjecting the various layers to shear strains. This is known as redundant

work; the word redundant is due to the fact that this work does not contribute to the

shape change of the material. [Note that (b) and (c) have the same overall shape and

dimensions]

The total specific energy required can now be written as

”total : uideal + “friction + ”redundant (257)

The efficiency of a process is defined as
 

”total
17 = “ideal (2.58)

i

‘ (a) E (b) (c)
FIGURE 2.52 Deformation of grid patterns‘in a workpiece. (3) Original pattern.

(b) After ideal deformation. (c) After inhomogeneous deformation, requiring
redundant work of deformation. Note that (c) is basically (b) with additional shearing,

especially at the outer layers. Thus, part (0) requires greater work of deformation than
part (b).'
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The magnitude of this efficiency varies widely, depending on the particular pro-
cess, frictional conditions, die geometry, and other process parameters. Typical values
are estimated to be 30 to 60 ‘Z, for extrusion and 75 to 95 “X, for rolling.

O Illustrative Problem 2.10

A thin—walled spherical shell, made of a perfectly plastic material of yield stress
Y, original radius r0 and thickness to, is being expanded by internal pressure. Calculate
the work done in expanding this shell to a radius of rf. If the diameter expands at a
constant rate, what changes take place in the power consumed as the radius in-
creases?

SOLUTION. The membrane stresses are given by

61 2 (72 = Y

(from Illustrative Problem 2.7), where r and t are instantaneous dimensions. The true

strains in the membrane are given by

2 .

£1 = 62 =1H(2:::flf)=ln(:—f).
Because an element in this shell is subjected to equal biaxial stretching, the specific
energy is

61 (2

ll 2 f 01 (161 + f 02 (162 : 201C] 2 2y 111(2).0 a 7‘0

Since the volume of the shell material is 4min” the work done is

 

W = (u)(volume) = Sal/rite ln(fi)r0

The specific energy can also be calculated from the effective stresses and strains.

Thus, according to the distortion-energy criterion,

6 = i [(0)2 + («if +(—01)2]”2 = or = as
and

e" = Agra)? + (£2 + 262)2 + (—262 — €2)2]1/2 = 262 = 261.
(The thickness strain 63 = —262 = ~261 because of volume constancy in plastic
deformation, where 61 + £2 + £3 = 0.) Hence,

C 261

u=f§dé=f (716161220161.0 0

Thus the answer is the same.
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Power is defined as

d W
P =

OWEI‘ d[

The expression for work can be written as

W = K 1:1(1) = K(ln r — 1n r0),r0

since all other factors in the expression are constant. Thus,

K d *
Power = — —I.

r dt

Because the shell is expanding at a constant rate, dr/dt = constant. Hence the power
is related to the instantaneous radius r by

1
Power or —. O

r

2.9.1 ‘WORK AND HEAT

Almost all the mechanical work of deformation in plastic working is converted into

heat. This conversion of work to heat is not 100 0/; because a small portion of this

energy is stored within the deformed material as elastic energy. This is known as
stored energy (discussed in Section 3.5). Stored energy is generally 5 to 10% of the
total energy input. However, it may be as high as 30% in some alloys.

In a simple frictionless process and assuming that work is completely converted
into heat, the temperature rise is given by

AT = ”m“ , (2.59)3

pc

where atom is the specific energy from Eq. (2.57), p is the density, and c is the specific .
heat of the material. It can be seen that higher temperatures are associated with large

areas under the stressestrain curve and smaller values of specific heat.

The theoretical temperature rise for a true strain of 1 (such as a 27—mm—high

specimen compressed down to 10 mm) has been calculated to be as follows:

 

Aluminum 165°F (750C)

Copper 285 (140)
Low-carbon steel 535 (280)

Titanium 1060 (570)

The temperature rise given by Eq. (2.59) is for an ideal situation, where there is no
heat loss. In actual operations heat is lost to the environment, to the tools and dies,
and to any lubricants or coolants used. If the process is performed very rapidly, these
losses are relatively small. .
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Under extreme conditions, an adiabatic process is approached, with very high
temperature rise, leading to incipient melting. This rise in temperature can be cal-

culated provided the stress—strain curve used is at the appropriate strain rate level.
On the other hand, if the process is carried out slowly, the actual temperature rise
will be a small portion of the calculated value. It should also be pointed out that
properties such as specific heat and thermal conductivity depend on temperature
and this should be taken into account in the calculations.

0 Illustrative Problem 2.11

Calculate the total work done for the specimen in Illustrative Problem 2.2.
Calculate the specific energy for an element in the necked area and the theoretical
temperature rise.

SOLUTION. The totalwork done on the specimen can be obtained from the area
under the curve in Fig. P21. This area can be determined graphically and is found to be

Work 2 3950 in. - lb.

The specific energy of an element in the necked area, i.e., at fracture, is the area under

the true stress-true strain curve (corrected) in Fig. P22, namely,1.253

M = f a dc = 155,000 in. -lb/in3.
The theoretical temperature rise, i.e., adiabatic, is obtained from Eq. (2.59), where,
for stainless steel, p = 0.29 lb/in3 and c = 0.12 Btu/lb - ”F. Thus,

155,000

T =W = 47701: = 247°C.

Note that in these calculations only the work of plastic deformation is considered

since no friction or redundant work is involved in a simple tension test. Also, the
actual temperature rise will be lower because of the heat loss from the necked zone to

the rest of the specimen and to the environment. 0

2.10 METHODS OF ANALYSIS OF METALWORKING PROCESSES 

The treatments thus far in this chapter pertain generally to simple situations of ten-

sion, compression, and torsion where the state of stress can easily be defined. In actual

metalworking processes, however, the material is generally subjected to a complex

state of stress along with the additional component of friction at the die—workpiece
interfaces. Furthermore, these stresses and friction generally vary along the interfaces.

The accurate calculation or prediction of loads, forces, stresses, and temperatures
is essential not only for the proper design of equipment but also for studying the be-
havior of the material during processing.

In this section, the major methods of analysis used for deformation processing of

materials will be reviewed briefly. The advantages and limitations of each technique
are described individually.

—
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2.10.1 SLAB METHOD OF ANALYSIS

This is one of the simpler methods of analyzing the stresses and loads in plastic
deformation of materials. It requires the selection of an element in the workpiece and

identifying all the normal and frictional forces acting on this element.
As an example, let us take the case of a simple compression process with friction

(Fig. 2.53a), which is the basic deformation mode in forging. The purpose of this
analysis is to determine the die pressure distribution from which one can then cal-
culate the load required.

As the flat dies compress the part, it is reduced in thickness and, since the volume
remains constant, the part expands laterally. This relative movement at the die—work—
piece interfaces causes frictional forces acting in opposition to the movement of the
piece. These frictional forces are shown by the horizontal arrows in Fig, 2.53(a). For
simplicity, let us also assume that the deformation is in plane strain, i.e., the workpiece
is not free to flow in the direction perpendicular to this page. i

Let us now take an element, as shown in the figure, and indicate all the forces

acting on it (Fig. 2.53b). Note the correct direction of the frictional forces. Also note the
difference in the horizontal forces acting on the sides of the element; this difference is

due to the presence of frictional forces on the element. It is assumed that the lateral
stress distribution ax is uniform along the height h.

The next step in this analysis is to balance the horizontal forces on this element
since the element must be in static equilibrium. Thus,

(a, + dexfli + 2m, dx ~ axh = 0
Of

Zlmy
 

dax + dx = 0.h

(a) (c)

  
FIGURE 2.53 Stresses on an element in plane-strain compression (forging) between

flat dies. The stress “x is assumed to be uniformly distributed along the height h of the
element. Identifying the stresses on an element (slab) is the first step in the slab
method of analysis for metalworking processes, described in Section 2.10.1, and used
extensively in Chapter 6.
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Note that we have one equation but two unknowns. The second equation is
obtained from the yield criteria as follows. As shown in Fig. 2.53(c), this element is
subjected to triaxial compression (compare this element with Fig. 2.47b). Using the
distortion-energy criterion for plane strain, the following expression is obtained:

2 i

Uy*Ux=fiY=YI. . (2.60)
Thus,

do, = dax.

Note that cry and ex are assumed to be principal stresses. In the strictest sense, (I,
cannot be a principal stress because a shear stress is also acting on the same plane.
However, this assumption is acceptable for low values of the coefficient of friction
u and is the standard practice in this method of analysis.

There are now two equations that can be solved by noting that
d 2
fl _ _ i dx
0, h

or

a = Ce 2””

The boundary conditions are such that at x = a, 0,, = 0 and thus a, = Y’ at the
edges of the specimen. (Since all stresses are compressive, we may ignore negative
signs for stresses. This is traditional in such analysis. See also Chapter 6.) Hence the
value of C becomes

C = Y’ezM/h,

and thus

p 2 0y = Y’e2”(“_x)/h. (2.61)
Also,

0,, = a, — Y’ = Y’[e2“(“‘x’/’l —— 1]. (2.62)

Equation (2.61) is plotted qualitatively in Fig. 2.54 in dimensionless form. Note

FIGURE 2.54 Distribution of die pressure p in
plane-strain compression with sliding friction. Note
that the pressure at the left and right boundaries is
equal to the yield stress in plane strain, Y’. Sliding
friction means that the frictional stress is directly
proportional to the normal stress. See Section 4.6.
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that the pressure increases exponentially toward the center of the part and also that it
increases with the a/h ratio. Further coverage of these formulas is given in Section

6.3.1 on forging. '

Because of its simplicity, this method of analysis has been used widely for almost
all metalworking processes and is quite useful in estimating forces in processing.
Other examples are given in Chapter 6.

2.10.2 SLIP-LINE ANALYSIS ’

This method has been applied generally to plane—strain conditions. The deforming

body is assumed to be rigid, perfectly plastic, and isotropic. The technique consists
of the construction of a family of straight or curvilinear lines that intersect each other

orthogonally (see also Fig. 2.39). These lines, known as a slip-line field, correspond
to the directions of yield stress of the material in shear, k.

The network of slip-lines, whose construction depends largely on intuition and

experience and are postulated a priori, must satisfy certain conditions. These are:
static equilibrium of forces, yield criteria, and boundary conditions. The slip—line
fields must be checked for equilibrium conditions so that, for instance, the slip-lines
meet at a free surface at a 45—degree angle. Also, they must be compatible with the

velocity field. This means that the movement of the material must be such that mass
continuity is maintained.

A simple two—dimensional example using this method is given in Fig. 2.55,
simulating the hardness test with a flat rectangular indenter. In this model, the
material is assumed to deform along shear planes as shown. The movements of the

triangular blocks of material should be such that they can slide along each other, but

 

  
 

This A moves up by
(1/2, but also moves
d/VZ—in a direction
 

 

 This A moves

sideways by d This A moves
down by d

FIGURE 2.55 A simple two-dimensional model of slip—line analysis for indentation
of a solid body with a flat rectangular punch. This model is similar to stacking of
triangular wooden blocks. Source: Adapted from M. A. Ashby and D. R. H. Jones,
Engineering Materials, Elmsford, N.Y.: Pergamon, 1980, p. 106.

R.J. Reynolds Vapor Exhibit 1034-00191



R.J. Reynolds Vapor Exhibit 1034-00192

2.10 METHODS OF ANALYSIS OF METALWORKING PROCESSES - 91

dannot separate from each other. Thus the velocity normal to a plane of shear must
be the same for points on either side of the plane. This is a simplified model. Instead
of three triangular blocks, the deformation could consist of a large number of smaller
blocks.

We can now determine the hardness of this material (P/A) as follows. The work
done by the indenter is the product of P and d (assumingthat P is not a function of the
magnitude of d). This external work must be equal to the internal work done in
shearing the blocks against each other. Letting k be the shear yield stress and noting
that each triangular block has two sides, the following relation is obtained:

Pd = 2k(%d\/2 + Ad + 2%%>
or

P = 6Ak.

Hence,

Hardness = :14; = 6k 2 3Y. (2.63)

Even with this very simplified model, one is able to obtain an expression for hard—
ness that is in good agreement with Eq. (2.29).

Because a number of slip—line fields that satisfy all the conditions can be con-
structed, this method cannot give a unique solution for a particular deformation
process. A solution must be verified by checking it with experimental data. (Another
example of slip-line analysis is given in Fig. 8.11 in regard to chip formation in metal
cutting.)

The slip-line method has been used successfully in the analysis of a number of
metalworking processes (forging, rolling, extrusion) to predict stresses, loads, direc-
tions of material flow, and temperature variations within a workpiece. The frictional
conditions at the die—workpiece interfaces can/also be included in the analysis. Some
success has also been obtained in studying axisymmetric cases (compression of a
cylinder), strain-hardening effects, and anisotropic materials.

Many details are involved in the application of this technique. Therefore further
treatment of this topic is beyond the scope of this text.

2.10.3 UPPER-BOUND TECHNIQUE

In this method, the overall deformation zone is divided into a number of smaller
zones within which the velocity of a particle is continuous. The particle velocities in
adjacent zones may be different. However, just as in slip-line analysis, at the boundaries
between the zones, or between a zone and the die surface, all movement must be such
that discontinuities in velocity occur only in the tangential direction.

This technique, which has been used successfully for axisymmetric cases, such as
extrusion and rod drawing, is lengthy and gives results similar to those in slip-line

———__
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analysis. In this analysis, the total power consumed in an operation is the sum of the
following:

3. Ideal power of deformation,

b. Power consumed in shearing the material along velocity discontinuities, and

c. Power required in overcoming friction at the die—workpiece interfaces.

In the final analysis, a velocity field that minimizes the total calculated power is
taken as the actual one and is subsequently compared with experimental data.

Theorems have been developed to obtain lower- and upper—bound solutions for
the required loads. The lower-bound solution underestimates the load and hence is of
no practical value. The upper-bound solutions, on the other hand, overestimate the
load and are therefore of practical interest in metalworking operations.

2.10.4 VISIOPLASTICITY

This is an experimental technique developed to determine the strain rates and the
stress distributions in the deformation zone. It consists of placing a grid pattern on a
flat surface (or at an interface, such as the median plane in a solid cylinder) and
observing the distortion of the grid after subjecting the specimen to an incremental
(small) deformation. The process is then repeated at number of times.

From the distortions, the strain rates are calculated (since the strain and the time
of incremental deformation are known) and then, with the use of plasticity equations,
the stresses are calculated.

The visioplasticity technique can be used for plane strain and for axisymmetric
cases. It is also used to validate predictions of stress distributions obtained from other
analytical or numerical methods. Accuracy depends on the precision with which the
grid patterns are placed and measured after each incremental deformation. Small
errors in measurement can lead to significant errors in the calculation of stresses.

2.10.5 FINITE-ELEMENT METHOD

In this method, the deformation zone in an elasticiplastic body is divided into a
number of elements interconnected at a finite number of nodal points. The actual
velocity distribution is then approximated for each element. A set of simultaneous
equations is then developed representing unknown velocity vectors. From the solu-
tion of these equations actual velocity distributions and the stresses are calculated.

This technique can incorporate friction conditions at the dierworkpiece inter-
faces and actual properties of the workpiece material. It has been applied to relatively
complex geometries in bulk deformation and in sheet—forming problems. Accuracy
is influenced by the number and shape of the finite elements, the deformation incre-
ment, and the methods of calculation. To ensure accuracy, complex problems require
extensive computations. The finite—element method gives a detailed outline of the
actual stresses and strain distributions throughout the workpiece.
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SUMMARY
WW

1. The mechanical behavior of materials in manufacturing processes is related
to their strength, ductility, elasticity, hardness, and the energy required for plastic
deformation. ,

2. The behavior of materials depends on the particular material and on a number
of other variables, such as temperature, strain rate, and state of stress.

3. Tests have been developed to obtain the relation between stress and strain as a
function of the above variables. Thesc relationships are important in assessing the
behavior of a particular material in a manufacturing process, especially in regard to
forces required and the capability of the material to undergo the desired deformation
without failure.

4. Two important parameters are the strain-hardening capability (indicated by
the strain—hardening exponent n) and the strain—rate sensitivity of the material
(indicated by the exponent m).

5. How a material is subjected to a shape change is also important. This requires
the study of the deformation-zone geometry. The manner in which a material is

subjected to plastic deformation is important in determining the nature and extent of
residual stresses in the part after all external forces are removed. These stresses are

important in subsequent processing of the part or during its service life.
6. Since in actual metalworking operations the material is generally subjected to

three-dimensional stresses, yield criteria have been developed to establish relation-
ships between the uniaxial yield stress of the material (generally obtained from a ten-
sion test) and the stresses applied.

7. Various methods of analysis are available to calculate the stresses, forces, and
energies required in deformation processing of materials. These analyses are im—
portant not only for the selection of appropriate equipment for metalworking, but
also in their design.
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PROBLEMS 

2.1.

w“ 2.2.

2.3.

2.4.

v” 2.5.

2.6.

2.7.

2.8.

2.9.

2.10.

2.11.

2.12.

2.13.

2.14.

Explain why an offset method is used to determine the yield stress on a stress—strain curve in

tension. Would it be necessary to use this method for a highly strain—hardened metal?

Using the same scale for stress, it can be seen that the tensile engineering stress—strain curve
for a material is lower than its true stress~true strain curve. Is this also true for a compression

test on the same material?

Assume that a material, with a uniaxial yield stress Y, yields under a stress system ofprincipal

stresses 0,, 02 , 03 , where (7, > 02 > 03 . Show that the superposition ofa hydrostatic stress

p on this system (such as placing the specimen in a pressurized chamber) does not affect

yielding. In other words, the material will still yield according to the yield criteria.

A cylindrical specimen of a brittle material 1 in. high and 1 in. in diameter is subjected to

compression. It is found that fracture takes place at an angle of 45 degrees under a load of

30,000 lb. Calculate the shear stress and the normal stress on the fracture surface.

A paper clip is made of wire 1 mm in diameter. If the original material from which the wire
is made is a rod 10 mm in diameter, calculate the longitudinal and lateral (diametral)

strains that the wire has undergone during processing.

A thin—walled tube is subjected to tension in the elastic range. Using the generalized Hooke’s

law equations, show that both the diameter and the thickness ofthis tube decrease when it is
under tension.

Calculate the work involved in frictionless compression of a solid cylinder 30 mm high and

20 mm in diameter to a reduction of 50 70 for the following materials in Table 2.4: 606luT6

aluminum, annealed copper, annealed 4340 steel, annealed 304 stainless steel.

In Illustrative Problem 22, calculate the toughness of the material by the area under the

stress-strain curve. Check your answer by first determining the K and n values for this

material and then obtaining the toughness by integration.

Explain how the modulus of resilience ofa strain-hardening material changes as it is cold—
worked. i

What is the volume of a 50mm diameter solid steel sphere when subjected to a hydrostatic

pressure of 2 GPa?

A rod is 10 in. long. It is stretched in two steps, first to a length of 12 in. and then to 17 in. Show

that the true strains are additive, whereas engineering strains are not.

If you remove the layer of material ad from the specimen in Fig. 2.41, such as by machining

or grinding, which way will the specimen curve? (Hint: Assume that the bar in sketch (d) is

composed of four horizontal springs held at the ends. Thus, from the top down: compression,

tension, compression, tension springs.) '

Explain why deformation rate and strain rate are not equivalent.

In Fig. 2.7, identify two materials that have the lowest and highest uniform elongation,

respectively. Calculate these quantities as percentages.
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2.15. A material has a strength coefficient K = 100,000 psi and n = 0.2. Assuming that a tensile—

test specimen made from this material begins to neck at a true strain of 0.2, show that the

ultimate tensile strength (engineering) of this material is 59,340 psi.

2.16. Modify the curves in Fig. 2.8 to indicate the effects of temperature on material properties.

2.17. 15 it possible to completely remove residual stresses in a piece of material, by the technique

described in Fig. 2.43, if the material is elastic, linearly strain hardening?

2.18. Using the generalized Hooke’s law equations (Eq. (2.38)), show that a thin-walled tube does

not undergo any thickness Change when subjected to torsion.
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This realtime draft is unedited and

uncertified and may contain untranslated

stenographic symbols, an occasional reporter's note,

a misspelled proper name and/or nonsensical word

combinations.

This is an unedited version of the

deposition transcript and should not be used in

place of a certified copy.

This document should not be duplicated or

sold to other persons or businesses. This document

is not to be relied upon in whole or in part as the

official transcript.

This uncertified realtime rough draft

version has not been reviewed or edited by the

certified shorthand reporter for accuracy. This

unedited transcript is computer generated and random

translations by the computer may be erroneous or

different than that which will appear on the final

certified transcript.

Due to the need to correct entries prior to

certification, the use of this realtime draft is

only for the purpose of augmenting counsel's notes

and cannot be used to cite in any court proceeding

or be distributed to any other parties.
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Acceptance of this realtime draft is an

automatic final copy order.

EXAMINATION

BY MR. GABRIC:

Q. Good morning, Mr. Meyst.

A. Good morning.

Q. Nice to see you again, sir.

A. Ditto.

Q. You're here to give a deposition in

connection with an enter party review with respect

to the '548 patent, correct?

A. Yes.

Q. All right. And the '548 patent is in the

same family as the '742 patent?

A. Yes, it is.

Q. Okay. And you gave a deposition with

respect to an IPR involving the '742 patent about a

month ago, right?

A. Sounds about right.

Q. Give or take. Beginning of June.

A. Pardon?

Q. It was the beginning of June?

A. Okay.

Q. Sometime.

R.J. Reynolds Vapor Exhibit 1034-00200



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

3

And you -- you recall you testified in that

deposition about a reference we referred to as Hon

'043 correct?

A. Yes.

Q. Okay. And the Hon '043 reference, that

same reference is at issue in this IPR, correct?

A. That's correct.

Q. Okay. And you would agree with me, what

you said in this -- that prior deposition in the

'742 IPR regarding how Hon '043 operates Hon '043

operates for the -- in the same way with respect to

this IPR as well, correct?

A. I believe so. It's the same patent.

Q. Fair enough. And why don't I just go ahead

and mark it. We'll mark as Exhibit 1028 in this IPR

deposition you gave in the '742 IPR and it's dated

June 7, 2017. Ask you if you can identify whether

that's your deposition transcript in the '742 IPR?

A. I believe it is my deposition transcript.

Q. All right.

(Exhibit ## was previously

marked for identification and is

attached hereto.)

BY MR. GABRIC:

Q. Now?
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MR. HAMILTON: I just want to put on the

record Mr. Meyst made some corrections to this

transcript that don't appear to be included.

MR. GABRIC: Oh, I wasn't even aware of

that. I apologize?

MR. HAMILTON: No, that's all right. I

don't think they're of any substance but I just want

to make sure that's on the record.

MR. GABRIC: Appreciate it. I'm always the

last to learn things, Joe.

BY MR. GABRIC:

Q. Now, I'm going to show you what's been

marked as Exhibit 1001 in this IPR. The '548 IPR.

And for the record, this is the '548 patent.

Correct?

A. Yes.

Q. Yes? All right. And the '548 patent has

claims at the end, claims 1 through 14, correct?

A. You're correct.

Q. Okay. And claim 1 through 14 are directed

to the embodiment of the '548 patent depicted in

figure 17 and 18, correct?

MR. HAMILTON: Objection. Form.

THE WITNESS: We'll they're described I

think in those embodiments. That doesn't mean it's
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limited to those embodiments however.

BY MR. GABRIC:

Q. But you would agree with me figure 17 and

18 fall within the scope of claims 1 through 14?

MR. HAMILTON: Objection. Form.

THE WITNESS: Figure 17 and 18 contain

elements described in the claims, yes.

BY MR. GABRIC:

Q. Okay. And -- and figure 17 and 18 in the

'548 patent those are the same figures 17 and 18

found in the '742 patent? And I'm happy to give you

that patent if you want it?

MR. HAMILTON: Objection. Form.

MR. GABRIC: Let me show you what's been

marked as Exhibit 2002 in this IPR. And it's the

'742 patent.

MR. HAMILTON: Thank you.

MR. GABRIC: You're welcome.

(Exhibit ## was previously

marked for identification and is

attached hereto.)

BY MR. GABRIC:

Q. Do you recognize that patent?

A. I have seen it before, yes.

Q. Fair enough. And figure 17 and 18 of the
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'742 patent those are the same figures that are

figures 17 and 18 in the '548 patent, correct?

A. I believe so, yes.

Q. All right. And at your deposition in the

'742 IPR you testified about figure 17 and 18,

correct?

MR. HAMILTON: Objection. Form.

THE WITNESS: I believe I did, yes. I'm

just noticing there are some little differences

between the figures. Because all the numbers aren't

called out.

BY MR. GABRIC:

Q. I see. So the '548 patent has some

references numerals that are not included in the

corresponding figure of the '742 patent?

A. That's correct.

Q. Other than that, do you see any other

differences?

A. I haven't studied it but I believe they're

the same specification.

Q. Okay. And the devices depicted -- strike

that.

Figure 17 and 18 of the '742 patent, those

depict an atomizer, correct?

A. These are components of an atomizer.

R.J. Reynolds Vapor Exhibit 1034-00204



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

7

Q. And that's also true with respect to figure

17 and 18 of the '548 patent?

MR. HAMILTON: Objection. Form.

THE WITNESS: Yes.

BY MR. GABRIC:

Q. Okay. And do the components illustrated in

figure 17 and 18 of the '742 patent and figure 17

and 18 of the '548 patent, do they work in the same

way?

A. I believe so, yes.

Q. Now, you've been deposed quite a few times

over your career, correct?

A. That's correct.

Q. All right. And you generally understand

the ground rules, correct?

A. I believe so.

Q. All right. And -- and I just want to

remind you of a few things that are fairly

important.

In these proceedings it's important that

you don't discuss your testimony with counsel during

breaks. You understand that?

A. I do.

Q. And I'll try to do a better job than I did

last time of not talking over you and you should try
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not to talk over me. Let's let each other get our

questions and answers out respectively okay?

A. I understand the process, yes.

Q. All right. Any reason you can't testify

truthfully and accurately today?

A. No.

Q. All right. Now, I want to ask you a few

questions about figures 18 -- Figure 18 of the '548

patent. If you want to get that in front of you.

A. Okay.

Q. Could you describe for me how these

components -- what role they play in atomizing

liquid?

A. Yes.

Q. Could you do that, please?

A. I will.

Q. Thank you.

A. Well, we could start with the item marked

83 which is the heating wire. And that is the

device where an electricity can put energy in to

effect change and phase of the materials. So it's

the energy input.

81 is a porous component that the wire

heating element is wrapped around and that trance

supports liquid to the wire for atomization. And
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what is labeled as 821 which is a hole, that is the

location where at any air stream passes through the

hole and then onto the -- the heating wire that's

wrapped around the porous component. And 82 -- let

me check something here. Just bear with me for a

moment.

Q. Yeah, sure. Take your time.

A. I'm just looking for in the specification

where it identifies the -- what they're calling item

number 82. That's interesting. Because in Figure 6

of the patent, it says 82 is the electric heating

rod. And that's obviously not correct.

Q. Yeah. You're looking for 82? I'm just

trying to help you out. Column 5, line 65.

A. It's also called out in other places where

82 is identified as another component. The frame.

I thought so. Okay. 82 is the frame. And the

frame provides structural integrity for this.

Q. What do you mean structural integrity"?

A. Well, it's a rigid component.

Q. What's a rigid component?

A. 82 is a rigid component.

Q. Okay. And what -- what does it provide

structural integrity for?

A. Well, we should probably look and see what
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the specification says.

Q. Probably a good starting point.

A. Well, the frame does a number of things as

it says in column 5 of the '548 patent. The porous

component is set on the frame. So it supports and

specifically contains that porous component so that

it can't move relative to the other components. It

also creates the space for atomization which doesn't

have a number. And the hole through it where air

can come through, it also creates that passage way.

Q. So how does the frame contain the porous

component?

MR. HAMILTON: Objection. Form.

THE WITNESS: I don't know if I said

contain much it's set upon the element of the porous

component where the wire is wrapped around passes

through a hole. Actually two holes in the side of

the -- the frame. And because it's in there, it can

not go up, down, sideways, whatever it's totally

contained and constrained in that location.

BY MR. GABRIC:

Q. So when you say "it's contained in that

location, the porous component, because of these

holes in the cavity wall cannot move at all?

MR. HAMILTON: Objection. Form.
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THE WITNESS: Well if you were to crush

this with pliers it could move. Certainly. But the

purpose of that is to keep the heating element and

the wire aligned with the hole so that the air

coming through hits on that. There's likely other

parts of this because it is the atomizer component

of figure 19 and so in figure 19 we don't see any

detail but we know that the atomizer shown in Figure

18 is in 19. And it doesn't show how it connects

with the porous bulge but the -- the frame keeps the

porous component oriented around the atomization

cast, lines it up with the hole. Could you probably

pull it out of there and destructively remove it.

But it -- it can't go anywhere. There's no space

for it to move in any direction.

BY MR. GABRIC:

Q. Why -- why does the porous component

require the frame to keep it in place?

A. Why does the porous component require the

frame?

Q. Right.

A. Well, if there wasn't a frame, what would

the porous component be doing? Would it be hanging

out waiting? It's part of the device so it's part

of the structure.
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Q. What if those -- and these are basically

two cylinders we're -- well, strike that.

Figure 18 you have a portion of the frame

inside of the porous component. You see that?

A. I guess you could say it's inside, yeah.

Q. Okay. Is that portion of the frame keeping

the porous component in place?

A. Which portion.

Q. The portion that's inside the porous

component.

A. Well, it's all keeping it. You can't break

a piece of it away. I mean, the whole thing is

providing a three-dimensional structure that meets

up with he the form factor of the porous component

such that it holds it where it needs to be to effect

its function.

Q. I'm curious though from the perspective of

one skilled in the art where is the internal portion

of that frame, the portion that's internal to the

porous component, why is it there? Why is it

necessary?

MR. HAMILTON: Objection. Form.

THE WITNESS: When you say "the internal

component, are you speaking the cylinder with the

two holes in it that is part of item 82?
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BY MR. GABRIC:

Q. Correct.

A. Well, we could go back to the

specification.

Well, the porous component is not a

rigid -- necessarily a rigid material. It could be.

It could be -- have a wide range of properties.

However, the purpose of having the frame with the

porous component set on it and "set on" has a

specific meaning as I'm sure you're aware so it is a

specific location where it needs to be. It's not

sitting on top of it. It is set opinion on that and

integrated into it by passing through the hole and

having pieces on both sides of the holes so it's a

way of mounting it.

Q. What -- what does a rigidity of the porous

component have to do with why you would have this

portion of frame positioned internal to the porous

component?

MR. HAMILTON: Objection. Form.

THE WITNESS: I just mentioned that it --

it could be based on testimony, it could be a very

soft, pliable material. It needs to be supported in

that function, in that position, in that location

and that conviction to work. So it's part of the

R.J. Reynolds Vapor Exhibit 1034-00211



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

14

design.

BY MR. GABRIC:

Q. And this patent, the '548 patent doesn't

contemplate a frame that omits the portion of the

frame that's internal to the porous component,

correct?

MR. HAMILTON: Objection. Form.

THE WITNESS: I didn't understand your

question.

BY MR. GABRIC:

Q. Do you -- do you see any discussion in the

'548 patent where the patentee contemplated with

respect to the components shown in Figure 18 that

you could omit the portion of the frame that's

located internal to the porous component?

A. Never thought of that. But it may be in

there. I guess I would have to go back and read

through the patent. But I don't believe that's the

case. Would you like me to --

Q. No, no, that's okay. It's fine. It's

Friday. We all want to get out as a reasonable

hour.

Now there's a -- is there a contacting fit

between the frame 82 and the porous component 81?

MR. HAMILTON: Objection. Form.
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THE WITNESS: Where do you mean by

"contacting"?

BY MR. GABRIC:

Q. Do they touch each other?

A. Well, they would have to touch each of

other at some point.

Q. Okay. And do they touch -- where do they

touch each other according to Figure 18?

A. Well, anyplace that the cross hatched item

is in contact with item 82 is where they touch each

other or 81 and 82 are sharing a common border.

Q. Now, under normal use of the device

illustrated in figure 18 by the user, say they're

smoking it and they're walking or trotting, would

that porous component move whatsoever at all

relative to the frame?

MR. HAMILTON: Objection. Form.

THE WITNESS: Well, as it's shown here, it

would have no room to move anywhere.

BY MR. GABRIC:

Q. And what kind of fit would be necessary to

quote have no room for it to move?

A. Well, it could be line to line or it could

be an interference fit.

Q. What's an interference fit?
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A. That would be where one part is larger than

another part that it's put inside.

Q. And --

A. Did I say that right? I'm not -- so

interference fit would be if the internal item is

slightly larger than the external item that it's

going into.

Q. So, for example, with respect to Figure 18,

an interference fit would be where the diameter of

the internal -- of the portion of the frame internal

to the porous component is slightly larger than the

diameter of the porus component so when they're

stuck together you get an interfering fit?

MR. HAMILTON: Objection. Form.

BY MR. GABRIC:

Q. Do you want me to try that again? It was a

lot?

A. Yeah, well, I think we all know what an

interference fit is so I don't know what your point.

Q. I'm actually a chemist so I'm actually not

pretending that I'm clueless I actually am on this

stuff so could you explain to me what an interfering

fit would be between the portion of the porus

component 81 and the -- I'm sorry. Strike that.

Could you explain to me what an interfering
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fit would be with respect to the portion of the

frame 82 that's internal to the porus component 81?

MR. HAMILTON: Objection. Form.

THE WITNESS: Well, there's a couple things

here that could be considered. It doesn't all have

to be an interference fit. For instance, the

distance that the porous component which is number

81, the component part that has the wire wrapped

around it, so if we look at it looks like a capital

I. Okay?

Q. Uh-huh.

A. The vertical part between the top and the

bottom, if that was just slightly less than the

outside diameter where the holes pass through, that

would cause the cylinder portion to be touching and

against the -- the frame.

So, I mean, there's a number of ways.

Basically one part the two parts don't have slot

between them, there's no space with an interference

fit. So one part -- it could be line to line which

is where the dimensions are identical. Or it could

be where one part is slightly bigger than the other.

Q. And so for there to be an interference fit

with respect to the porus component 81 and frame 82,

for example, the vertical portion of the I, the --
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the external diameter of that vertical portion would

be slightly greater than the diameter of the holes

of the frame? That would be an example of a

interfering fit?

MR. HAMILTON: Hold on a minute.

Objection. Form.

THE WITNESS: I don't think you said that

correctly. But why don't you read me back when you

said.

BY MR. GABRIC:

Q. For there to be an interference fit with

respect to the porus component 81 and the frame 82,

for example, the vertical portion of the eye, the

external diameter of that vertical portion would be

slightly greater than the diameter of the holes of

the frame. That would be an example of an

interfering fit?

MR. HAMILTON: Objection. Form.

THE WITNESS: The -- the -- the eye portion

doesn't really have a diameter. It goes across the

hole. So it -- the -- that -- there's really not a

clear definition of where the diameter of that

would -- I guess I'm misunderstanding your question.

BY MR. GABRIC:

Q. Okay. Let's back up. I'm just going to

R.J. Reynolds Vapor Exhibit 1034-00216



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

19

ask you to describe it.

And I want to focus on a different part of

the porus component. The porus component 81 that

wraps around the portion of the frame that's

internal to the porous component, you see that? The

horizontal portion of the frame?

A. Yes.

Q. Okay. What would be the relative diameters

of the external portion of the frame at that

location and the diameter of the -- internal

diameter of the porous component 81 for there to be

an interfering fit?

A. Well, it could either be the diameter of

the frame 82 is slightly bigger than the internal

diameter of 81 or 81 could be slightly smaller than

the diameter of the rigid part. So --

Q. And does an interfering fit result in a

friction fit?

MR. HAMILTON: Objection. Form.

THE WITNESS: A friction fit implies that

there's forces involved. I mean, it could be put

together, for instance, you can put a bearing

together by heating it up and it actually expands,

you put it on a heart and it will cool down and be

tight on it. So that could be considered friction,
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I guess, it is pushing on it. I wouldn't call an

interference fit necessarily a friction fit. It

depends on how you put it together, I guess.

BY MR. GABRIC:

Q. If Figure 18 has an interfering fit the

location between the porous component 81 and the

frame that's the portion of the frame that's

internal to the porus component, would that mean

there's a friction fit at that location?

MR. HAMILTON: Objection. Form.

THE WITNESS: Well, we don't know about

the -- the porus component. It may be somewhat

elastomeric so, as you put it, in there it may be

smaller than the outside diameter of the frame but

once it's in there it could stretch out and just be

a line to line contact.

BY MR. GABRIC:

Q. What would one of ordinary skill in the art

think look at figure 18? Would it be an interfering

fit or not?

MR. HAMILTON: Objection. Form.

THE WITNESS: I think a person skilled in

the cart would look at this and say it doesn't make

in he difference.

BY MR. GABRIC:
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Q. Why not?

A. It doesn't change the function of the part.

It doesn't alter what it is intended to do.

Q. And one skilled in the art looking at

figure 18 would they understand there to be a

friction fit between the porous component 81 and the

frame 82?

MR. HAMILTON: Objection. Form.

THE WITNESS: Not necessarily. It could be

line to line.

BY MR. GABRIC:

Q. What forces would one of ordinary skill in

the art anticipate the device of the '548 patent

would undergo in normal operation?

MR. HAMILTON: Objection. Form.

THE WITNESS: Are you speaking of just

these components.

BY MR. GABRIC:

Q. Yeah, let's focus on figure 18. What

forces of any would one of ordinary skill in the art

expect these pieces to be subject to during normal

operation of this device?

A. Gravity.

Q. Any other forces?

A. And a force acting on it.
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Well, if you have an air stream passing

through it the air would have some momentum, have

some energy and as it midst the porus component with

the wire that could result in some forces.

Depending on how it's put together there may be some

forces between 81 and 82 but not necessarily.

Q. What --

A. You can't tell by looking at it. If it's a

line to line, there's no forces, if they're just

touching.

Q. And if it's an interfering fit what forces

would exist?

MR. HAMILTON: Objection. Form.

THE WITNESS: Well depending on where the

interference fit is. For instance, another place

where you could have an interference fit is the hole

that the wire wound porus component passes through,

that hole could be slightly smaller in diameter than

the outside diameter of the porus component.

However, the porus component, if it is somewhat

elastic, once it's inside there, things are in

equilibrium. It's all being held. So if you were

to drop the device, it could be impact, I guess. If

you were to go into space you could have no gravity

on it. And then different. But --
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BY MR. GABRIC:

Q. So one of ordinary skill in the art wanted

to make the device or the components in figure 18 is

there any reason why they would opt for an

interfering fit versus a contact fit or vice versa?

A. I think it would really be up to them of

what they wanted to do.

Q. Well, and what would drive those -- that

decision? What factors?

A. Personal choice.

Q. What do you mean by that?

A. I chose to do it because I chose to do it.

Q. Well --

A. That's what I mean by that.

Q. Well, why would one choose an interfering

fit over a contact fit?

A. Well, line to line would be maybe a little

more difficult to maintain in terms of consistency

of the parts. But like I said before, even if it

wasn't an interference fit, it's not going to change

the function of the device. It's going to work

whether the porus component is slightly loose, line

to line, or has an interference fit.

Q. Now, I think you said something to the

effect that the portion of the porus component with
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wire on it is aligned with the through hole 821

correct?

MR. HAMILTON: You can answer.

THE WITNESS: The hole 821 is in the center

of the frame.

BY MR. GABRIC:

Q. Right.

A. And the porus component with the wire is

through the major diameter. And so those two are

aligned. Yes. I think I said in my report, I'm not

sure which one, that if you were to take a cylinder

and pass it through hole 821, it would come in and

basically contact the wire -- the wire wound

component.

Q. And if I'm one skilled in the art and I

want to make sure I maintain that alignment, would I

opt for a interfering fit between the porus

component and the holes in the cavity wall or a

contact fit?

A. A contact fit? I think it could be others.

Small changes there aren't going to make a huge

difference.

Q. What if I didn't want any changes there? I

absolutely don't want that thing moving relative to

the through hole? What type of fit would I prefer?
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MR. HAMILTON: Objection. Form.

THE WITNESS: Well line to line would do

it.

BY MR. GABRIC:

Q. Would do it, as well as an interfering fit?

A. Yeah, an interference fit there's a

potential that that could distort one of the parts

though. And, actually, change it. If you have a

hard and a soft part and I try to put them together

one of the parts could actually deform. So I would

put it together line to line. Like I said, small

changes, little tiny dimensional differences aren't

going to make probably even a measurable impact on

the performance of it.

Q. So the deformation that you're referring to

is deformation of the porus component?

A. Yes.

Q. And the deformation would take place where?

A. I'm sorry?

Q. Where would that deformation take place

that you referred to?

A. Well, it depends on where the interference

is. The eye section or the vertical section of the

T, if it's larger diameter than the hole that it is

passing through it would compress it a little bit.
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Q. And would that be a problem?

A. No, what I said before is it doesn't make

any difference if it does have a little bit of

motion or not. It's not going to appreciably affect

the overall performance of the device.

Q. And my question is, if I'm one skilled in

the art and I don't want any relative motion of the

porus component that's lined with the through hole

would an interfering fit accomplish that better than

a contact fit?

MR. HAMILTON: Objection. Form.

THE WITNESS: No.

BY MR. GABRIC:

Q. Why not?

A. A contact fit isn't going to allow any

motion either. If it's a line to line, there's no

place for it to go. So it's held in exactly the

position that it's put in there.

Q. Well, what about if the porus component is

subject deformation even if there's a contact fit

can't it move when it compresses under force?

A. What --

Q. At the line to line fit?

A. That was a compound question. I don't

understand what you were asking.
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Q. So you're assuming that if you have a

contact fit, you can have no movement of the porus

component relative to the frame?

MR. HAMILTON: Objection. Form.

THE WITNESS: If it's a line to line

which -- I'm not familiar -- the contact fit, I'm

not familiar with using that term.

But if it is a line to line and there

are -- if the inside diameter of the porus component

is the same diameter as the outside diameter of the

frame that it's mounted on, it has no place to go.

And it's not going deform and it's not going to

certainly change where the wire is relative to the

hole.

BY MR. GABRIC:

Q. How does a line to line fit prevent

relative movement of the porus component to the

frame?

A. There's no place for it to go. If there's

line it line there's no gaps, place, no spaces.

It's already touching.

Q. Now, the portion of the porus component 81

that encompasses the internal portion of the frame,

the portion of the frame that's internal to the

porus component, is that portion held in place by
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the frame?

MR. HAMILTON: Objection. Form.

BY MR. GABRIC:

Q. I'll try to clarify.

A. I was going to ask you for that because --

Q. Yeah. We'll go back to your I analogy.

And this question is focused on the --

the -- the cross hatches of the I the cylindrical

portion that encompasses the frame are you aware

with me?

A. I believe so.

Q. All right. Is that portion of the porus

component held in place by the frame?

A. Yes.

Q. How is that held in place by the frame?

A. Well, the frame has -- the internal

diameters, the internal diameter of the porus

component is contacting the external diameter of the

frame and, again, there's to place for it to go so

it's -- and the vertical section of the I passes

through it and keeps it from moving in any direction

for that matter.

Q. What keeps the frame from moving relative

to the porus component?

MR. HAMILTON: Objection. Form.
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THE WITNESS: I think the two if they do

move would move together. Because they're

connected. And if doesn't really show in the patent

these -- we've been through this before. These are

schematic representations or block diagrams. These

are not engineering drawings. And so you can't

interpret these as if everything that is shown is

actually as it would be built.

BY MR. GABRIC:

Q. Does the porus component in 81 hold the

frame in place, 82?

A. Not in figure 18, no.

Q. Why not?

A. Well, they're just floating in space in

this picture. So, I mean, there's nothing attached.

They are not sitting on anything, they're not

connected to anything in figure 18.

Q. Does the porus component in 81 prevent the

frame 82 from moving relative to the porus

component?

MR. HAMILTON: Objection. Form.

THE WITNESS: I think the best answer to

that is its the combination of the two designs that

lock in all of the mating surfaces that keep either

of the parts -- if one moves, the other moves.
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BY MR. GABRIC:

Q. What do you mean by "it's the combination

of the two designs that lock in all of the mating

surfaces that keep either of the parts in one moves

the other moves? I'm not sure what you mean by

that?

MR. HAMILTON: Objection. Form.

THE WITNESS: Well, they're all locked

together. The two parts are connected and the way

they are connected, one part will not come apart

from the other so, again, these are just floating in

space in this particular illustration. So there's

really, no force, I guess gravity would exist but we

don't know what orientation it is. They're just two

parts that are connected. You move one, you move

the other.

BY MR. GABRIC:

Q. So is the frame 82 hold the porus component

in place? What do you mean holds it in place? In

place relative to the frame?

A. I think what I mean and I'll say this

again, try to get some clarity, the two parts are

locked together by the design. The porus component

has a section that goes through holes and keeps it

from moving axially. It's on the diameter. The
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inside diameter of the porus component mates with

the outside diameter and so there's no -- no

relative motion between these two parts.

Q. And so with respect to relative movement of

these two parts, is it fair to say that they each

hold each other in place, they cooperate?

MR. HAMILTON: Objection. Form.

THE WITNESS: No, I wouldn't say that.

BY MR. GABRIC:

Q. Why not?

A. Because the purpose of the porus component

is to effect aerosolization. The purpose of the

frame is what I described at the beginning of the

deposition. And they have different functions.

Q. But for all practical matters isn't the

porus component holding the frame in place with

respect to relevant movement of those two

components?

MR. HAMILTON: Objection. Form.

THE WITNESS: The porus component is locked

into the frame. And it is not intended to support

or hold anything. That's not it's function.

BY MR. GABRIC:

Q. What's the basis for that? Where does the

patent say that's not it's function?
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A. Well, back to the patent I guess huh? The

frame has a function of creating atomization cavity

of holding the porus component relative to the frame

for the alignment. The porus component is not a

structural component that is intended to provide a

structure or a way of holding things.

Q. So what -- what portion of this porus

component is set on the frame in Figure 18? Is it

the entire porus component? Portions of it?

A. The entire porus component is set upon the

frame. Yes.

Q. So even the porus component that's in the

internal of the frame, that portion of the porus

component is set on the frame in your opinion?

A. The internal portion? What was that?

Q. The vertical, the I we've been talking

about the I the vertical portion that's internal to

the frame 82, in your opinion, that portion of the

porus component is set on the frame?

MR. HAMILTON: Objection. Form.

THE WITNESS: I wouldn't take that vertical

section and start parsing it into little pieces and

say is this set on the frame or is this not set on

the frame. It spans the gap there. The purpose of

the frame is to ensure that that space is there.
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That little portion where the wire wound around the

porus component is not touching the frame. But the

entire porus component is set upon the frame to keep

it in a particular location such that it will

function as intended.

BY MR. GABRIC:

Q. So just so I understand your opinion, so

what portion of the porus component is set on the

frame?

MR. HAMILTON: Objection. Form.

THE WITNESS: I think you can't distinguish

part of it that's set and part that's not. The

entire porus component is set on the frame. And it

doesn't mean that it needs to touch it and the fact

that that second -- that center section is not

touching the frame doesn't mean that it's not set on

the frame. I think you're confusing "set on" with

"sitting on."

BY MR. GABRIC:

Q. Now, you see the portion of the porus

component with the wire wrapped on it in figure 18,

the heating wire wrapped around the portion of the

porus component?

A. You said 13?

Q. I'm sorry, I meant to say 18. Figure 18.
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A. Okay. Yeah.

Q. I'm on figure 18 right now?

A. Okay.

Q. You see the portion of the wire wrapped

around the porus component there, right?

A. Yes, the wire wrapped around the vertical

section of the I as we've referred to it.

Q. All right. And I take it that wire does

something to the liquid that's in that porus

component?

MR. HAMILTON: That's it? Objection.

Form.

MR. GABRIC: We're on the edges of our

seat.

MR. HAMILTON: Yes, yes.

THE WITNESS: The heating wire atomizes the

liquid and produces the atomization particles.

BY MR. GABRIC:

Q. What do you mean by "atomizes the liquid?

A. Goes through a phase change.

Q. What is the phase change that occurs?

A. It goes from a liquid to a vapor or an

aerosol.

Q. Do you use vapor and aerosol

interchangeably?
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A. I believe in these proceedings it has been

used interchangeably.

Q. And what in fact happened? If I understand

you correctly the heat from the wire will vaporize

the liquid that's in the porus component?

A. It vaporizes the liquid that's touching the

wire. Whether it vaporizes all of the liquid or not

would be a function of how long the wire is on and

if the porus component is going to continually

replace the liquid because it is -- like I said

before, there are un-shown portions here and it is

in contact with the liquid supply.

Q. And what happens after the liquid is

vaporized? Does the vapor coalesce to form

droplets? What happens?

MR. HAMILTON: Objection. Form.

THE WITNESS: They could as they cool. I

don't know if coalesce is the right word. But --

BY MR. GABRIC:

Q. Probably isn't?

A. What happens afterwards you produce this,

there's a dynamic situation. There's air flow

through here so the small particles, the droplets,

the aerosol particles are swept away in stream and

they would exit through the mouthpiece B 1
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eventually.

Q. Now, you're familiar with the Whitmore

reference?

A. I am.

Q. And that's the wire wrapped wick right?

MR. HAMILTON: Objection. Form.

BY MR. GABRIC:

Q. A wire wrapped wick?

A. I'm familiar with Whittemore very much.

Q. I'll give it to you. I don't have to --

show you what's been marked as Exhibit 1004 in these

proceedings.

MR. HAMILTON: Thank you.

MR. GABRIC: You're welcome.

BY MR. GABRIC:

Q. And my question is, with respect to

Whittemore's wire wrapped wick, does that

configuration atomize liquid any differently than

the wire wrapped porus component of figure 18?

MR. HAMILTON: Objection. Form.

THE WITNESS: Does it atomize differently?

BY MR. GABRIC:

Q. Right. Does it function differently than

the wire wrapped porus component of figure 18?

THE WITNESS: Well, they mouth have a

R.J. Reynolds Vapor Exhibit 1034-00234



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

37

porous component that contains liquid that's being

provided through capillary action and the wire is

wrapped around and intermittently touches it so

there is contact between and so they're very similar

yes.

BY MR. GABRIC:

Q. Now in the May 2006 time frame, in one of

ordinary skill in the art have understood that the

wick, for example, disclosed in Whitmore could be

made from fiber material?

A. I would think so, yes.

Q. Now, I just have a couple more questions

and we can take a break. We've been going almost an

hour. Are you okay? Do you want to take a break

now are you all right?

A. I'm terrible.

Q. You seem fine?

A. This is grueling.

Q. Isn't it?

A. Oh, terrible. I'm fine.

Q. Am I going too easy on you today? You're

disappointed?

A. You know, whatever you do is fine with me.

Q. All right.

A. Because it doesn't matter.
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Q. That's the attitude.

A. You've got to live with yourself that's all

I know.

MR. GABRIC: Nothing's gonna happen don't

worry.

THE WITNESS: So we don't need Whitmore.

BY MR. GABRIC:

Q. I'm probably done with Whitmore.

A. Okay.

Q. Show you what's Exhibit 2030 in this

proceeding. This is one of the declarations you

provided.

A. Okay.

Q. And I have a question about paragraph 12.

Give you a chance to read it. Its short?

MR. HAMILTON: Do you want to clarify what

this is.

MR. GABRIC: I thought I said. Did I not

say.

MR. HAMILTON: You said one of his

declarations.

MR. GABRIC: I'm sorry. This is Exhibit

2030. It's one of the declarations submitted in

this matter. It's dated May 25, 2017.

BY MR. GABRIC:
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Q. Okay?

A. Yes, sir.

Q. All right. You read paragraph 12?

A. I have it queued up.

Q. Fair enough.

And correct me if I'm wrong, but when I

read paragraph 12, you seem to be saying that this

wire wrapped porus component disclosed in figure 18

of the '548 patent plays some role in improving the

aerosol effects and/or the atomizing efficiency.

Is that what you're trying to convey in

paragraph 12?

MR. HAMILTON: Objection. Form.

THE WITNESS: I'm not quite sure.

BY MR. GABRIC:

Q. Let me ask it a different way.

In paragraph 12 you're talking about the

atomizer -- the '548 patent's atomizer.

Do you see that?

A. Yes, I do.

Q. All right. And you talk about some of the

design elements of the atomizer of the '548 patent.

Do you see that?

A. I do.

Q. And -- and the once you calling out are the
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one through hole which I'm not going to ask about

right now, and the other one is the heating wire

wound on the porus component in the air flow path.

Do you see that?

A. I do.

Q. What, if anything -- what, if any, role

does the heating wire wound on the porus component

play in improving the aerosol effects or atomizing

efficiency of the atomizer's Figure 548 patent?

MR. HAMILTON: Objection. Form.

THE WITNESS: I'm comparing and contrasting

this to the design in the '043 Hon patent.

BY MR. GABRIC:

Q. Okay.

A. Okay? And I believe that this design is

a -- can be an improvement. I mean, any design

could go backwards if it's not properly executed.

So you may think it's an improvement but in fact it

may not be. Depending on how you actually as I

said, execute the design. The devil is in the

details so what I was saying is that these elements

help to improve the aerosol efficiency. Because

there's direct contact. Because there's a good feed

of liquid to the wire. It's a consistent feed

through capillary action. You were just asking
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about the wire and the wick right? So you have --

you have a continuous supply of liquid to the

heating element which causes the vaporization on

power supplied.

MR. GABRIC: We can take a break.

THE VIDEOGRAPHER: Off the record. The

time is 10:08.

(Recess taken.)

THE VIDEOGRAPHER: We're back on the record

at 10:23.

BY MR. GABRIC:

Q. Welcome back Mr. Meyst. Did you discuss

your testimony at all during the break?

A. Did not.

Q. I didn't think so. Thank you.

Let me show you what's been mark as Exhibit

1003 in this proceeding. It's the Hon '043

reference. I take it that looks familiar to you?

A. I've seen it once before.

Q. For the record, you're being somewhat

facetious.

A. Many times.

Q. Now, turn to Figure 6 of Hon '043.

A. Okay.

Q. And focus your attention to cavity wall 25.
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Do you see that?

A. I do.

Q. Okay. One of ordinary skill in the art

reading this reference in the 2006 time frame, would

they understand whether the cavity wall could be

made from both air permeable or air impermeable

material?

A. I believe that's the case, yes.

Q. Now Hon --

A. Excuse me.

Q. Yeah?

A. Maybe I should go back and just check on

what they say. I know they mentioned materials but

I don't know if it identifies whether they're air

permeable or not.

Q. Yeah, let me see if I can help you. I

think they disclose materials. I'm not sure they

say anything about air permeability. Let's see if

we can find it. I know it's least on page 9, about

six lines from the bottom. I don't know if this is

what you're looking for. But it says the

atomization cavity wall could be made of aluminum

oxide or ceramic.

Do you see that?

A. I remember that. I'm looking for it. Yes,
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there it is.

Q. Got it?

A. Right.

Q. Okay. And my question, let me reask it

would one skilled in the art in the 2006 time frame

understand that aluminum oxide or ceramic they could

be air permeable or air impermeable?

MR. HAMILTON: Objection. Form.

THE WITNESS: The patent doesn't say that

but those two materials could have wide-ranging

properties.

BY MR. GABRIC:

Q. Okay. Could they be air impermeable?

A. Impermeable.

Q. Impermeable, yes.

A. I'm not sure. I think they could be,

though.

Q. Now, back to Figure 6. I just have a few

questions.

You see there's ejection holes 24

referenced in Figure 6?

A. Yes, I do.

Q. And Hon never calls these ejection holes 24

atomizers does he?

MR. HAMILTON: Objection. Form.
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THE WITNESS: What he says is that these

holes are high speed ejection streams that eject

droplets into the atomization cavity and converting

a liquid to a droplet is atomization process. The

patent doesn't call it saying but one skilled in the

art would look at that and know that that is in fact

an atomizer.

BY MR. GABRIC:

Q. And Hon never discloses an embodiment that

doesn't include at least the piece oh electrical

element 23, the heating element 26, or the second

piezo electric element?

MR. HAMILTON: Objection. Form.

MR. GABRIC: Let me finish. 35. Now, you

may object.

MR. HAMILTON: Objection. Form.

THE WITNESS: Okay. I was caught in the

middle what's the question again.

BY MR. GABRIC:

Q. Yeah Hon never discloses an embodiment and

the atomizer omits or -- strike that.

Hon doesn't disclose an embodiment where

there isn't at least one of heating element 26 piezo

electric element 23 or piezo electric element 35,

correct?
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A. I don't believe there's an embodiment shown

but that as we've discussed previously doesn't mean

that it can't be.

Q. And -- and I think -- now, the -- the --

the heating element 26, that requires electrical

power, right?

A. Yeah.

Q. Hon discloses a battery to provide that

power, correct?

A. It's a heating wire so, yes, it heats when

electricity is put through it.

Q. Okay. And the piezo electric elements 23

and 35, they also require electric power, correct?

A. Yes.

Q. All right. Does any other component in Hon

'043 require electric power?

A. Well, yes.

Q. What else?

A. I'd have to go back and look but I believe

it does have a light indicator. There's a circuit

board in here. There's a sensor. There are other

electronic components.

Q. Now, Hon '043, he discloses -- and I'm at

the top page 11, the first full sentence after the

atomization, the large diameter droplet stick to the
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wall under the action of eddy flow and are

reabsorbed by the porous body 27 et cetera, et

cetera it goes on.

I want to talk about the clause the large

diameter droplet stick to the wall under the action

of eddy flow.

Do you see that?

A. I do.

Q. What would one of ordinary skill in the art

understand Hon to be teaching here? How do these

droplets stick to the wall under the action of eddy

flow?

MR. HAMILTON: Objection. Form.

THE WITNESS: I don't believe that the

patent goes into any additional detail, other than

to describe -- as shown in figure 7, I believe, 29

are the overflow holes, let me see what they call

those.

What was the citation you were just looking

at the top of page 11.

BY MR. GABRIC:

Q. It's in the third line, bridging second and

13 line the large diameter droplet stick to the wall

under the action of eddy flow.

Do you see that?
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A. I do.

Q. I'm curious of how one of ordinary skill in

the art would interpret that statement back in 2006?

What is Hon teaching here?

A. Well, I don't think there's a lot of

interpretation required. The large droplets will

hit the inside surface of the atomization chamber

and they are provided exit holes 29 which

communicate directly through the atomizer to item

number 27 which is the porous body. So the purpose

of that is to eliminate I think they call it wet

mouth. You want to get rid of the large droplets

have those removed from the air stream so they don't

go the patient's -- or the user's mouth.

Q. What is eddy flow?

A. It's flow that -- eddys are circulating

flows and flows that move around somewhat randomly.

Q. And what is causing eddy flow in the

atomizer of Figure 6?

A. The air flow through the device.

Q. Why is the air flow through the device have

eddy flows?

A. Well, because it's a complex structure and

as you put air through it will move depending on

what the restrictions are in the confinement space.
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Q. Now, the heating element 26 does that play

any role in causing eddy flows to occur?

A. I don't believe it discusses it in here,

but I would say, yes. It interrupts the flow. It

stops the laminar direct flow in and causes it to

mix up and be a very complex air pattern.

Q. What role does the eddy flow play in

causing the large droplets to stick to the cavity

wall?

A. Gets them in proximity to the wall so they

hit it.

Q. What else in Figure 6 would cause eddy

flows other than the heating element 26?

A. What else is causing what?

Q. Eddy flows, other than heating element 26?

MR. HAMILTON: Objection. Form.

THE WITNESS: Well, we have the material

coming in, the droplets are coming in through the

high speed ejection holes 24. And the heating

element could be a plate or a sheet. It doesn't

have to be a wire as shown here. So the inside of

the atomizer would -- could have physical

components, elements, that are not porous, that

cause the air to go around them or pass them or abut

them and bounce off. So there's a whole host of
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things in here that could do that.

BY MR. GABRIC:

Q. Now, it's my understanding that it's your

opinion that the porous body 27, and I'm referring

to Figure 6, holds the cavity wall 25 in place,

right?

A. Well, the wall 25 is contained within so it

is totally encapsulated inside the -- the porous

body, yes.

Q. So does the porous body hold the cavity

wall in place?

MR. HAMILTON: Objection. Form.

THE WITNESS: Yes, it does. It holds it.

BY MR. GABRIC:

Q. How does it do that?

A. How does it hold --

Q. How does it hold it in place?

A. It completely encapsulates it. It

surrounds it on all surfaces. So the item 25

doesn't touch anything else. The only thing it's

touching is the porous body.

Q. And can the porous body -- I'm sorry, can

the cavity wall move relative to the porous body?

A. Not on its own, no.

Q. What do you mean by "not on its own?
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A. Well, it doesn't have any mode of force?

Q. In the normal use of this device, Hon '043,

can the cavity wall move relative to the porous

body?

A. Well, in an absolute measure maybe

angstroms it's possible but the way it's shown here

it is totally encapsulated so it has no place to go.

Q. Now, the -- there's an -- a piezo electric

element 23.

Do you see that in Figure 6?

A. Yes.

Q. What's a piezo electric element?

A. It's an electro mechanical device that when

power is put to it, it will vibrate.

Q. And does the piezo electric element 23

cause this atomizer in Figure 6 to vibrate?

A. I'm sorry.

Q. Does it cause the atomizer to vibrate when

its turned on?

A. It could cause item 27 the porous body to

vibrate some. It depends on how powerful the piezo

electric device is and what the constituents are if

the properties of the porous body.

Q. Now, one skilled in the art looking at

this, would they have an understanding of whether
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the cavity wall would rattle at all inside the

porous body when the piezo electric element is

turned on?

A. I've never heard the word "rattle other

than in Dr. Sturges, I think, his report and now,

you just used it. But no these parts don't rattle.

Q. Why not?

A. Well, I don't believe they're materials

that if they were next to each other would emit any

noise. I don't think that's the kind of properties

they are. But it's not spoken of in the patent and

I haven't really researched it. So I guess it's

possible they could be used as a rattle. But I

don't know.

Q. Okay. Maybe I shouldn't use rattle because

I think we use the term differently.

When the ultrasonic -- I'm sorry, the piezo

electric element 23 is turned on in the porous body

is vibrating, would there be any movement

relative -- would there be any movement between the

cavity wall and the porous body? Would those

vibrations just transmit into the cavity wall?

A. It's not talked about in the patent. But

there will be an attenuation of vibration the

further you go away. Does it move relative to the

R.J. Reynolds Vapor Exhibit 1034-00249



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

52

other? I don't think that it would cause them to be

moving. There's no place for item number 25 to move

to. It's held in place top, bottom and all the way

around on the outside.

Q. And what kind of fit is there between the

cavity wall and the porous body?

A. Well, here it's shown as line to line. But

these are schematic representations. So we don't

know what kind of fit is actually there.

Q. Now, does the porous -- I'm sorry. Does

the cavity wall play any role in preventing the

porous body from moving relative to the cavity wall?

A. Say that again. Does the --

Q. Does the cavity wall play any role in

preventing movement of the porous body relative to

the cavity wall?

A. Well, you have a net fit so the two parts

work together in cooperation to form one part which

doesn't allow for any movement.

Q. Now, looking at Figure 6, there's a -- a

heating wire illustrated in row 26, right?

A. Yes.

Q. Okay. And Hon '043 discloses that you

could also place a heating sheet there in place of a

wire?
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A. I think that's the word they use, but I'm

not sure.

Q. I think it's on page 9. It's kind of in

the middle where it starts talking about the heating

element 26.

A. Into a sheet form.

Q. Yeah. Is that what you're looking for?

A. Yes.

Q. Okay. How does Hon '043 disclose anything

about the dimensions of this sheet form?

A. It has some dimensions about holes but I

don't believe there's any dimensions on the heater.

Q. One skilled in the art in 2006 reading Hon

'043 would they have any understanding of what Hon

means by a sheet form?

A. I believe so, yes.

Q. What would their understanding be?

A. Well, a device that is more

two-dimensional, has a width and a length and some

thickness but it's not I aware.

Q. Would it have a greater surface area than

the wire?

A. Well, you can't compare them directly

because you could make them equal. Depending on how

the -- how the dimensions are.
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Q. Let me ask a better question.

What understanding if any would one of

ordinary skill in the art have as to why Hon '043 is

proposing a sheet form as an alternative to a wire?

A. Well, contact area could be one thing. But

also it would impact the air flow and the -- the

method of mixing air with the aerosol inside the

chamber. With the droplets that are ejected in from

the high speed holes.

Q. You said contact area could be one be

thing. What do you mean by that?

A. The surface area available for transmitting

heat so the liquid.

Q. So increasing the surface area?

A. I think that's what -- the objective would

be to optimize the surface area to generate the --

an adequate amount of aerosol.

Q. And why -- why optimize the surface area?

How does that help you provide an adequate amount of

aerosol?

A. When you optimize anything you get all of

the various parameters adjusted in proportion such

that the thing is efficient and functions the way

you want it to and that could include energy

consumption it could include the draw, how much
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resistance there is to air flow. There could be a

whole bunch of things that together need to be

optimized to end up with a result that you're

looking for.

Q. For example, one of ordinary skill in the

art reading Hon would have understood in the 2006

time frame that you could optimize the sheet to have

a greater surface area so more droplets hit it, but

there are other factors you need to consider, for

example, it's impact on air flow through the device

is that what you're talking about?

A. They all fit together.

Q. And this would have been within the

capabilities of one of ordinary skill in the art in

2006?

A. I believe so, yes.

Q. So it's fair to say one of ordinary skill

in the art looking at Hon Figure 6 when it comes to

the heating element they would have understood that

I could increase the surface area to increase the

number of droplets that strike it put there are

potentially trade offices such as it's affect on air

flow and disrupting air flow through the atomization

capital?

A. It's all interconnected.
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Q. And one of ordinary skill in the art would

have understood that, right?

A. I believe so, yes.

Q. Now, going to paragraph 78, 79 of your

declaration, Exhibit 2030?

A. I'm sorry, paragraph 79?

Q. 78 and 79. Just let me know when you're

done reviewing it?

A. I'm fine.

Q. Okay. I really want to focus on the --

the -- the curves or graphs that you have at the top

of page 37.

Could you explain to me what this graph is

showing us?

A. It's a stress strain graph for a number of

different materials.

Q. Okay.

A. These are all look to be nickel chromium I

think but I'm not sure.

Q. Its like -- it looks like there's one for

pure nickel and then there's materials with nickel

and chromium, various amounts of chromium, I

believe. Is that look right to you?

A. I believe that's the case, yes.

Q. All right. And what is a stress strain

R.J. Reynolds Vapor Exhibit 1034-00254



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

57

curve?

A. It's a plot of the applied force or stress

against the strain which is deformation or movement.

Q. All right. Let's -- let's focus on stress

for a minute.

What kind of stress was applied to these

materials in making these curves?

A. What kind of stress?

Q. Yeah. What physically what -- what was

done to these materials? Where was the stress

allied in generating these curves?

A. I'd have to go back and look at the -- the

source. But the whole point of these was to show

that at very -- at the stress levels that are

equated with it, that there's very little strain.

Q. I'm going to show you Exhibit 2035. Which

I believe is were the stress strain curves are from

and review what you need. I'd like to get an

understanding of exactly what kind of stress was

applied to these materials, was compressive stress,

was it some other type of stress? That's what I'm

trying to get at.

A. Okay. Okay. In paragraph two point 3 on

page 2 of 10 of this item, it describes the testing.

Q. Okay.
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A. That was used to -- that was a compression

test. Mechanical testing, I'll read it, was

conducted under compression loading on a

servohydraulic testing machine with a cross head

speed of 0.1 millimeter per second using paraliptide

(^CKSP) specimens cut to 10 millimeters by 10

millimeters by 28 millimeters with electro discharge

machining.

Q. And where on the material was the

compressive stress applied?

A. Well, I don't know if it tells in here.

Where on the material? The specimen was put in --

if you're doing a compression test, you put it

between a platen and a load cell and compress it at

the cross head speed that was mentioned there and

you record the stress and strain.

Q. So do you know if the compressive stress

was applied in a -- a vertical versus axial

direction on the piece, vertical versus horizontal?

Do you see what I'm saying? It could be applied

this way or this way?

A. You can apply stress in different

directions and you may end up getting different

results?

Q. Does this paper tell you in which direction

R.J. Reynolds Vapor Exhibit 1034-00256



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

59

the compressive stress was applied?

A. It's been a while since I've read this

reference. I have to read the difference.

I think it references the equipment in here

but I don't know if it -- it has the details about

the -- the way the experiment was run.

Q. So we don't know if a longitudinal stress

verse compressive stress was applied to this

material?

A. I don't know if it states it in here or

not. It may state it but I don't recall off --

Q. All right?

A. At the moment.

Q. All right. If its in there it's in there

and if it's not it's not I suppose.

A. Yes.

Q. All right. So let's focus on the X axis on

top of your -- on top of 37 of your declaration.

A. Okay.

Q. Okay? Now, there's numbers there on the X

axis. What are those numbers representing?

A. Are you talking about the 0 point 511.5.

Q. The 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 on the

horizontal axis.

Do you see that?

R.J. Reynolds Vapor Exhibit 1034-00257



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

60

A. Okay, yeah.

Q. What are those numbers depicting?

A. That's strain.

Q. Right. But what are those numbers

referring to?

A. Millimeters per millimeters. So you look

at your original sample and you look at the

deformation and how much deformation over the

original size.

Q. Well, are you using -- well, let me back

up.

So these numbers on the X axis are

measuring the percentage at which the material is

actually compressed and responds to these -- the

applied stress?

A. It's millimeters per millimeter. I don't

recall if you call that a percentage. But it's --

it's a ratio of the starting dimension to the

resulting dimension.

Q. Okay.

A. As it is compressed. It's going to get

smaller as you push on it.

Q. It's going to occupy more -- less space as

you push on it, the material?

A. It depends. It may occupy less space.
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Q. Your compressing it, it gets smaller it's

occupying less space?

A. It may bulge out at the side I don't know.

Q. I see okay. Now, is this graph measuring

how much of material -- these materials will bend in

response to an applied stress?

A. This is a straight compressive load.

Q. That's a different measurement than

measuring how much a material may bend in response

to a stress?

A. Yes, it is.

Q. And -- strike that.

And on top of page 38 you have another

stress strain curve.

Do you see that?

A. Yes.

Q. And what is this curve measuring?

A. Well, paragraph 80 says it's a similar

graph for stainless steel fibers taken from this

particular report. Exhibit 2036. So this is also a

stress strain curve.

Q. And is this curve showing how much these

materials would bend in response to stress?

A. Why don't you pull out 2036 so we'll look

at it.
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Q. Sure.

A. Okay are you ready? What's your question?

Q. Yeah. I was referring to the curve on

top -- the curves on top of page 38 and I asked you

whether these curves show how much these materials

would bend in response to stress.

A. This is according to the document here on

page 6 of Exhibit 2036. Figure 5, are compression

properties and energy absorption efficiency so this

is a compression again and they did it in two

directions, longitudinally and transverse to show

that the properties are somewhat different depending

on which direction the load is applied so to answer

your question this isn't bending.

Q. Now, in paragraph 82, you used the term

"tensile strength."

Do you see that?

A. Yes.

Q. What's tensile strength?

A. It's a measure of mechanical strength.

Q. How is this strength measured?

A. Typically it's in tension. It's opposed to

compression.

Q. And tension is what pulling on the material

rather than compressing it?
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A. Yes, yes.

Q. Okay. And is it the amount of pulling

stress that applies to a material before the

material breaks? Is that the measure of tensile

strength?

A. That would be yield strength. A tensile

curve is just the relationship between applied load

and deformation.

Q. Okay. So you apply more load, the material

stretches and stretches and stretches, I take it,

and at some point it breaks?

A. It could or it could become elastic and

just stretch out.

Q. Okay. So let's see if I understand. So

you -- you apply a pulling stress, and at some point

a material I suppose if you take away that stress

will revert back to its original form? Is that a

possibility?

A. Not necessarily. It depended on what it's

an elastic material or not.

Q. Okay. So an elastic material may go back

to its original shape once that stress is removed?

A. It may go, it may go part way. Depends on

if you go past the yield point where you get into

plastic deformation and get out of elastic

R.J. Reynolds Vapor Exhibit 1034-00261



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

64

deformation, no, it won't recover.

Q. Okay. So elastic deformation is the

situation where the material will recover?

A. To some degree.

Q. Okay. And plastic deformation basically

refers to irreversible deformation?

A. Yeah, I'd have to go back up the

definitions but in general that's correct.

Q. Now, you refer to paragraph 82 a materials

data book, Exhibit 1026. I'll give that to you.

I'm going to show you what's been marked as Exhibit

1026 in this IPR. And it's the supplemental

declaration of Dr. Sturges. And in paragraph 82,

you cite to it looks like page 59 of this

supplemental declaration. And you -- I'll give you

a chance to locate it. But you cite to page 59 in

support of your statement that foam ceramics have a

tensile strength similar to that of metal."

Do you see that?

A. Yes.

Q. All right. What are you -- where on page

59 are the tensile strength of foam ceramics

disclosed?

A. Well, it's on the left-hand side, hidden

under the heading "Ceramics."
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Q. Okay which one of these are foam ceramics?

A. Alumina could be. There's a variety of

these but the whole point of this was to say that

these materials have structural integrity and that

they can be arranged similar to having properties

similar to metals.

Q. Right. But how do we know these materials

listed in the ceramic 6 are foamed?

THE WITNESS: I guess to answer your

question I would have to do some research to look at

the ceramics that are listed and see which of those

could be made in a foam version.

BY MR. GABRIC:

Q. So we don't know if the ceramics listed on

page 59 here that you point to for the -- the

tensile strength of foam Sturges are, in fact, foam

ceramics; isn't that true?

A. First of all, let me correct something. It

says 2 here. Under the ceramics it does say for

ceramics yield stress is replaced by compression I

have is strength which is more relevant in ceramic

design so those are all compressive tests similar to

the one that was performed for the other graph that

I cited for the -- that was a compressive load.

I'll notice that each of the items under
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ceramics has an asterisk.

Q. Right.

A. And that asterisk refers to the note at the

bottom on the page 59 on the right side.

Q. Right. There's two columns here right?

There's a column that's labeled yield stress which

is footnote tells you --

A. Labeled what?

Q. It's -- the first column is a yield stress

but the footnote tells you that the ceramics it's

not yield stress it's compressive strength, right?

A. Yes.

Q. But the second column is tensile strength,

right?

A. I believe it is. Yes.

Q. Right. And in your declaration, you are

pointing to the numbers for tensile strength in

support of this statement that foam ceramics have a

tensile strength similar to that of metals, correct?

A. That's what it says in my declaration.

Yes.

Q. But we don't know if these are foam

ceramics, correct?

A. They may be. And I'm not sure. I'd have

to go back and look. But I brought no notes with me

R.J. Reynolds Vapor Exhibit 1034-00264



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

67

and none of my research.

Q. There's nothing on this page indicating

that these are foam ceramics?

A. I don't know that to be the case. Because

I'm not an expert in ceramics but if we were to look

at these we may find that some of them are made by

the foaming process. So I don't think you could say

at that none of them are foam.

Q. Now, Figure 6 of -- I'm done with that.

Go back to Hon '043, Figure 6.

A. Okay.

Q. Now, the porus body 27, the -- one of the

functions of this porous body is to re absorb

liquid, right?

MR. HAMILTON: Hold on a second let me get

to where we are.

MR. GABRIC: We'll wait.

MR. HAMILTON: Objection. Form.

THE WITNESS: And your question was one of

the functions of porous body is to re absorb.

BY MR. GABRIC:

Q. I understand the objection now. Let me ask

a better question.

One of the functions of this porous body 27

is to reabsorb large liquid droplets that flow
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through the overflow holes, right?

A. That's what the patent says, yes.

Q. Right. Now, there's no heating wire on

this portion of the porous body is there?

A. What -- I don't think it's permissible to

use your finger to circle something.

Q. I'm sorry, there's --

A. I have no idea what you're talking about.

Q. I'm looking at the porous body 27 and

there's no heating wire on the porous body 27,

right?

A. There's no heating wire on it? No, there's

a heating wire inside the cavity.

Q. Is that -- is this porous body heated by

that heating wire?

A. It might warm up a little bit if you

leave -- but the way this is used it's on for such a

short period of time, I don't think you would notice

any temperature increase.

Q. Are you familiar with the terms through

hole and blind hole.

A. Yes.

Q. Would one of ordinary skill in the art be

familiar with those terms in March of 2006?

A. I believe so. Yes.
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Q. What would one of ordinary skill in the art

have understood the term "through hole to mean?

MR. HAMILTON: Objection. Form.

THE WITNESS: That's a hole through a

material which goes through both sides.

BY MR. GABRIC:

Q. And --

A. So --

Q. I'm sorry?

A. It -- you can look through the hole and see

daylight.

Q. And what would one of ordinary skill in the

art in March of 2006 have understood the term

"cavity -- I'm sorry. Blind hole to mean?

MR. HAMILTON: Objection. Form.

THE WITNESS: A blind hole does not

penetrate the second surface so it is a -- a hole

that has a measurable depth. You cannot see light

through it. Well, unless it was a clear part.

BY MR. GABRIC:

Q. Understood.

Why don't we take a short break. I'm

probably pretty close.

MR. HAMILTON: Okay.

THE VIDEOGRAPHER: Off the record. The
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time is 11:15.

(Recess taken.)

THE VIDEOGRAPHER: We're back on the record

at 11:32.

MR. GABRIC: Mr. Meyst thank you for your

time I have nothing further.

MR. HAMILTON: Okay. Why don't we take

another break let's see if I have some more

questions. At the break we can talk quickly if we

want to do lunch for this break or if I can do it

beforehand. Let me talk to Mr. Meyst and see what

he wants to do and hopefully we can come back and

finish the depo.

MR. GABRIC: Okay.

THE VIDEOGRAPHER: Off the record at 11:33.

(Recess taken.)

THE VIDEOGRAPHER: We're back on the record

at 12:28.

BY MR. HAMILTON:

Q. Mr. Meyst do you recall this morning

discussing with Mr. Gabric the differences between

the stress caused by compressive forces and tensile

forces?

A. Yes.

Q. And we'll point you to Exhibit 2030. This
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is your report in support of patent owners

opposition in this matter.

2030. Do you have that?

A. There it is. Yes.

Q. If you could turn to pages 37 and 38 which

are the pages of the actual report, not the pages of

the exhibit. In the exhibit it's 38 and 39?

A. Right.

Q. And you see the two figures you were

discussing this morning?

A. Yes.

Q. Regarding stress?

A. Yes, I do.

Q. And did you testify this morning that

the -- the force applied in these two charts related

to compressive stress?

MR. GABRIC: Object to form.

THE WITNESS: I believe I did, yes.

BY MR. HAMILTON:

Q. Do you believe that's the correct force to

apply in your opinions in this case?

MR. GABRIC: Object to form.

THE WITNESS: Based on what they were

discussing, which was putting a high pressure into

the device, it would have been a compressive force.

R.J. Reynolds Vapor Exhibit 1034-00269



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

72

BY MR. HAMILTON:

Q. Why would it have been a compressive force?

A. Because.

MR. GABRIC: Object to form. Apologize.

THE WITNESS: Because you're increasing --

go back to the question, why is it a compressive

force?

BY MR. HAMILTON:

Q. Yes.

A. The air pressure inside would be pushing

down in a compressive manner. The internal pressure

was heightened so there would be forces compressing

the elements inside.

MR. HAMILTON: All right I have no further

questions. Thank you for your time.

MR. GABRIC: I have just a couple. We

don't have to take a break.

FURTHER EXAMINATION

BY MR. GABRIC:

Q. Did you discuss this the substance of your

testimony with counsel?

A. Did not.

Q. I have nothing -- did you meet with counsel

about the substance of your testimony during the

R.J. Reynolds Vapor Exhibit 1034-00270



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

ROUGH DRAFT

73

break we took before you just gave your redirect

testimony?

A. I haven't had any discussions about my

testimony today.

Q. Good enough. Thank you.

A. Okay.

THE VIDEOGRAPHER: This will then mark the

end of Volume I in the recorded deposition of

Richard Meyst. The original recording is retained

at DTI at their offices in Chicago, Illinois. Going

off the record. The time is 12:32.
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15.1 ELECTRICAL ENGINEERING

by C. James Erickson

REFERENCES: Knowlton, “Standard Handbook for Electrical Engi-
neers,” McGraw~Hill. Fender and Del Mar, “Electrical Engineers‘
Handbook,” Wiley. Dawes, “Course in Electrical Engineering," Vols. I
and II, McGraw-Hill. Gray, “Principles and Practice of Electrical
Engineering,” McGraw—Hill. Laws, “Electrical Measurements,”
McGraw-Hill. Karapetofi-Dennison, “Experimental Electrical Engi-
neering and Manual for Electrical Testing,” Wiley. Langsdorf, “Prin-
ciples of Direct-current Machines,” McGTaw-Hill. Hehre and Harness,
“Electric Circuits and Machinery,” Vols. I and II, Wiley. Timbie-Hig-
bie, “Alternating Current Electricity and Its Application to Industry,”
Wiley. Lawrence, “Principles of Alternating-current Machinery,”
McGraw-Hill. Puchstein and Lloyd, “Alternating-current Machinery,”
Wiley. Lovell, “Generating Stations,” McGraw-Hill. Underhill, “Coils
and Magnet Wire" and “Magnets,” McGraw-Hill. Abbott, “National
Electrical Code Handbook,” McGraw-Hill. Dyke, “Automobile and
Gasoline Engine Encyclopedia,” The Goodheart-Wilcox Co., Inc. Fink
and Carrol, “Standard Handbook for Electrical Engineers,” McGraw-
Hill.

ELECTRICAL AND MAGNETIC UNITS

System of Units The International System of Units ($1) is
being adopted universally. The SI system has its roots in the
metre, kilogram, second (mks) system of units. Since a centi-
meter, gram, second (cgs) system has been widely used, and will
still be used in some instances, Tables 15.1.1 and 15.1.2 are

provided for conversion between the two systems. Basic SI
units are metre, kilogram (mass), second, ampere, kelvin, mole
(quantity), and candela (luminous intensity). Other SI units
are derived from these basic units.

Electrical Units

(See Table |5.l.1.)

Current (I, i) The SI unit of current is the ampere, which is
equal to one-tenth the absolute unit of current (abampere). The
abampere of current is defined as follows: if 0.01 metre (l cen-
timetre) of a circuit is bent into an arc of 0.01 metre (1 cen—
timetre) radius, the current is 1 abampere if the magnetic field
intensity at the center is 0.01257 ampere per metre (l oersted),
provided the remainder of the circuit produces no magnetic
effect at the center of the arc. One international ampere (9.99835
amperes) (dc) will deposit 0.001118 gram per second of silver
from a standard silver solution.

Quantity (Q) The coulomb is the quantity of electricity
transported in one second by a current of one ampere.

Potential Difference or Electromotive Force (V, E, emf) The
volt is the difference of electric potential between two points of
a conductor carrying a constant current of one ampere, when
the power dissipated between these points is equal to one watt.

Resistance (R, r) The ohm is the electrical resistance
between two points of a conductor when a constant difference
of potential of one volt, applied between these two points, pro-
duces in this conductor a current of one ampere, this conductor
not being the source of any electromotive force.

Resistivity (p) The resistivity of a material is the dc resis-
15~2

tance between the opposite parallel faces of a portion of the
material having unit length and unit cross section.

Conductance (G, g) The Siemens is the electrical conduc—
tance of a conductor in which a current of one ampere is pro—
duced by an electric potential difference of one volt. One sie—
mens is the reciprocal of one ohm.

Conductivity ('y) The conductivity of a material is the dc
conductance between the opposite parallel faces of a portion of
the material having unit length and unit cross section.

Capacitance (C) is that property of a system of conductors
and dielectrics which permits the storage of electricity when
potential difference exists between the conductors. Its value is
expressed as a ratio of a quantity of electricity to a potential
difference. A capacitance value is always positive. The farad is
the capacitance of a capacitor between the plates of which
there appears a difference of potential of one volt when it is
charged by a quantity of electricity equal to one coulomb.

Permittivity or Dielectric Constant (60) is the electrostatic energy
stored per unit volume of a vacuum for unit potential gradient.
The permittivity of a vacuum or free space is 8.85 X 10—12
farads per metre.

Relative Permittivity or Dielectric Constant (6,) is the ratio of
electrostatic energy stored per unit volume of a dielectric for a
unit potential gradient to the permittivity (so) of a vacuum.
The relative permittivity is a number.

Self-inductance (L) is the property of an electric circuit which
determines, for a given rate of change of current in the circuit,
the emf induced in the same circuit. Thus eI = —Ldi]/dt,
where el and il are in the same circuit and L is the coefficient
of self-inductance.

The henry is the inductance of a closed circuit in which an
electromotive force of one volt is produced when the electric
current varies uniformly at a rate of one ampere per second.

Mutual Inductance (M) is the common property of two asso-
ciated electric Circuits which determines, for a given rate of
change of current in one of the circuits, the emf induced in the
other. Thus e] = ~Mdi2/dt and 62 = ~Mdi1/dt, where e1
and i, are in circuit 1; c2 and z'2 are in circuit 2; and M is the
mutual inductance.

The henry is the mutual inductance of two separate circuits
in which an electromotive force of one volt is produced in one
circuit when the electric current in the other circuit varies uni-

formly at a rate of one ampere per second.
If M is the mutual inductance of two circuits and k is the

coefficient of coupling, i.e., the proportion of flux produced by
one circuit which links the other, then M = k(L,L2)'/2, where
L] and L2 are the respective self-inductances of the two circuits.

Energy (J) in a system is measured by the amount of work
which a system is capable of doing. The ionic is the work done
when the point of application of a force of one newton is dis-
placed a distance of one metre in the direction of the force.

Power (W) is the time rate of transferring or transforming
energy. The watt is the power which gives rise to the production
of energy at the rate of one joule per second.
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Table 15.1.1 Electrical Units

ELECTRICAL AND MAGNETIC UNITS 15-3

W

 

Ratio of

SI unit magnitude of
Quantity Symbol Equation SI unit symbol CGS unit Sl to cgs unit

Current [,1' l = E/R; I = E/Z; [ = Q/t Ampere A Abampere 10"
Quantity Q, q Q = it; Q = CE Coulomb C Abcoulomb 10“
Electromotive force E, e E = IR; E = W/Q Volt V Abvolt 108
Resistance R, r R = E/[; R = pl/A Ohm (l Abohm 109
Resistivity p p = RA/[ Ohm-metre Q-m Abohm-cm 10ll
Conductance G, g G = yA/l;G = A/pl Siemens S Abmho 10—9
Conductivity 7 7 = 1/p;y = I/RA Siemens/meter S/m Abmho/cm 10’”
Capacitance C C = Q/E Farad F Abfarad“ 10“9
Permittivity . e Farads/meter F/m Stat farad*/cm 8.85 X 10—”
Relative permittivity e, a, = 5/50 Numerical Numerical 1
Self-inductance L L = ~N(a'd>/dt) Henry H Abhenry 109
Mutual inductance M M = K(L,L2)‘/2 Henry H Abhenry 109
Energy J J = eit ' Joule J Erg 107

. ' kwh kwh = kw/3600; 3.6 MJ Kilowatthour kWh 36 x 10"2
Active power W W = J/t; W = EI cos 6 Watt W Abwatt ll)7
Reactive power jQ Q = E] sin 0 Var var Abvar 107
Apparent power VA VA = EI Volt—ampere VA
Power factor pf pf = W/ VA; pf = W/(W + jQ) 1:
Reactance, inductive XL XL = 21rfL Ohm 9 Abohm 10
Reaetance, capacitive XC XC = l /(21rfC) Ohm f2 Abohm 109
Impedance 2 Z = E/I; z = R + j(XL — XC) Ohm t2 Aboiiin 105‘
Conductance G G = R/Z2 Siemens S Abm o 10—9
Susceptancc B B = X/Z2 Siemens S Abm o 10—9
Admittance Y Y = I/E; Y = G + jB Siemens s Abmho 10‘9
Frequency f f = l/T Hertz Hz Cps,Hz 1
Period T T = 1 /f Second 3 second 1
Time constant T L/R; RC Second 5 Secoiid l
Angular velocity to w = 27rf Radians/second rad/s Radians/second IW

*1 Abfarad (EMU Units) = 9 X 10—20 stat farads (ESU units).

Active Power (P) at the points of entry of a single-phase, two-
wire circuit or of a polyphase circuit is the time average of the
values of the instantaneous power at thepoints of entry, the
average being taken over a complete cycle of the alternating
current. The value of active power is given in watts when the
rms currents are in amperes and the rms potential differences
are in volts. For sinusoidal emf and current, P = E] cos 0,
where E and I are the rms values of volts and currents, and t}
is the phase difference of E and I.

Reactive Power (Q) at the points of entry of a single—phase,
two-wire circuit, or for the special case of a sinusoidal current
and sinusoidal potential difference of the same frequency, is
equal to the product obtained by multiplying the rms value of
the current by the rms value of the potential difference and by
the sine of the angular phase difference by which the current
leads or lags the potential difference. Q = E] sin 0. The unit
or Q is the var (volt—ampere-reactive). One kilovar = 103 var.

Apparent Power (E1) at the points of entry of a single—phase,
two-wire circuit is equal to the product of the rms current in
one conductor multiplied by the rms potential difference
between the two points of entry. Apparent power = El.

Power Factor (pf) is the ratio of power to apparent power. pf
= P/El = cos 6, where 0 is the phase difference between E
and 1, both assumed to be sinusoidal.

The reactance (X) of a portion of a circuit for a sinUSoidal
current‘and potential difference of the same frequency is the
product of the sine of the angular phase difference between the
current and potential difference times the ratio of the ims

potential difference to the rms current, there being no source
of power in the portion of thecircuit under consideration. X =
(E/I) sin 6 = 27rfL ohms, where fis the frequency, and L the
inductance in henries; or X = l/21rfC ohms, where C is the
capacitance in farads. .

The impedance (Z) of a portion of an electric circuit to a

completely specified periodic current and potential difference
is the ratio of the rms value of the potential difference between
the terminals to the rms value. of the current, there being no
source of power in the portion under consideration. Z = E/ I
ohms. .

Admittance (Y) is the reciprocal of impedance. Y 4*- I/ESiemens. ’

The susceptance (B) of a portion of a circuit for a sinusoidal

current and potential difference of the same frequency is the
product of the sine of the angular phase difference between the
current and the potential difference times the ratio of the rms
current to the rms potential difference, there being no source
of power in the portion of the circuit under consideration. B =
(1/ E ) sin 0.

Magnetic Units
(See Table l5.i.2.)

Magnetic Flux (Q, (15) is the magnetic flow that exists in any
magnetic circuit.

The weber is the magnetic flux which, linking a circuit of one
turn, produces in it an electromotive force of one volt as it is
reduced to zero at a uniform rate in one second.
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15—4 ELECTRICAL ENGINEERING

Table 15.1.2 Magnetic Units

 

WM

 

Ratio of

SI unit magnitude of

Quantity Symbol Equation“ SI unit symbol CGS unit SI to cgs unit

Magnetic flux ‘1’,¢ it) = F/‘R Weber wb Maxwell 108
Magnetic flux density B 6 = qS/A Tesla T Gauss 10“
Pole strength Q", Qm = FM; Qm = FI/Nlflour Ampere- A-mturns-metre

. Unit pole Unit pole 0.7958 x 107
Magnetomotive force 57 57 = N1 Ampere-turns A Gilbert 1.257
Magnetic field intensity H H = 3/1 Ampere—turns A/m Oersted 0.01257per metre

Permeability air #0 yo = )3/H Henry per H/m Gilbert per 1.257 X 10‘6metre oersted

Relative permeability [.L’, it, = p/#0 Numeric Numeric l
Reluctivity 'y 'y = I/p, Numeric Numeric 1
Permeance P P = Mflr A/l Henry H 7.96 X 107
Reluctance R R = l/uou,A l/henry l/H 1.257 X 104

. ,

*1 = length in metres; A 2 area in square metres; F = force in newtons; N = number of turns.

Magnetic Flux Density ([3) is theratio of the flux in any cross
section to the area of that cross section, the cross section being
taken normal to the direction of flux.

The tesla is the magnetic flux density given by a magnetic
flux of one weber per square metre;

Unit Magnetic Pole, when concentrated at a point and placed
one metre apart in a vacuum frOm a second unit magnetic pole,
will repel or attract the second unit pele with a force of one
newton. (

The weber is the magnetic flux produced by a unit pole.
Magnetomotive Force (5‘, mmf) produces magnetic flux and

corresponds to electromotive force in an electric circuit.
The ampere (turn) is the unit of mini.
MagneticField Intensity (H) at a point is the vector quan—

tity which is measured by a mechanical force which is exerted
on a unit pole placed at the point 111,3 vacuum.

An ampere per metre is the unit of field intensity. '
Permeability (it) is the ratio of unit magnetic flux density to

unit magnetic field intensity in air (B/H). The permeability
of air is 1.257 'X 10“5 henry per metre.

Relative permeability (m) is the ratio of the magnetic flux in
any element of a medium to the flux that would exist if that
element were replaced with air, the magnetomotive force
(mmf) acting on the element remaining unchanged (a, = u/
Flo)- ‘

The relative permeability is a number.
Permeance (P) of a portion of a magnetic circuit bounded by

two equipotential surfaces, and by a third surface at every
point of which there is a tangent having the direction of the
magnetic induction, is the ratio of the flux through any cross
section to the magnetic potential difference between the sur-
faces when taken within the portion under consideration. The

equation for the permeance of the medium as defined above is
P = pom/U1. Permeance is the reciprocal of reluctance.

Reluctivity (’y) of a medium is the reciprocal of its
permeability.

Reluctance (R) is the reciprocal of permeance. It is the resis-
tance to magnetic flow. In a homogeneous medium of uniform
cross section, reluctance is equal to the length divided by the
product of the area and permeability, the length and area

being expressed in metre units. R = l/Auott" where #0 =
1.257 X 10—6.

CONDUCTORS AND RESISTANCE

Resistivity, or specific resistance, is the resistance of a sample of
the material having both a length and cross section of unity.
The two most common resistivity samples are the centimetre
cube and the cir mil—ft. If I is the length of a conductor of
uniform cross section a, then its resistance is

R : pl/a (15.1.1)

where p is the resistivity. With a cir mil-ft p is the resistance
of a cir mil-ft and a is the cross section, cir mils. Since 1) = In
is the volume of a conductor,

R = plz/U = pU/a2

A circular mil is a unit of area equal to that of a circle Whose
diameter is 1 mil (0.001 in). It is the unit of area which is used
almost entirely in this country for wires and cables. To obtain
the cir mils of a solid cylindrical conductor, square its diameter
expressed in mils. For example, the diameter of 000 AWG
solid copper wire is 410 mils and its cross section is (410)2 =
168,100 cir milsilThe diameter in mils of a solid cylindrical
conductor is the square root of its cross section expressed in cir
mils

A cir mil-ft is a conductor having a length of 1 ft and a uni—
form cross section of l cir mil. In terms of the copper standard
the resistance of a Cir mil~ft of copper at 20°C is 10.371 0. As
a first approximation 10 (I may frequently be used.

At 60" C a cir mil' in of copper has a resistance of 1.0 9. This
is a very convenient unit of resistivity for magnet coils since
the resistance is merely the length of copper in inches divided
by its cross section in cir mils.

Temperature Coefficient of Resistance The resistance of the
pure metals increases with temperature. The resistance at any
temperature t“C is

(15.1.2)

R = R00 + at)

where R0 is the resistance at 20" C and a is the temperature coef-
ficient of resistance. For copper, at = 0.00393.

(15.1.3)
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Table 15.1.3 Properties of Metals and Alloys
(See Table 15.1.27 for properties of resistor alloys) 

CONDUCTORS AND RESISTANCE 15-5

TemperatureRes'st’ Vt , 20° .
‘ “I y C coefficxent of
 

Metals

Aluminum ..................................
Antimony; .................................
Bismuth ....................................
Brass ......................................
Carbon: amorphous .........................

Retort. (graphite) ..........................
Copper (drawn) .............................
Gold .......................................
Iron: electrolytic .............................

Cast .....................................
Wire .....................................

Lead .......................................
Molybdenum .......................... . .....
Monel metal ................................
Mercury ....................................
Nickel ......................................
Platinum ...................................
Platinum silver, 2Ag + 1P1: ...................
Silver ......................................
Steel: soft ...................................

Glass hard ................................
Silicon (4 percent.) .........................
Transformer ..............................
Trolley Wire ...............................

Tin ........................................
Tungsten ...................................
Zinc .......................................

 
resistance at
 all-em} 125cm mil/ft 20°C

2.828 17.01 0.00403
42.l 251.0 0.0036

111.0 668.0 0.004
6.21 37.0 0.00l5

3,800—4.l00 ....... (—)
7211—812“ ....... (‘0

L724 10.37 0.00393
2.44 14.7 0.0034

I0.l 59.9 0.0064
75.2—98.8 448—588

97.8 588
22.0 132 0.00387
5.78 34.8

43.5 262 0.00l9
96.8 576 0.00089
8.54 50.8 0.0041

l0.72 63.8 0.003
24.61 148.0 0.00031

L628 9.8 0.0038
l5.9 95.8 0.00M
45.7 275
5|.18 308
”.09 66.7
l2.7 76.4
“.63 70 0.0042
5.51 33.2 0.005
5.97 35.58 0.0037 

NOTE: Max working temperature: Cu, 260°C; Ni, 600°C; Pt, ”00°C.
“Furnace electrodes, 3,000”C.
10°C.

With any initial temperature 17,, the resistance at tempera-
ture 2°C is

R = R111+ ai(t — 11)]

where Rl is the resistance at temperature tl ”C and a, is the
temperature coefficient of resistance at temperature tl [see Eq.
(15.1.5)].

For any initial temperature I] the value of a] is

a, = 1/(2345 + t.) (15.1.5)

lnferred Absolute Zero Between 100 and 0“C the resistance

of copper decreases at a rate which is practically uniform and
which if continued would give a resistance of zero at
—234.5 " C (an easy number to remember). If the resistance at
II “C is RI and the resistance at 13°C is R2, then

Rz/R, = (234.5 + 22)/(234.5 + 1.)

EXAMPLE. The resistance of a copper coil at 25 ”C is 4.26 (2. Deter-
mine its resistance at 45°C. Using Eq. (15.1.4) and a, = 1/(234.5 +
25) = 0.00385, R = 4.26[l + 0.00385(45 — 25)] = 4.59 0. Using
Eq. (15.1.6) R = 4.26(234.5 + 45)/(234.5 + 25) = 4.26 X 1.077 =4.59 0. '

(15.1.4)

(15.1.6)

The inferred absolute zero for aluminum is -— 228.

Materials The materials generally used for the transmission
and distribution of electrical energy are copper, aluminum,
and sometimes iron and steel. For resistors and heaters, iron,
steel, commercial alloys, and carbon are most used.

Copper is the most widely used electrical conductor. It has

high conductivity, relatively low cost, good resistance to oxi-

dation, is readily soldered, and has good mechanical charac-
teristics such as tensile strength, toughness, and ductility. Its
tensile strength together with its low linear temperature coef-
ficient of expansion are desirable characteristics in its use for
overhead transmission lines. The international copper standard
for 100 percent conductivity annealed copper is a density of
8.89 g/cm3 (0.321 1b/in3) and resistivity is given in Table
15.1.3. ASTM specifications for minimum conductivities of
copper wire are as follows:

Conductor Soft or Medium Hard
diam, in annealed hard drawn drawn

0040—0324 98.16% 96.60% 96.16%
0325—0460 98.16% 97.66% 97.16%

Aluminum is used to considerable extent for high-voltage
transmission lines, because its weight is one—half that of copper
for the same conductance. Moreover, the greater diameter
reduces corona loss. As it has 1.4 times the linear temperature
coefficient of expansion, changes in sag with temperature are
greater. Because of its lower melting point, spans may fail
more readily with arc-overs. In aluminum cable steel-rein-
forced (ACSR), the center strand is a steel cable, which gives
added tensile strength. Aluminum is used occasionally for bus
bars because of its large heat-dissipating surface for a given
conductance. The greater cross section for a given conductance
requires a greater volume of insulation for a given voltage.
When the ratio of the cost of aluminum to the cost of copper
becomes economically favorable, aluminum is often used for
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insulated wires and cables. The international aluminum stan—

dard for 62 percent conductivity aluminum is a density of 2.70
g/cm3 (0.0976 lb/in3) and resistivity as given in Table 15.1.3.

Steel, either galvanized or copper-covered (“copperweld”). is
used for high-voltage transmission spans where tensile strength
is more important than high conductance. Steel is also used for
third rails.

Copper alloys and bronzes are of increasing importance as
electrical conductors. They have lower electrical conductivity
but greater tensile strength and are resistant to corrosion.
Hitenso, Calsum bronzes, Signal bronze, Phono-electric, and Everdur
are bron‘zes containing phosphorus, silicon, manganese, or zinc.
Their conductivities vary from 20 to 85 percent of 100 percent

 

conductivity copper, and they have tensile strengths up to
130,000 lb/inz, about twice that of hard-drawn copper. Such
alloys were frequently used for trolley wires. Copper alloys
having lower conductivity are usually classified as resistor
materials.

In Table 15 1 3 are given the electrical properties of some of
the pure metals and alloys.

American Wire Gage (AWG) The AWG (formerly Brown &
Sharpe gage)18 based on a constant ratio between diameters
of successive gage numbers. The ratio of any diameter to the
next smaller is 1.123., and the corresponding ratio of cross sec-
tions is (1.123)2 = 1.261, or 1% approximately. (1.123)6 is
2.0050, so that diameters differing by 6 gage numbers have a

Table 15.1.4 Working Table, Standard Annealed Copper Wire, Solid
[American Wire Gage (B St 8)] 

 

 
   

Gage Diam, Cross sectron .0 per 1,000 ft O/mi at Weight
no. mils . . . 2 25°C 65°C 25°C per 1’000

crr mils 1n (=77°F) (=149eF) (=77°F) ft, lb

0000 460.0 212.000 0.166 0.0500 0.0577 0.264 641.0
000 4I0.0 I68.000 0.132 0.0630 0.0727 0.333 508.0

00 365.0 133.000 0.105 0.0795 0.0917 0.420 403.0
,0 325.0 106.000 0.0829 0.I00 0.116 0.523 319.0
I 239.0 83.700 0.0657 0.126 0.146 0.665 253.0

2 253.0 66.400 0.052I 0.I59 0.I84 0.839 20I.0
3 229.0 52600 0.0413 0.201 0.232 1.061 159.0
4 204.0 4I.700 0.0328 0.253 0.292 1.335 I26.0
5 I82.0 33.100 020260 0.319 0.369 1.685 I00.0
6 I62.0 26.300 0.0206 0.403 0.465 2.13 79.5

7 144.0 20,800 0.0I64 0.508 0.586 2.65 63.0
8 128.0 I6.500 0.0130 0.641 0.739 3.38 50.0
9 II4.0 13.I00 0.0103 0.808 0.932 4.27 39.6

I0 I02.0 10.400 0.00315 1.02 I.IB 5.38 31.4
II 91.0 8.230 0.00647 I.28 I.48 6.75 24.9

I2 8I.0 6530 0.00513 1.62 1.87 8.55 I9.8
13 72.0 5.I80 0.00407 2.04 2.36 I0.77 15.7
14 64.0 4.110 0.00323 2.58 2.97 13.62 I2.4
15 57.0 3.260 0.00256 3.25 3.75 17.16 9.86
I6 51.0 2.580 0.00203 4.09 4.73 21.6 7.82

17 45.0 2.050 0.00I6I 5.16 5.96 27.2 6.20
18 40.0 L620 0.00128 6.5I 7.5I 34.4 4.92
I9 36.0 1.290 0.0010I 8.21 9.48 43.3 3. 90
20 32.0 L020 0.000802 10.4 II. 9 54.9 3. 09
2| 28.5 810 0.000636 13.1 I5. I 69.1 2.45

22 25.3 642 0.000505 I6.5 I9.0 87.1 1.94
23 22.6 509 0.000400 20.8 24.0 109.8 I.54
24 20.1 404 0.000317 26.2 30.2 138.3 1.22
25 17.9 320 0.000252 33.0 38.I 174.1 0.970
26 I5.9 254 0.000200 4I.6 48.0 220 0.769

27 14.2 202 0.000158 52.5 60.6 277 0.610
28 12.6 160 0.000I26 66.2 76.4 350 0.484
29 II.3 127 0.0000995 83.4 96.3 440 0.384
30 I0.0 I01 0.0000789 105 ‘ I2I ' 554 0.304
3| 0.9 79.7 0.0000626 133 153 702 0.241

32 0.0 63.2 0.0000496 I67 I93 882 0.191
33 7.1 50.I 0.0000394 2II 243 LII4 0.152
34 6.3 39.8 0.0000312 266 307 L404 0.120
35 5.6 31.5 0.0000248 335 387 L769 0.0954
36 5.0 25.0 0.0000196 423 488 2.230 0.0757

37 4.5 19.8 0.0000156 533 616 2,810 0. 0600
38 4 0 15.7 0.0000I23 623 776 3.550 0. 0476
39 3.5 12.5. 0.0000098 848 979 4.480 0. 0377
40 3.I 9.9 0.0000078 1.070 I.230 5.650 '0.0200 
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ratio of approximately 2; cross sections differing by 3 gage
numbers also have a ratio of approximately 2. The ratio of
cross sections differing by 2 numbers is (1.261)2 = 1.590, or
1.6 approximately. The ratio of cross sections differing by 10
numbers is approximately 10. The gage ordinarily extends
from no. 40 to 0000 (4/0). Wires larger than 0000 must be
stranded, and their cross section is given in air mils.

The diameter of no. 10 wire is 102.0 mils. As an approxi-
mation this may be considered as being 100 mils; the cross sec-
tion is 10,000 cir mils; the resistance is 1 (2 per 1,000 ft; and
the weight of 1,000 ft is 31.4(107r) 1b. Also the weight of 1,000
ft of no.‘ 2 is 200 lb. These facts give many short cuts in esti-
mating resistances and weights of various gage numbers.

Lay Cables In order to obtain sufficient flexibility, wires
larger than 0000 are stranded, and they are designated by their
circular mils. Smaller wires may be stranded also since sizes
as small as no. 4 when insulated are usually too stifl” for easy
handling. Lay cables are made up geometrically as shown in
Fig. 15.1.1. Six strands will just fit around the single central
conductor; the number of strands in each succeeding layer
increases by 6. The number of strands that can thus be layed

Fig. 15.1.1 Makeup of a 19—strand cable.

ELECTRICAL CIRCUITS 15-7

up are 1, 7, 19, 37, 61. 91, 127, etc. In order to obtain sufficient
flexibility with large cables, the strands themselves frequently
consist of stranded cable.

The resistance of cables is readily computed from Eq. (15.1.1),
using the cir mil ft as the unit of resistivity.

EXAMPLE. Determine the resistance of 3,500 ft of 800.000 eir mil
cable at 20"C. Answer: p (of a Cir mil~ft) = 10.37. R = 10.37 X
3,500/800,000 = 0.0454 0.

p = 10 fl/eir mileft is often sufiieiently ‘accurate for practical
purposes.

ELECTRICAL CIRCUITS

Ohm’s law states that, with a steady current, the current in a
circuit is directly proportional to the total emf acting in the cir—
cuit and is inversely proportional to the total resistance of the
circuit. The law may be expressed by the following three
equations:

I = E/R (15.1.7)
E = IR (15.1.8)

R = E/I (15.1.9)

where E is the emf, V; R the resistance, 0; and I the current,
A.

Series Circuits The combined resistance of a number of

series-connected resistors is the sum of their separate resis-
tances. When batteries or other sources of emf are connected

in series, the total emf of the combination is the sum of the

Table 15.1.5 Bare Concentric Lay Cables of Standard Annealed Copper

  .0. per 1,000 ft
25°C

(=77°F)  

 

 
 
 

I10.

 

 

  
 

2,000,000 0. 00539 0
1,700,000 0. 00634 0
1.500.000 0. 00719 0
1,200,000 0. 00899 0
1,000,000 0. 0108 0

900.000 0. 0120 0
850.000 0. 0127 0
750.000 0.0144 0
650.000 0. 0166 0
600.000 0.0180 0

550.000 0.0196 0
500.000 0. 0216 0
450.000 0.0240 0
400.000 0. 0270 0

350.000 0.0308 0
300.000 0.0360 0
250.000 0.0431 0

0000 212,000 0.0509 0
000 168,000 0. 0642 0

00 133,000 0.0811 0
0 106.000 0.102 0
1 83.700 0.129 0
2 66.400 0.162 0
3 52.600 0.205 0

4 41.700 0.259 0

  
65°C

(=149°F)

 
  

 
 

.00622

. 00732

. 00830

.0104

. 0124

.0138

.0146

.0166

.0192

.0207

.0226

.0249

.0277

.0311

.0356

.0415

. 0498

.0587

.0741

.0936

.11;]

.149

.187

.237

.299

 

 
  

 
 

  

  

Standard concentric standing

Pa; “300 No. Diam of Outside
t) lb of wires wires, mils diam, mils

6.180 127 125.5 1.631
5.250 127 115.7 1.504
4.630 91 128.4 1.412
3.710 91 114.8 1.263
3.090 61 128.0 1.152

2.780 61 121.5 1.093
2.620 61 118.0 1.062
2.320 61 110.9 998
2,010 61 103.2 929
1.850 61 99.2 893

1,700 61 95. 0 855
1,540 37 116.2 814
1.390 37 110. 3 772
1,240 37 104.0 728

1.080 37 97.3 681
926 37 90.0 630
772 37 82. 2 575
653 19 105. 5 528
518 19 94.0 470

411 19 83.7 418
326 19 74.5 373
258 19 66.4 332
205 7 97. 4 292
163 7 86. 7 260

129 7 77. 2 232
 

   
 

NOTE: See Table 15.1.21 for the carrying capacity of wires.SOURCE: From NBS Cir. 31.
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‘ —E—

ANN”:- a a O m
Battery D—C shunt motor D- C compound l-phose Fuse

or generator wrth motor or 2— wire generator synchronous
commutotlng and/or or stabilized shunt motor generator

Compensating field winding

Valve

l or ifilm

@— > type "‘
l e \T

2—phose,4rwure 3‘phose 3—phase v Ammeter General 3-pole General
Synchronous motor squirrel—cage ‘ . _ .

generator or condenser induction motor CIFCU” breaker Ldgr'srtg‘rgr e

Meters and Instruments

A letter or a letter combination from the following list shall be placed within the circle to indicate the function of the
meter or instrument ' unless some other identification is provided in the circle and explained in the diagram.
A Ammeten F Frequency meter PF Power Factor meter V Voltmeter
AH Amp-hr meter G Galvonomeler REC Recording meter VA Volt-ommeter
CRO Cath.Ray Oscill. fl-A or UA Micraammeter SY Synchroscope VAR Vormeter
DM Demand meter MA Milllammeter 1° Temperature meter W Wottmeter
DB Decibel meter OHM Ohmmeter VARH Varhour meter WH Wotthour meter

Galvonometer Voltmeter

S—T S-P S-P D-P
DGen‘l S~T D-T —T

I 0 O ~"’V\/\/‘-'°r -l::}-
¥ 0/? \ General

H \ N I O 0 6-phose synchronous converter —"\/YY\r0r —l t—
Silicon Knife switches with commutating and/0r Tappedcompensating windings

Adjustable Contact0 o o
I § E

"W“ or mm W or 425}—
Generol ' B E . l(Either symbol for Adjustable filial—- C°"""U°U$'Y “tumble

Rdiggef'e' controlledrectifier

  all inductors) (variable)

m A74 .173 E: WW. 0, 4:]—
Magnetircore Continuously Current Potential Heating ReSIstor

0dlustoble Transformer Transformer There ”“15? OIWGYS be
inductors _ _ identification within or

-)(- + Polarity markings adjacent to rectangle

A j /\ i Resistors
Grounded Grd at common T * g ‘E

point Fixed Variable
__. = ___ capacitor capacitor Transformer

Delta or me Wye Resistance Open delta

grounded N:c/ont<:t

lncandescent 2—terminal 4—terminol ht ( Tfilament Fluorescent 0 0C

Lamps Crossings Ground

Fig. 15.1.2 Diagrammatic symbols for electrical machinery and apparatus. (American Standard Graphic
Symbolsfor Electrical and Electronic Diagrams, " ANSI/IEEE 315,1975)
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separate emfs. The open—circuit emf of a battery is the total
generated emf and can be measured at the battery terminals
only when no current is being delivered by the battery. The
internal resistance is the resistance of the battery alone. The
current in a circuit connected in series with a source of emf is

I = E/(R + r), where E is the open-circuit emf, R the exter-
nal resistance, and r the internal resistance of the source of
emf.

Parallel Circuits The combined conductance of a number of

parallel—connected resistors is the sum of their separate
conductances.

G=G,+GZ+G3+-~

1 __ __1_ l
E " R1 + R; R3

The equivalent resistance for two parallel resistors having
resistances R), R2 is

R = R1R2/(R1 + R2)

The equivalent resistance for three parallel resistors having
resistances R1, R2, R3 is

(15.1.10)

(15.1.11)

(15.1.12)

R _“ R,R2R3
Rle + R2R3 + RJR)

and for four parallel resistors having resistances R1, R2, R3, R,,

R _ R.R2R.R.
R,R2R3 + R2R3R. + R3R4R, + R4RIR2

To obtain the resistance of combined series and parallel resis-
tors, the equivalent resistance of each parallel portion is
obtained separately and then these equivalent resistances are
added to the series resistances according to the principles
stated above.

Kirchhofl‘s laws (derived from Ohm’s law) make it possible
to solve many circuit networks that would otherwise be difficult
to solve. The first law states that: In any branching network of
wires the algebraic sum of the currents in all the wires that
meet at a point is zero. The second law states that: The sum
of all the electromotive forces acting around a complete cir—
cuit is equal to the sum of the resistances of its separate parts
multiplied each by the strength ofthe current in it, or the total
change ofpotential around any closed circuit is zero.

In applying Kirchhofi’"s laws the following rules should be
observed. Currents going toward a junction should be preceded
by a plus sign. Currents going away from a junction should be
preceded by a minus sign. A rise in potential should be pre-
ceded by a plus sign. (This occurs in going through a source of
emf from the negative to the positive terminal, and in going
through resistance in opposition to the direction of current.) A
drop in potential should be preceded bya minus sign. (This
occurs in going through a source of emf from the positive to
the negative terminal and in going through resistance in con—
junction with the current.)

The application of Kirchhoffs laws is illustrated by the fol-
lowing example.

(15.1.13)

 
(15.1.14)

EXAMPLE. Determine the three currents II, 12, and [3 in the circuit
network (Fig. 15.1.3). The arrows show the assumed directions of the
three currents.

Applying Kirchhofi‘s second law to'circuit abcdea,

+4 + 0.21. + 0.511~ 312 + 2 — 0.112 + 11 = 0

or +6 +1.71,— 3.112 = 0
(I)
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and for edcfge,

—2+0.llz+3lz+ [3+3+O.3I3=0 (II)
or +1 + 3.112 +1.313 = 0

Applying Kirchhofi‘s first law to junction c, j

—I, w 12 + 13 = 0 (111)

Solving (I), (11), and (III) simultaneously gives 1, = 42.56, 12 =
+0.53, and 13 = —2.03. The minus signs before 11 and 13 show that
the actual directions of these two currents are opposite the assumed
directions.

EI=4V
r,=O.Z.Q

 
Fig. 15.1.3 Electric network and Kirchhofl’s laws.

Electrical Power With direct currents the electrical power
is given by the product of the volts and amperes. That is,

P = E] W (15.1.15)

Also, by substituting for E and I Eqs. (8) and (7),

P = PR W (15.1.16)

P = EZ/R W (15.1.17)

The watt is too small a unit for many purposes. Hence, the
kilowatt (kW) is used. 746 watts = 1 hp = 0.746 kW; 1 kW
= 1.340 hp. The kilowatthour (kWh) is the common engineering
unit of electrical energy.

Joule’s Law When an electric current flows through resis-
tance, the number of heat units developedis proportional to the
square of the current, directly proportional to the resistance,
and directly proportional to the time that the current flows. h
= izrt, where h = number ofjoules;i = current, A; r = resis-
tance, S2; and t = time, s. h (in Btu) = 0.0009478i2rt.

MAGNETISM

Magnetic Circuit

The magnetic circuit is analogous to the electric circuit in that
the flux (1) is proportional to the magnetomotive force 57 and
inversely proportional to the reluctance 7% or magnetic resis-
tance. Thus

§>=i7/7i

Compare with Eq. (15.1.7). <I> is in webers, where the weber is
the SI unit of flux, 3 in ampere-turns, and R in SI reluctance
units. In the cgs system, (15 is in maxwells, $7 is in gilberts, and
7% is in cgs reluctance units.

7? = l/uruuA

where u, is relative permeability (commonly called permeability,
a), a property of the magnetic material, and 11,) is the perme-

(15.1.18)

(15.1.19)
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ability of evacuated space = 41r X 104, and A is in square
metres. In the cgs system 11,, = 1

z 1

“ ii,(47r x 10—0/1 ' 1141.257 x 10-6)A

[is in metres and A in square metres.
The unit of flux density in the SI system is the tesla, which is

equal to the number of webers per square metre taken perpen—
dicular to their direction. One ampere-turn between opposite
faces of a metre cube of a magnetic medium produces a, tesla.
For air, [2, = 411- X 10”. In the cgs system the unit of flux
density is gauss = 104T (see Table 15.1.2).

Magnetic-circuit calculations cannot be made with the same
degree of accuracy as electric—circuit calculations because of

several factors. The cross-sectional dimensions of the magnetic
circuit are large relative to its length; magnetic paths are irreg-
ular, and their geometry can only be approximated as with the
air gap of electric machines, which usually have slots on one
or both sides of the gap. ‘

Magnetic flux cannot be confined to definite magnetic paths,
but a considerable proportion usually takes paths external to
the circuit giving magnetic leakage (see Fig. 15.1.7). The rela-
tive permeability of iron varies over wide ranges with the flux
density and with the previous magnetic condition (see Fig.
15.1.5). These variations of relative permeability cannot be
expressed by any simple equation. Although the foregoing fac-
tors prevent the obtaining of extremely high accuracy in mag-
netic calculations, yet, with experience, it is possible to design
magnetic circuits with a precision that is satisfactory for all
practical purposes.

The magnetomotive force 27 in Eq. (15.1.18) is expressed in
ampere-turns = N1, where N is the number of turns linked
with the circuit and I is the current, A. The unit of reluctance
is the reluctance of a l-m cube of air. The total reluctance is

proportional to the length and inversely proportional to the
cross-sectional area of the magnetic circuit, which is analogous
to electrical resistance. Hence the reluctance of any given path
of uniform cross section A is l/Afl, where l = length of path,
cm; A = its cross section, cm2, and [L = permeability. Reluc-
tanccs in series are added to obtain their combined reluctance.
Ohm’s law of the magnetic circuit becomes

NI

11/141114 'l‘ 12/142112 + 13/143113 ' ' ‘

where 1,, A], [.1], etc., are the lengths, cross sections, and rela-
tive permeabilities of each series part of the circuit.

(15.1.20)

 
Mx (15.1.21)

EXAMPLE. In Fig. 15.1.4 is shown a magnetic circuit of cast steel
with a 0.4-cm air gap. The cross section of the core is 4 cm square.
There are 425 turns wound on the core and the current is 10 A. The
relative permeability of the steel at the operating flux density is 1,100.

  
i‘9Bszl E98Cm>l

\O.4 c m

Fig. 15.1.4 Magnetic circuit.

 

Assume that the path of the flux is as shown, the average path at the
corners being quarter circles. Neglect fringing at the air gap and any
leakage. Determine the flux and the flux density.

Using the SI system, the length of the iron is 0.522 m, the length of
the air gap is 0.004 m, and the cross section of the iron and air gap is0.0016 m2.

425 X 10

0.522 0.004

1,100 x 47r x 10*7 x 0.0016 4n x10"7 x 0.0016
= 0.00191 Wb

Using the cgs system, the length of the magnetic path in the iron =
12 + 8 + 8 + 5.8 + 5.8 + 41r = 52.2 cm. From Eq. (15.1.21),

' 0.471' x 425 x 10

[52.2/(16 X 1,100)] + (0.4/16)

= 191,000 = 11,940G16

Magnetization and Permeability Curves The magnetic
permeability of airis a constant and is taken as unity. The rela—
tive permeability of iron and other magnetic substances varies
with the flux density. In Fig. 15.1.5 is shown a magnetization

11> 

 

 
= 191,000 Mx
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Fig. 15.1.5 Magnetization and relative-permeability curves for caststeel.

curve for cast steel in which the flux density B in tesla is plotted
as a function of the field intensity, amperes per metre, H. Also
the relative permeability a, = B/H is plotted as a function of
the flux density 8. Note the wide range over which the relative
permeability varies. No satisfactory equation has been found
to express the relation between magnetizing force and flux den—
sity and between relative permeability and flux density. If an
attempt is made to solve Eq. (15.1.21) for flux, the factors 11,,
112, etc, are unknown since they are functions of the flux den-
sity, which is being determined. The simplest method is one of
trial and error, i.e., a value of flux, and the corresponding
permeability, is first assumed, the equation solved for the flux,
and if the computed flux differs widely from the assumed flux,
a second approximation is made, etc. In nearly all magnetic
designs either the flux or flux density is the independent vari-
able, and it is required to find the necessary ampere—turns to
produce them. Let the flux <11 = BA where B is the flux density,G. Then

<I> 2 BA = 0.47rNI(I/An,)

and N1 = Bl/aoa, = 0.79681/0, X 106

Equation (15.1.22) shows that the necessary ampere—turns are
proportional to the flux density and the length of path and are
inversely proportional to the relative permeability.

(15.1.22)
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With air and nonmagnetic substances a, [Eq. (15.1.22)]
becomes unity, and

N1 = 0.79681 X to6 (15.1.23)

in meter units. With inch units

N1 = 0.313B’l’ (15.1.24)

where B’ is the flux density, Mx/inz; and l” the length of th
magnetic path, in. '

EXAMPLE. The average flux density in the air gap of a generator is
40,000 Mx/inz, and the effective length of the gap is 0.2 in.‘l—low many
ampere-turns per pole are necessary for the gap?

N] = 0.313 x 40,000 x 0.2 = 2,500

Since the relation of a, to flux density B in Eq. (15.1.22) is
not simple. the relation of ampere-turns per unit length of
magnetiocircuit to flux density is ordinarily shown graphically.

Ampereturns per metre

 

 
 

  
 

   Kilomoxwei|5persquareinch    
 O .

0 4,0 80 120 160 200 240 280.320
Ampere-turns 'per inch

Fig. 15.1.6 Typical magnetization curves.

Typical curves of this character are shown in Fig. 15.1.6, inch
units being used although scales of tesla, and ampere turns per
metre are also given. To determine the number of ampere-
turns necessary to produce a given total flux in a magnetic cir-
cuit composed of several parts in series having variouslengths,
cross sections, and relative permeabilities, determine the flux
density if the cross section is fixed, or otherwise choose a cross
section to give a suitable flux density. From the magnetization
curve obtain the ampere-turns necessary to drive this flux den-
sity through a unit length of the portion of the circuit Consid—

ered and multiply by the length. Add together the ampere-
turns required for each'series part of the magnetic circuit to
obtain the total ampere—turns necessary to give the assumed
flux. ' ‘ '

It is desirable to operate magnetic circuits at as high flux
densities as is practicable in order to reducethe amount of iron
and copper. The air gaps of dynamos are operated 'at average
densities of 40,000 to 50,000 Mx/inz. Higher densities increase
the exciting ampere-turns and tooth losses. At 45,000 Mx/in2
the flux density in the teeth may be as high as 120,000 to
130,000 Mx/inz. The flux densities in transformer cores are
limited as a rule by the permissible losses. At 60 Hz and with

silicon steel the maximum density is 60,000 to 70,000 Mx/inz,
at 25 Hz the density may run as high as 75,000 to 90,000 Mx/
inz. With laminated cores, the net iron is approximately 0.9 the
gross cross section. '

Magnetic Leakage It is impossible to confine all magnetic
flux to any desired path since there is no known insulator of
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magnetic flux. Figure 15.1.7 shows the magnetic circuit of a
modern four-pole dynamo. A considerable proportion of the
useful magnetic flux leaks between the pole shoes and cores,
rather than across the air gap. The ratio of the maximum flux,
which exists in the field cores, to the useful flux, i.e., the flux

 
Fig. 15.1.7 Magnetic cirCuit of four-pole dynamo with leakage flux.

_ that crosses the air gap, is the coefficient of leakage. This coeffi-
cient must always 'be greater than unity and in carefully
designed dynamos may be as low as 1.15. It is frequently as
high’as 1.30. Although the geometry of the leakage-flux paths
is not simple, the‘leakage flux may be determined by approxi-
mations with a fair degree of accuracy. ;

Magnetic Hysteresis The magnetization curves shown in
Figs. 15.1.5 and 15.1.6 are called normal curves. They are taken
with the magnetizing force contintiously increased from zero.
If at any point the magnetizing force be decreased, at greater
value of flux density for any given magnetizing force will.
result. The effect ofcarrying iron through a complete cycle of

,magnet‘izationpboth positive and negative, is shown in Fig.
15.1.8. > . _

_' The curve QKB, taken with increasing values of magnetizing
force per centimeter H, is the normal induction curve. If after
the magnetizing force has reached the value iOA, it is
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Fig. 15.1.8 Hysteresis loop for dynamo steel.

decreased, the magnetic‘fiux density B will decrease in accor-
dance with curv‘e BCD, between A and 0 the values being
much greater than those given by the normal curve, i.e., the
flux density lags the magnetizing‘force. At zero magnetizing
force, the flux density is 0C, call the remanence. A negative
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Table 15.1.6 Steinmetz Coefficients

 

WWW
Hard tungsten steel ................ 0.058
Hard cast steel .................... 0. 025
Forged steel ....................... 0.020
Cast iron ......................... 0.013 ;
Electrolytic iron ................... 0. 00‘)
Soft machine steel ................. 0. 009

l
l
ll
1

Annealed cast steel .............. 0.008
Ordinary sheet iron .............. 0.004
Pure iron ....................... 0. 003
Annealed iron sheet .............. 0. 002
Best annealed sheet ............. 0.001
Silicon steel sheet ................ 0.00046
Permalloy ...................... 0.0001WW—

magnetizing force CD, called the coercive force, is required to
bring the flux density to zero. If the magnetizing force is
increased negatively to 0A”, the flux density will be given by
the curve DE. If the magnetizing force is increased positively
from A’ to A, the flux density will be given by the curve EFGB,
which is similar to the curve BCDE. OP is the negative reman-
encc and DC again is the coercive force. The complete curve
is called a hysteresis loop. When the normal curve reaches the
point K, if the magnetizing force is then decreased, another
hysteresis loop, a portion of which is shown at KL, will be
obtained. It is seen that the flux density lags the magnetizing
force throughout.

The energy dissipated per cycle is proportional to the area
of the loop and is equal to (1/47r)fH dB ergs/(Hz)(cm3). For
moderately high densities the energy loss per cycle varies
according to the Steinmetz law

W = 1071131,? W-s/m3 (15.1.25)

where Bm is the maximum value of the flux density, T (Fig.
15.1.8). Table 15.1.6 gives values of the Steinmetz coefficient
17, for common magnetic steels.

A permanent increase in the hysteresis constant occurs if the
temperature of operation remains for some time above 80°C.
This phenomenon is known as aging and may be much reduced
by proper annealing of the iron. Silicon steels containing about
3 percent silicon have a lower hysteresis loss, somewhat larger
eddy-current loss, and are practically nonaging.

Eddy-current losses, also known as Foucault-current losses,
occur in iron subjected to cyclic magnetization. Eddy-current
losses are reduced by laminating the iron, which subdivides the
emf and increases greatly the length of path of the parasitic
currents. Eddy currents have also a screening effect, which
tends to prevent the flux penetrating the iron. Hence laminat—
ing also allows the full cross section of the iron to be utilized
unless the frequency is too high.

Eddy-current loss in sheets is given by

= (nthm)2/6p1016 W/Cm3

where t = thickness, cm;f = frequency, Hz; 8,, = the max—
imum flux density, G; p = the resistivity, Q-cm.

Relations of Direction of Magnetic Flux to Current
Direction The direction of the magnetizing force of a current

is at right angles to its direction of flow Magnetic lines about
a cylindrical conductor carrying current exist in circular planes
concentric with and normal to the conductor. This1s illustrated

in Fig. 15.1.9.1. The 613 sign, corresponding to the feathered
end of the arrow, indicates a direction of current away from
the observer; a 0 sign, corresponding to the tip of an arrow,
indicates a direction of current toward the observer.

Corkscrew Rule The direction of the current and that of the
resulting magnetic field are related to each other as the for»
ward travel of a corkscrew and the direction in which it is
rotated.

(15.1.26)

Hand Rule Grasp the conductor in the right hand with the
thumb pointing in the direction of the current. The fingers will
then point in the direction of the lines of flux.

The applications of these rules are illustrated in Fig. 15.1.9.
If the currents in parallel conductors are in opposite directions

(a) (bi

Fig. 15.1.9 Currents in (a) opposite directions; ([2) in the samedirection.

(Fig. 15.1.9a), the conductors tend to move apart; if the cur-
rents in parallel conductors are in the same direction (Fig.
151911), the conductors tend to come together. The magnetic
lines act like stretched rubber bands and, in attempting to con-
tract, tend to pull the two conductors together.‘

The relation of the direction of current in a solenoid helix to

the direction of flux is shown in Fig. 15.1.10. Figure 15.1.11
shows the effect on a uniform field of placing a conductor car—
rying current in that field and normal to it. In (a) the direction
of the current is toward the observer By applying the cork-
screw rule it is seen that the current weakens the fieldunme-

diately above it and strengthens the field immediately below it
The reverse is true in (b), where the direction of the current is
away from the observer.

Figure 15.1.1 1 is illustrative of the force developed on a con-
ductor carrying current in a magnetic field. In (a) the conduc—
tor will tend to move upward owing to the stretching of the
magnetic lines beneath it. Similarly, the conductor in (b) will
tend to move downward. This principle is-the basis of motor
actibn. (See also Magnets.)

 
Fig. 15.1.11 Effect of current on uniform magnetic field.
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Table 15.1.7 Battery Types and Applications

BATTERIES 15-13
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Cell Nominal Capacity,
Battery type type cell voltage wH/kg Applications

Primary

Leclanehe (zine-carbon) Dry 1.5 22—44 Flashlights, emergency lights, radios
Zinc-mercury (Ruben) Dry 1.34 90—1 10 Medical, marine, space, laboratory, and

emergency devices
Zinc-alkaline—manganese Dry 1.5 66 Models, cameras, shavers, lights

dioxide

Silver or cuprous chloride— Wet 55—120 Disposable devices: torpedoes, rescue
magnesium beacons, meteorological balloOns

Secondary

Lead~aeid Wet 2 Automotive, industrial trucks, railway,
station service

Lead-calcium Wet 2 Standby
Edison (nickel-iron) Wet 1.2 Industrial trucks; boat and train lights
Nickelcadium Wet 1.2 28 Engine starting, emergency lighting,

station service

Silver oxide-cadium Wet 1.4 45-65 Space
Silver—zinc Wet 1.55 90—155 Models, photographic equipment, missiles

BATTERIES If E is the emf of the cell, Ep the emf of polarization, r the

In an electric cell, or battery, chemical energy is converted into
electrical energy. The word battery may be used for a single
cell or for an assembly of cells connected in series or parallel.
A battery utilizes the potential dilTerence which exists between
different elements. When two different elements are immersed

in electrolyte an emf exists tending to send current within the
cell from the negative pole, which is the more highly electro—
positive, to the positive pole. The poles, or electrodes of a battery
form the junction with the external circuit.

If the external circuit is closed, current flows from the bat—

tery at the positive electrode, or anode, and enters the battery at
the negative electrode, or cathode.

In a primary battery the chemically reacting parts require
renewal; in a secondary battery, the electrochemical processes are
reversible to a high degree and the chemically reacting parts are
restored after partial or complete discharge by reversing the
direction of current through the battery. See Table 15.1.7 for
a summary of battery types and applications.

Electromotive force of a battery is the total potential dilTerence
existing between the'electrodes on open circuit. When current
flows, the potential difference across the terminal drops
because of the resistance drop Within the cell and because of
polarization.

Polarization When current flows in a battery, hydrogen is
deposited on the cathode. This produces two effects, both of
which reduce the terminal voltage of the battery. The hydro-
gen in contact with the cathode constitutes a hydrogen battery
which opposes the emf of the battery; the hydrogen bubbles
reduce the contact area of the electrolyte with the cathode,
thus increasing the battery resistance. The most satisfactory
method of reducing polarization is to have present at the cath-
ode some compound that supplies negative ions to combine
with the positive hydrogen ions at the plate. In the Leclanché
cell, manganese peroxide in contact with the carbon cathode
serves as a’ depolarizer, its oxygen ion combining with the
hydrogen ion to form water.

internal resistance, V the terminal voltage, when current I
flows, then

V = (E — Ep) — [r (15.1.27)

Primary Batteries

Dry Cells A dry cell is one in which the electrolyte exists in
the form of a jelly, is absorbed in a porous medium, or is oth-
erwise restrained from flowing from its intended position, such
a cell being completely portable and the electrolyte nonspilla-
ble. The Leclanche cell consists of a cylindrical zinc container
which serves as the negative electrode and is lined with spe-

, Metal cover (+)

‘// Carbon electrode
_/ Vent washer

. ‘ _ KAsphalt seal
955:“ ‘T*\ Wax ring seal

.
’:

 
 

 

 

 

mSupport washer

"‘ Jacket

Mix

Paste separator

Zinc can
 

Cup

Metal bottom M

Fig. 15.1.12 Cross section of standard round zinc-carbon cell. (From
‘Standard Handbook for Electrical Engineers." Fink and Carrol,
McGraw-Hill, NY, copyright 1968.)
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cially prepared paper, or some similar absorbent material, to
prevent the mixture of carbon and manganese dioxide, which
is tamped tightly around the positive carbon electrode, from
coming in contact with the zinc. The absorbent lining and the
mixture are moistened with a solution of zinc chloride and sal
ammoniac. In smaller cells the manganesecarbon mixture is
often molded into a cylinder around the carbon electrode, the
whole is then set into the zinc cup, and the space between the
molded mixture and the zinc is filled with electrolyte made into
a paste in such a manner that it can be solidified by either
standing or heating. The top of the cell is closed with a sealing
compound, and the cell is placed in a carboard container. The
emf of a dry cell when new is 1.4 to 1.6 V.

In block assembly the dry cells, especially in the smaller sizes,
are assembled in series and sealed in blocks of insulating com-
pound with only two terminals and, sometimes, intermediate
taps brought out. This type of battery is used for radio B and
C batteries. Another construction is to build the battery up of
layers in somewhat the manner of the old voltaic pile. Each cell
consists of a layer of zinc, a layer of treated paper, and a flat
cake of the manganese—carbon mixture. The cells are separated
by layers of a special material which conducts electricity but
which is impervious to electrolyte. A sufficient number of such
cells are built up to give the required voltage and the whole
battery is sealed into the carton.

Leelanché cells are generally available in sizes ranging from
small, thin penlight batteries to large assemblies of cells in
series or parallel for special high-voltage or high-current
applications.

The efficiency of a standard-size dry battery depends on the
rate at which it is discharged. Up to a certain rate the lower
the discharge rate, the greater the efficiency. Above this rate
the efficiency decreases (see Natl. Bur. Stand. Circ. 79, p. 39).

When used efficiently, a 6-in dry cell will give over 30 A-h
of service. As ordinarily used, however, the dry cell gives no
more than 8 to 10 A-h of service and at times even less. The

1% by 2% in flashlight battery is usually employed with a lamp
taking 0.25 to 0.35 A, Under these conditions 3 Ah or there—
abouts may be expected if the battery is used for not more than
an hour or so a day. The sovcalled “heavy-duty” radio battery
will give about 8 to 10 Ah when efficiently used. _

For the best results 6-in dry cells should not be used for cur-

rent drains of over 0.5 A except for very short periods of time.
Flashlight batteries should not be used for higher than the pre-
ceding current drain, and heavy-duty radio batteries will give
best results if the current drain is kept below 25 mA.

Dry cells should be stored in a cool, dry place. Extreme heat
during storage will shorten their life. The cell will not be

injured by being frozen but will be as good as new after being
brought back to normal temperature. In extreme cold weather
dry cells may not give more than half of their normal service.
At a temperature of about ~30°F they freeze solid and give
neither voltage nor current.

The amperage of a dry cell by definition is the current that

it will give when it is short-circuited (at about 70°F) through
an ammeter which with its leads has a resistance of 0.01 0.

The Ruben cell (Ruben, Balanced Alkaline Dry Cells, Trans.
Electrochem. Soc, 92, 1947) was developed jointly by the
Ruben Laboratories and P. R. Mallory & Company during
World War II for the operation of radar equipment and other
electronic devices which require a high ratio of ampere-hour
capacity to the volume of the cell at higher current densities
than were considered practicable for the Leclanché type. The

 

anode is of amalgamated zinc, and the cathode is a mercuric

oxide depolarizing material intimately mixed with graphite in
order to reduce its electrical resistivity. The electrolyte is a
solution of potassium hydroxide (KOH) containing potassium
zincate. The cell is made in three forms as shown in Fig.
15.1.13, the wound—anode type (a), the button type (b), and
the cylindrical type (c).
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contained in anodeabsorbent
material

Outer steel
case

Inner steel

5 .
CO e Barrier

Safety MerCuric-oxide
absorbent depolarizing
sleeve cathode pellet

(a)

Steel outer Tin-plated
tap inner top Sealing and

Potassium insulating
hydmxide gasketelectrolyte
contained in

absorbent Amalganrijatedmaterial zmc one 9
pellet

Inner steel
case

Barrier
Safety
absorbent

sleeve Mercuric-oxide
Outer steel depolarizing
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(b)

Nickekplated Safety

 

 
 
 

steel outer top absorbent
sleeve

Tin-plated steel

inner top Electrolyteabsorbent
Sealing and material
insulating gasket

Anode
Inner steel case cylinders (4)

Depolarizer Barrier
cylinders (3)

Outer steel
case

lnsulolor spacer

(C)

Fig. 15.1.13 Ruben cells. (a) Wound—anode; ([7) button; (0) cylindri-
cal. (From "Standard Handbook for Electrical Engineers,” Fink and
Carrol, McGraw~Hill, NY, copyright 1968.)
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The no-load emf of the cell is 1.34 V and remains essentially

constant irrespective of time and temperature. Advantages of
the cell are long shelf life, which enables them to be stored
indefinitely; long service life, about four times that of the
Leclanché dry cell of equivalent volume; small weight; a flat
voltage characteristic which is advantageous for electronic uses
in which the characteristics of tubes vary widely with voltage;

adaptability to operating at high temperatures without deteri-
oration; high resistance to shock.

The zinc-alkaline-manganese dioxide cell is a recently developed

cell especially useful in applications that require a dry cell with
relatively heavy or continuous drain. The anode is of amalga—
mated zinc, and the cathode is a manganese dioxide depolar—

izing material mixed with graphite for conductivity. The elec-
trolyte is a solution of highly alkaline potassium hydroxide
immobilized in cellulosic—type separators. These cells are avail—
able in standard-size cylindrical construction and wafer (flat)
construction for specialized applications.

Wet Cells The silver or cuprous chloride-magnesium cell is a
one-shot battery with a life of days after the electrolyte is
added. A wet cell may be stored for years in a dry state. The
cathode is either compacted copper chloride and graphite or
sheet silver chloride, while the cathode is a thin magnesium
sheet. The electrolyte is a solution of sodium chloride. The sil-
ver chloride cells are more expensive and are available in more
and larger ratings.

The Weston cell is a primary cell used as a standard of emf.
It consists of a glass H tube in the bottom of one leg of which
is mercury which forms the cathode; in the bottom of the other
leg is cadmium amalgam forming the anode. The electrolytes
consist of mercurous sulfate and cadmium sulfate. There are
two forms of the Weston cell: the saturated or normal cell, and
the unsaturated cell. In the normal cell the electrolyte is satu—
rated. This is the official standard since it is more permanent
than the unsaturated type and can be reproduced with far
greater accuracy. When carefully made, the emfs of cells agree
within a few parts per million. There is, however, a small tem-
perature coefficient. Although the unsaturated cell is not so
reliable as the normal cell and must be standardized, it has a

negligible temperature coefficient and is more convenient for
general use. The manufacturers recommend that the temper-
ature be not less than 4°C and not more than 40°C and the
current should not exceed 0.0001 A. The emf is between
[.0185 and 1.0190 V. Since no appreciable current can be
taken from the cell, a null method must be used to utilize its
emf.

Storage (Secondary) Batteries

In a storage battery the electrolytic action must be reversible to a
high degree. There are three types of storage batteries; the
lead—lead-acid type, the nickelviron—alkaline type (Edison bat—
tery), and the nickel-cadmium—alkali type (Nicad). In addition,
there are various specialized types of cells for scientific and
military purposes, and there is continuous development work
in the search for higher capacities.

In the manufacture of the Xead-lead-acid cells there are three

general types of plates, or electrodes. In the Planté type the
active material is electrically formed of pure lead by repeated
reversals of the charging current. In the Faiue, or pasted-plate,
type, the positive and negative plates are formed by applying
a paste, largely of lead oxides (PbOz, Pb304), to lead-antimony
or lead calcium supporting grids. A current is passed through
the plates while they are immersed in weak sulfuric acid, the
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positive plates being connected as anodes and the negative ones
as cathodes. The paste on the positive plates is converted into
lead peroxide while that on the negative plate is reduced to
spongy lead. The tubular plate (iron—clad) type has lead-alloy
rods surrounded by perforated dielectric tubes with powdered—
lead oxides packed between the rod and tube for the positive
plate.

In order to obtain high capacity per unit weight it is neces-
sary to expose a large plate area to the action of the acid. This
is done in the Planté plate by “ploughing” with sharp steel
disks, and by using corrugated helical inserts as active positive
material (Manchester plate). In the pasted plate a large area
of the material is necessarily exposed to the action of the acid.

The chemical reactions in a lead cell may be expressed by
the following equation, based on the double sulfation theory:

charge
<———e——————~7

Pb02 + Pb + 2HZSO4 = 2PbSOt + ZHZO" - ’ - ’ .". —" r—"—~
positive negative sulfuric posnive and water

plate plate acid negative plates
——--—————->

discharge

Between the extremes of complete charge and discharge,

complex combinations of lead and sulfate are formed. After
complete discharge a hard insoluble sulfate forms slowly on the
plates, and this is reducible only by slow charging. This sulfa—
tion is objectionable and should be avoided.

Specific Gravity Water is formed with discharge and sul-
furic acid is formed on charge, consequently the specific grav-
ity must decrease on discharge and increase on charge. The
variation of the specific gravity for a stationary battery is
shown in Fig. 15.1.14. With starting and vehicle batteries it is

 

  
 
         
 
 

Gossmg

1.240 H

g >1.200 i—
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Fig. 15.1.14 Variations of specific gravity in a stationary battery.

necessary to operate the electrolyte from between 1.280 to
1.300 when fully charged to as. low as 1.100 when completely
discharged. The condition of charge of a battery can be deter-
mined by its specific gravity._

Battery electrolyte may be made from concentrated sulfuric
acid (oil of vitriol, sp gr 1.84) by pouring the acid into the water
in the following proportions:

Parts Water to 1 Part Acid 

 

 

Specific gravity 1.200 1.210 1.240 [.280
Volume 4.3 4.0 3.4 2.75

Weight 2.4 2.2 1.9 l 5

Freezing Temperature of Sulfuric Acid

Specific gravity 1.180 1.200 1.240 1.280
Freezing temp, °F *6 *16 -51 “90 

Voltage The emf of a lead cell when fully charged and idle

‘is 2.05 to 2.10 V. Discharge lowers the voltage in proportion to
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the current. When charging at constant current and normal
rate, the terminal voltage gradually increases from 2.14 to 2.3
V, then increases rapidly to between 2.5 and 2.6 V (Fig.
15.1.15), This latter interval is known as the gassing period.
When this period is reached, the charging rate should be
reduced in order to avoid waste of power and unnecessary ero-
sion of the plates,

 

    Volts

bwmflmwo—N 
Fig. 15.1.15 Voltage curves on charge and discharge for lead cell.

Practically all batteries have a normal rating based on the 8-
h rate of discharge. Thus a 320 A-h battery would have a nor-
mal rate of 40 A. The ampere-hour capacity of batteries falls
off rapidly with increase in discharge rate.

Effect of Discharge Rate on Battery Capacity 

Discharge rate, h 8 5 3 l 1/a ‘/m
Percentage of
rated capacity.
Planté type 100 88 75 55.8 37 19.5
Pasted type 100 93 83 63 41 25.5 

The following rule may be observed in charging a lead battery.
The charging rate in amperes should be less than the number
of ampere-hours out of the battery. For example, if 200 Ah
are out of a battery, a charging rate of 200 A may be used until
the ampere-hours out of the battery are reduced appreciably.

There are two common methods of charging: the constant-
current method and the constant-potential method. Figure 15.1.16a
shows a common method of charging with constant current,
provided a low-voltage dc power supply is available. The resis-

  
 

llOvali D‘C mains

Resistor

   
(a)

  

 

tor connected in series may be adjusted to give the required
current. Several batteries may be connected in series. Figure
15.1.1617 shows a more common method, using a copper oxide
or silicon rectifier, since ac power supply is more common than
dc. The rectifier disks, mounted in a stack, are bridge-con-
nected, the directions of rectification being indicated. The
polarity of the two wires can readily be determined by means
of a dc voltmeter.

The constant—potential method is to be preferred since the
rate automatically tapers off as the cell approaches the charged
condition. Without resistance the terminal voltage should be
2.3 V per cell, but it is preferable to use 2.4 to 2.5 V per cell
with low resistance in series. ,

When a battery is being charged, its terminal voltage

V = E + Ir (15.1.28).

Compare with Eq. (15.1.27).
When a battery is fully charged, any rate will produce gas-

sing, but the rate may be reduced to such a low value that gas-
sing is practically harmless. This is called the finishing rate.

Portable batteries for automobile starting and lighting, air-
planes, industrial trucks, electric locomotives, train lighting,
and power boats employ the pasted-type plates because of their
high discharge rates for a given weight and size. The separa-
tors are either of treated grooved wood; perforated hard rub-
ber; glass-wool mats; perforated rubber, and grooved wood;
ribbed microporous rubber. In low-priced short-lived batteries
for automobiles, grooved wood alone is used; in the better
types, the wood is reinforced with perforated hard rubber.
Containers for the low—priced short-lived automobile-type
starting batteries are of asphaltic compound; for other portable
types they are usually of hard rubber.

The Exide iron-clad battery is a portable type designed for
propelling electric vehicles. The positive plate consists of a
lead-antimony frame supporting perforated hard-rubber tubes.
An irregular lead—antimony core runs down the center of each
tube, and the lead peroxide paste is packed into these tubes so
that shedding of active material from the positive plate cannot
occur. Pasted negative plates are used. The separators are flat
microporous rubber.

Stationary Batteries The tanks of stationary batteries are
made of hard rubber or plastics. When the battery is used for
regulating or cycling duty, the positive plates may be of the
Planté type because of their long life. However, in most mod-
ern installations thick pasted plates are used. Because of the
tight fit of the plate assembly within the container and the
resulting pressure of the separator against the plate surfaces,

Positive
T

1

Z i

Reoctor NegativeResistor

(b)

Fig. 15.1.16 Connections for charging storage battery from (a) 110-V dc mains, (b) copper—oxide rectifier.
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shedding of active material is reduced to a minimum and long
life is obtained. Pasted negative plates are used in almost all
batteries.

A lead storage battery removed from service for less than 9
months should be charged once a month if possible; if not, it
should be given a heavy overcharge before discontinuing ser—
vice. If removed for a longer period, siphon off acid (which may
be used again) and fill with fresh water. Allow to stand 15 h

and siphon off water. Remove and throw away the wood sep—
arators. The battery will now stand indefinitely. To put in ser-
vice again, install new separators, fill with acid (sp gr 1.210)
and charge at normal rate 35 h or until gravity has ceased to
rise over a period of 5 h. Charge at a low rate a few hours
longer.

The ampere-hour efficiency of lead batteries is 85 to 90 percent.
The watthour efficiency obtained from full charge to discharge at
the normal rate and at rated amp-hour is 75 to 80 percent.
Batteries which do regulating duty only may have a much
higher watthour efficiency.

The Edison storage cell when fully charged has a positive plate
of nickel pencils filled with a higher nickel oxide and a negative
plate of flat nickel-plated-steel stampings containing metallic
iron in finely divided form. The active material for the positive
plate is nickel hydrate and for the negative plate, iron oxide.
The electrolyte is a 21 percent solution of potassium hydrate
with lithium hydroxides. The initial emf is about 1.4 V and the

average emf about 1.1 V throughout discharge. In Fig. 15.1.17

 
 
 

 
          

$2.00 ———~—~—1—Chargel
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Hours charge or dischargeat normal rate

Fig. 15.1.17 Voltage during charge and discharge of Edison cell.

are shown typical voltage characteristics on charge and dis-
charge for an Edison cell. On account of the higher internal
resistance of the cell the battery is not so eflicient from the
energy standpoint as the lead cell. The jar is welded nickel-
plated steel. The battery is compact and extremely light and
strong and for these reasons is particularly adapted for propel—
ling electric vehicles and for boat- and train-lighting systems.
The battery is rugged, and since there is no opportunity for the
growth of active material on the plates or flaking of active
material, the battery has long life.

Nicket—Cadmium-Alkali (Nicad) Battery The positive active
material is nickelic (black) hydroxide mixed with graphite to
give it high conductivity. The negative active material is cad—
mium oxide. Both materials are used in powdered form and are
contained within flat perforated steel pockets. These pockets
are locked into steel plates, the positive and negative being
alike in construction. All steel parts are nickel—plated. A com-
plete plate group consists of a number of positive and negative
plates assembled on bolts and terminal posts common to plates
of the same polarity. The separators are thin strips of polysty-
rene, and all other battery insulation is also polystyrene. The
entire plate assembly is contained Within a welded-steel tank.
The electrolyte is potassium hydroxide (KOH), specific gravity
1.210 at 72" F (22° C); it does not enter into any chemical reac-
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tions with the electrode materials, and its specific gravity
remains constant during charge and discharge, neglecting any
slight change due to the small amount of gassing. On charge,
the voltage is 1.4 to 1.5 V until near the end when it rises to
1.8 V. On discharge, the voltage is nearly constant at 1.2 V.

Nicad batteries are strong mechanically and are not dam-
aged by overcharge; they hold their charge over long periods
of idleness, the active material cannot flake oh", the internal
resistance is law, there is no corrosion, and the battery has an
indefinitely long life. It is a general—purpose battery.

in the Sonotone nickel-cadmium battery the positive plates
are nickel oxide when the battery is charged, and the negative
plates are metallic cadmium. On discharge the positive plates
are reduced to a state of lower oxidation, and the negative
plates regain oxygen. The electrolyte is a 30 percent solution
of potassium hydroxide, the specific gravity of which is 1.29 at
room temperature. The case is a transparent plastic. The ter-
minal voltage at the normal discharge rate is 1.2 V per cell.

Rechargeable batteries, exemplified by Gould Nicad cells
(Alkaline Battery Division, Gould National Batteries, Inc),
are hermetically sealed nickel-cadmium cells that contain no

free alkaline electrolyte. Since there is no spillage or leakage,
they can operate in any position, have long life, and require no
maintenance or servicing, and their weight is small for their
output. They are thus well adapted to power many types of
cordless appliances such as tools, hedge shears, cameras, dic-
tating equipment, electric razors, radios, and television sets.
The electrodes consist of a plaque of microporous sintered
nickel having an extremely high surface area. The electro-
chemical reactions differ from those of the conventional

vented-type alkaline battery, a type which at the end of a
charge liberates both oxygen and hydrogen gases as well as
electrolytic fumes that must be vented through a valve in the
top of the cell. In the sealed nickel-cadmium cell, the negative
electrode (at the time that the cell is sealed) never becomes
fully charged, and the evolution of hydrogen is completely sup-
pressed. On charging, when the positive electrode has reached
its full capacity, the oxygen which has evolved is channeled
through the porous separator to the negative electrode and oxi—
dizes the finely divided cadmium of the microporous plate to
cadmium hydroxide, which at the same time is reduced to
metallic cadmium. The cells are constructed in three different

forms: the button type, the cylindrical type, and the prismatic
type. Their ratings range from 20 mA - h to 23 A - h. Their aver-
age discharge voltage is 1.22 V, and they require 14 h of
charge at the normal rate (one-tenth Avh rating), which for a
3.5 Ah cell is 0.35 A.

Precautions in the care of storage batteries: An ammeter should
not be connected directly across the terminals to test the con-
dition of a cell; a battery should not be left to stand in a dis-

charged condition; a flame should not be brought in the vicinity
of a battery that is being charged; the battery should not be
allowed to become heated when charging; water should never
be added to the concentrated acid—always acid to the water;
acid should never be equalized except when the battery is in a
charged condition; a battery should never be exposed to the
influence of external heat; voltmeter tests should be made when

the current is flowing; batteries should always be kept clean.
To replace acid lost through slopping, use a solution of 2 parts
concentrated sulfuric acid in 5 parts water by weight, unless a
hydrometer is at hand to enable the solution to be made up
according to the specifications of the makers of the cell.
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DIELECTRIC CIRCUIT

Dynamic and Static Electricity Electricity in motion such as
an electric current is dynamic electricity; electricity at rest is ,
static electricity. The two are identical physically. Since static
electricity is frequently produced at high voltage and small
quantity, the two are frequently considered as being two dif-
ferent types of electricity.

Capacitors

Capacitors (formerly condensers) Two conducting bodies,
or electrodes, separated by a dielectric constitute a capacitor.
If a positive charge is placed on one electrode of a capacitor,
an equal negative charge is induced on the other. The medium
between the capacitor plates is called a dielectric. The dielectric
properties of a medium relate to its ability to conduct dielectric
lines. This is in distinction to its insulating properties which
relate to its property to conduct electric current. For example,
air is an excellent insulator but ruptures dielectrically at low
voltage. It is not a good dielectric so far as breakdown strength
is concerned.

With capacitors

Q = CE (151.29)
C = Q/E (15.1.30)
E = Q/C (15.1.31)

where Q = quantity, C; C = capacitance, F; and E = voltage.
The unit of capacitance in the practical system is the farad. The
farad is too large a unit for practical purposes, so that either
the microfarad (uF) or the picofarad (pF) are used. However, in
voltage, current, and energy relations the capacitance must be
expressed in farads.

The energy stored in a capacitor

W: '/2QE = VzCE2 = 1/2Q2/C J

Capacitance of Capacitors The capacitance of a parallel-
electrode capacitor (Fig. 15.1.18) is

C = €,A/(47rd X 9 X 10]) HF

where e, = relative capacitivity; A — area of one electrode,
m2; and d = distance between electrodes, in.

@i
Fig. 15.1.18 Parallel-electrode capacitor.

(15.1.32)

(15.1.33)

The capacitance of coaxial cylindrical capacitors (Fig.
15.1.19) is

C = 0.217ie,l/ [9 x 105 log (R,/R,)] “F (15.1.34)

 
Fig. 15.1.19 Coaxial-cylinder capacitor.

 

where e, is the relative capacitivity and l the length, 111. Also

C = O.038826,/log (Rz/RJ pF/mi (15.1.35)

Equation (15.1.35) is useful in that it is applicable to cables.
The capacitance of two parallel cylindrical conductors D n1

between centers and having radii of r m is

C = 0.01941/10g (D/r) pF/mi

In practice, the capacitance to neutral or to an infinite con—

ducting plane midway between the conductors and perpendic-
ular to their plane is usually used. The capacitance to neutralis

(15.1.36)

C = 0.03882/Iog (D/r) uF/mi (15.1.37)

Equations (15.1.36) and (15.1.37) are used for calculating the
capacitance of overhead transmission lines. When computing
charging current, use voltage between lines in (15.1.36) and to
neutral in (15.1.37).

Capacitances in Parallel The equivalent capacitance of
capacitances in parallel (Fig. 15.1.20)

C=C1+C2+C3

Capacitances in parallel are all across the same voltage. If the
voltage is E, then the total quantity Q = CE and Ql = C,E,etc.

E 116l IICZ ::03
Fig. 15.1.20 Capacitances in parallel.

(15.1.38)

 

Capacitances in Series The equivalent capacitance C of
capacitances in series (Fig. 15.1.21) is found as follows:

l/C =1/C,+1/C2 +1/C3 (15.1.39)

If the capacitances are not leaky, the charge Q is the same on
each. Q = CE, E1 = Q/C,, E2 = Q/CZ, etc.

Fig. 15.1.21 Capacitances in series.

Insulators and Dielectrics insulating materials are applied
to electric circuits to prevent the leakage of current. Insulating
materials used with high voltage must not only have a high
resistance to leakage current, but must also be able to resist
dielectric puncture; i.e., in addition to being a good insulator,
the material must be a good dielectric. insulation resistance is
usually expressed in M9 and the resistivity given in MSZvcm.
The dielectric strength is usually given in terms of voltage gra-
dient, common units being V/mil, V/mm, and kV/cm. insu-
lation resistance decreases very rapidly with increase in tem-
perature. Absorbed moisture reduces the insulation resistance,
and moisture and humidity have a large effect on surface leak‘
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Table 15.1.8 Electricai Properties of Insulating Materials
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Volume Dielectric Dielectric strength
. resistivity, constant,

Material M t! - cm 60Hz V/mil V/mm

Asbestos board (ebonized) 107 55 2 X 103
Bakelite 5—30 X 10“ 45-55 450—1400 (17-55) x 103
Epoxy 10M 3.5—5 300—400 (12—16) x 103Fluorocarbons:

Fluorinated ethylene propylene 1018 2.1 500 20 x 103
Polytetrafluoroethylenc 10'8 2.1 400 16 X 103

Glass ' 17 X 109 5.4—9 9 760—3,800 (3—15) x 104
Magnesium oxide 2.2 300—700 (12-27) X 103
Mica 1014—10[7 4.5—75 Loco-4,000 (4—16) x 104
Nylon 10'4— 1017 47.6 300—400 (12—16) x 103
Neoprene 7.5 600 23.5 X 103Oils:

Mineral 21 x 106 2—4.7 300—400 (12—16) x 103
Paramn 1015 241 410—550 (16—22) x 103

Paper 1.7—2.6 110—230 (4—9) x 103
Paper, treated , 2.5—4 500-750 (20—30) X 103
Phenolic (glass filled) 10l2 — 1013 5—9 140400 (5.5—16) x 103
Polyethylene 10*S - 1018 23 450—1000 (17—40) x 103
Polyimide 10‘6 — 10‘7 3.5 400 16 x 103
Polyvinyl chloride (flexible) 10“ — 1015 5—9 300—1000 (12—40) x 103
Porcelain 3 x 102; 5.7—6.8 240—300 (95—12) X 103
Rubber 10” — 1016 2—3.5 500—700 (20—27) X 103
Rubber (butyl) 1018 2.1 ' 

age. In Table 15.1.8 are given the insulating and dielectric
properties of several common insulating materials (see also
Sec. 6). Dielectric heating of materials is described in Sec. 7.

TRANSIENTS

Induced EMF If a flux (15 webers linking N turns of conduc-
tor changes, an emf

= —N(d¢/dt) V (15.1.40)

is induced.

Self-inductance Let a flux <15 link N turns. The linkages of
the circuit are Nd) weber-turns. If the permeability of the cir-
cuit is assumed constant, the number of'these linkages per
ampere is the self-inductance or inductance of the circuit. The
unit of inductance is the henry. The inductance is

L = Nip/(i) H (15.1.41)

If the permeability changes with the current

= qus/di) H (15.1.42)

The energy stored in the magnetic field

W = 1/2L1'2 J (15.1.43)

EMF of Self-induction If Eq. (15.1.41) is written Li = Nqb
and differentiated with respect to the time t, L(di/dt) = N(d¢
/dl) and from Eq. (15.1.40)

8 = —L(di/dt) V (15.1.44)

e is the emf of self-induction. If a rate of change of current of
1 A/s induces an emf of 1 V, the inductance is then 1 H.

Current in inductive Circuit If a circuit containing resistance
R and inductance L in series is connected across a steady volt-

age E, the voltage E must supply the iR drop in the circuit and
at the same time overcome the emf of self-induction. That is

E = Ri + L di/dt. A solution of this differential equation gives

= (E/R) (1 - (W) A (15.1.45)

where e is the base of the natural system of logarithms.
Figure 15.1.22 shows this equation plotted when E = 10 V,

R = 20 9, L = 0.6 H. It is to be noted that inductance causes

 
004 0.08 012 0.16

Second

Fig. 15.1.22 Rise of current in inductive circuit.

the current to rise slowly to its Ohm’s law value, 10 = E/R =
1%0 = 0.5 A. When t = L/R, the current has reached 63.2
percent of its Ohm’s law value. L/R is the time constant of the
circuit. In the foregoing circuit, the time constant L/R = 0.6/
20 = 0.03 s. The initial rate of rise of current is tan a = E/L.
If current continued at this rate, it would reach a = E/R in
L/R s [(E/L) >< (L/R) = E/Rl. ,

If a circuit containing inductance and resistance in series is

short-circuited when the current is [0, the equation of currentbecomes '

i = lee—M A (15.1.46)
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Figure 15.1.23 shows this equation plotted when I0 = 0.5 A,
R = 209, L = 0.6 H. It is seen that inductance opposes the
decay of current. Inductance always opposes change ofcurrent.

Mutual inductance If two circuits having inductances LI
and L2 henrys are so related to each other geometrically that

 
rSwitch closed
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Second

Fig. 15.1.23 Decay of current in inductive circuit.

any portion of the flux produced by the current in one circuit
links the other circuit, the two circuits possess mutual inductance.
It follows that a change of current in one circuit causes an emf

to be induced in the other. Let 62 be induced in circuit 2 by a
change dil/dt in circuit 1. Then

:22 = —Mdi,/dt V (15.1.47)

M is the mutual inductance of the two circuits.

M = k \/L,L2 (15.1.48)

where k is the coefficient of coupling of the two circuits, or the
proportion of the flux in one circuit which links the other. Also

a change of current dig/d! in circuit 2 induces an emf e, in
circuit 1, el = —M dl-Z/dt.

The stored energy is

W = Vlel’f + ‘4ng + MAI2 1

where I, and 12 are the currents in circuits 1 and 2.

Current in Capacitive Circuit If capacitance C farads and
resistance R ohms are connected in series across the steady
voltage E, the current is

i = (E/R)e“/CR A

lfa capacitor charged to voltage E is discharged through resis—tance R, the current is

z' = “(marl/CR A

Except for sign, these two equations are identical and are of
the same form as Eq. (15.1.46).

In Fig. 15.1.24 is shown the transient current to a capacitor
in series with a resistor when E = 200 V, C = 4.0 “F, R =
2 k9. When I = CR, the current has reached 1/6 = 0.368 its
initial value. CR is the time constant of the circuit. The initial
rate of decrease of current is tana = ~ E/CRZ. If the current
continued at this rate it would reach zero when the time 13 CR
5, If, in its fully charged condition, the capacitor of Fig. 15.1.24
is discharged through the resistor R, the curve will be the neg—
ative of that shown in Fig. 15.1.24.

Resistance, Inductance, and Capacitance in Series If a cir-
cuit having resistance, inductance, and capacitance in series is
connected across a source of steady voltage, a transient con-
dition results. If R > V 4L/C, the circuit is nonoscillatory or
overdamped.

The current is

(15.1.49)

(15.1.50)

(15.1.51)

1 = ~——E—C——-— (ei—“W' — shed“) ‘ A (15.1.52)\/R2C2 — 4LC

wherea = R/ZL and ,6 = (VRZCZ — 4LC) /2LC.
In Fig. 15.1.25 is shown the curve corresponding to Eq.

(15.1.52). When R = \/ 4L/C, the system is critically damped and
the transient dies out rapidly without oscillation. The currentis

i = (E/L)te‘R’/2L A

Figure 15.1.25 shows also the curve corresponding to Eq.
(15.1.53).

If R < \/4L/C, the transient is oscillatory, being a logarith-
mically damped sine wave. The current is

2EC . \/4LC .. RZCQ—RI/2L
_= ,
' \/4LC~R2@‘ 3‘“ 2LC

(15.1.53)

A

(15.1.54)
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3 ‘ Critical
t.) damping

 

 
         

Time

Fig. 15.1.25 Transient current in nonoscillatory circuits.

The transient oscillates at a frequency very nearly equal to
1 /(27r x/ZZ) Hz. This is the ham: frequency of the circuit.

In Fig. 15.1.26 is shown the curve corresponding to Eq.
(15.1.54). If the capacitor, after being charged to E V, is dis-
charged into the foregoing series circuits, the currents are

 

 

 

 

 

 
          
 

Time

Fig. 15.1.26 Transient current in oscillatory circuit.
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given by Eqs. (15.1.52) to (15.1.54) multiplied by — 1. Equations
(15.1.52) to (15.1.54) are the same types obtained with dynamic
mechanical systems with friction, mass, and elasticity.

ALTERNATlNG CURRENTS

Sine Waves In the following discussion of alternating cur-
rents, sine waves of voltage and current will be assumed. That
is, e = Em sin wt and 1’ = 1”, sin (wt -— 6), where Em and [m
are maximum values of voltage and current; (.0, the angular
velocity, in rad/s, is equal to 27rf, where fis the frequency; 6
is the angle of phase difference.

Cycle; Frequency When any given armature coil has passed
a pair of poles, the emf or current has gone through 360 elec-
trical degrees, or 1 cycle. An alternation is one-half a cycle. The
frequency of a synchronous machine in cycles per second (hertz)18

f: NP/120 Hz

where N is the speed in r/min and P the number of poles. In
the United States and Canada the frequency of 60 Hz is
almost universal for general lighting and power. For the ac
power supply to dc transit systems, and for railroad electrifi-
cation, a frequency of 25 Hz is used in many installations. In
most of Europe and Latin America the frequency of 50 Hz is
in general use. In aircraft the frequency of 400 Hz has become
standard.

Static inverters make it possible to obtain high and variable

frequencies to drive motors at greater than the 3,600 r/min
limitation on 60-Hz circuits, and to vary speeds. The textile
industry has small motors operating at 12,000 r/min (200 Hz),
and larger motors have been run at 6,000 r/min (100 Hz).

The root-mean-square (rms), 01‘ effective, value of a current wave

produces the same heating in a given resistance as a direct cur-
rent of the same ampere value. Since the heating effect of a
current is proportional to Fr, the rms value is obtained by
squaring the ordinates, finding their average value, and
extracting the square root, i.c., the rms value is

(15.1.55)

’ T

I: l/T ] 12d: A (15.1.56)0

where T is the time of a cycle. The rms value I of a sine wave
equals (1 NE) 1,, = (17071,,

Average Value of a Wave. The average value of a sine wave
over a complete cycle is zero. For a half cycle the average is
(2/7r)1,,,, or 0.637 1,", where I", is the maximum value of the
sine wave. The average value is of importance only occasion-
ally. A dc measuring instrument gives the average value of a
pulsating wave. The average value is of use (1) when the effects
of the current are proportional to the number of coulombs, as
in electrolytic work and (2) when converting alternating to
direct current.

Form Factor The form factor of a wave is the ratio of rms

value to average value. For a sine wave this is 7r/(2 V5) =
1.11. This factor is important in that it enters equations for
induced emf.

Inductive reactanee, 27rfL or wL, opposes an alternating cur-
rent in inductance L. It is expressed in $2. Reactance is usually
denoted by the symbol X. Inductive rcactance is denoted by
X1~

The current in an inductive reactance XL when connected
across the voltage E is

ALTERNATING CURRENTS 15-21

1 = E/XL = E/(qufL) A

This current lags the voltage by 90 electrical degrees. Induc—
tance absorbs no energy. The energy stored in the magnetic
field during each half cycle is returned to the source during the
same half cycle.

Capacitive reactance is l/(ZvrfC) = l/wC and is denoted by
XC, where C is in F. If C is given in uF, XC = 105/21rfC. The
current in a capacitive reactance XC when connected across
voltage E is

(15.1.57)

1 = E/XC = 21rfCE A

This current leads the voltage by 90 electrical degrees, Pure
capacitance absorbs no energy. The energy stored in the dielec-
tric field during each half cycle is returned to the source during
the same half cycle.

Impedance opposes the flow of alternating current and is
expressed in (2. It is denoted by Z. With resistance and induc-
tance in series '

(15.1.58)

 

Z = VR2 + X2 = VR2 + (21rfL)2 tz (15.1.59)

With resistance and capacitance in series

Z,= \/R2 + ch = \/R2 + [1/(27rfC)]2 t2 (15.1.60)

With resistance, inductance, and capacitance in series

2: \/R2+(XL—XCZ

= V}?2 + [2wa — 1/(27rfC)]2 n (15.1.61)

The current is

I = E/VR2 + [271’ L — l/(ZarfCflz A (15.1.62)

Phasor or Vector Representation Sine waves of voltage and
current can be represented by phasors, these phasors being pro-
portional in magnitude to the waves that they represent. The
angle between two phasors is also equal to the time angle exist-
ing between the two waves that they represent.

Phasors may be combined as forces are combined in
mechanics. Both graphical methods and the methods of com-
plex algebra are used. Impedances and also admittances may
be similarly combined, either graphically or symbolically. The
usual method is to resolve series impedances into their com—
ponent resistances and reactances, then combine all resistances
and all reactances, from which the resultant im edance is

obtained. Thus Z1 + 22 = \/(r] + r2)2 + (x} + x2)2, where
rl and XI are the components of 21, etc.

Phase Difference With resistance only in the circuit, the
current and the voltage are in phase with each other; with
inductance only in the circuit, the current lags the voltage by
90 electrical degrees; with capacitance only in the circuit, the
current leads the voltage by 90 electrical degrees.

With resistance and inductance in series, the voltage leads
the current by angle 6 where tan 6 = XL/R. With resistance
and capacitance in series, the voltage lags the current by angle
6 where tan 6 = —XC/R. '

With resistance, inductance, and capacitance in series, the
voltage may lag, lead, or be in phase with the current.

tan 0 = (XL — XC)/R = (2wa ~ 1/27rfC)/R (15.1.63)

If XL > XC the voltage leads; if XL < XC the voltage lags; if
XL = XC the current and voltage are in phase and the circuit
is in resonance.
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Power Factor In ac circuits the power P = [2R where I is
the current and R the effective resistance (see below). Also the
power

P=EIcost9 W

where 6 is the phase angle between E and I. Cos 6 is the power
factor (pf) of the circuit. It can never exceed unity and is usu-
ally less than unity.

(15.1.64)

cos 6 = P/EI (15.1.65)

P is often called the true power. The product E1 is the volt—
amp (V-A) and is often called the apparent power.

Active or energy current is the projection of the total current
on the voltage phasor. I, = 1 cos 0. Power =’ 131,.

Reactive, quadrature, 0r wattless current 14 = I sin 6 and is the
component of the current that contributes no power but
increases the [2R losses of the system. In power systems it
should ordinarily be made low. . i

The vars (volt-amp-reactive) are equal to the product of the
voltage and reactive current. Vars = EIq. Ki10vars = EIq/1,000.

Effective Resistance When alternating current flows in a
circuit, the losses are ordinarily greater than are given by the

losses in the ohmic resistance alone. For example, alternating
current tends to flow near the surface of conductors (skin
effect). if iron is associated with the circuit, eddy-current and
hysteresis losses result. These power losses may be accounted
for by increasing the ohmic resistance to a value R, where R
is the effective resistance, R = P/I/I’. Since the iron losses vary as
1"8 to 12, little error results from this assumption.

SOLUTION OF SERIES—CIRCUIT PROBLEM. Let a resistor R of 10 0,
an inductor L of 0.06 H, and a capacitor C of 60 0F be connected in
series across 120-V 60—Hz mains (Fig. 15.1.27). Determine (l) the

I= 5.04

R 15,55045:120

60'\ L E51140

C 55223

Fig. 15.1.27 Resistor, inductor, and capacitor in series.

impedance, (2) the current, (3) the voltage across the resistance, the
inductance, the capacitance, (4) the power factor, (5) the power, (6)
the angle of phase difference.

(1) w =27rso = 377. XL = 0.06 x 377 = 22.501 XC = 1/(377 x
0.000060) = 44.2 9; Z = \/(10)2 + (22.6 — 44.2)1 = 23.8 H; (2) I
= 120/23.8 = 5.04 A; (3) ER = [R = 5.04 X 10 = 50.4 V; EL =
[XL = 5.04 X 22.6 = 114.0 V; EC = IXC = 5.04 X 44.2 = 223 V;
(4) tan 6 (XL Xd/R ’- 21,6/10 ~ 216,0 — 65.2“, costi
= pf = 0.420; (5) P = 120 X 5.04 X 0.420 = 254 W; P = 12R =
(5.04)2 X 10 = 254 W (check); (6) From (4) 6 = —65.2". Voltage
lags. The phasor diagram to scale of this circuit is shown in Fig. 15.1.28.

  

EL= 114.0

 
Fig. 15.1.28 Phasor diagram for series circuit.

 

Since the current is common for all elements of the circuit, its phasor
is laid horizontally along the axis of reference.

Resonance If the voltage E and the resistance R [Eq.
(15.1.62) ] are fixed, the maximum value of current occurs when

22wa — 1/27rfC = 0. The circuit so far as its terminals are
concerned behaves like a noninductive resistor. The current I

= E/R, the power P = E], and the power factor is unity.
The voltage across the inductor and the voltage across the

capacitor are opposite and equal and may be many times
greater than the circuit voltage. The frequency

f: 1/(271' v1?) Hz

is the natural frequency of the circuit and is the frequency at
which it will oscillate if the circuit is not acted upon by some
external frequency. This is the principle of radio sending and
receiving circuits. Resonant conditions of this type should be
avoided in power circuits, as the piling up of voltage may
endanger apparatus and insulation.

(15.1.66)

EXAMPLE. For what value of the inductance in the circuit (Fig.
15.1.27) will the circuit be in resonance, and what is the voltage across
the inductor and capacitor under these conditions?

From Eq. (15.1.66)]. = l/(27rf)2C = 0.1173 H. I = E/R = 120/10
= 12 A. LwI = I/Cw = 0.1173 x 377 X 12 = 530 V. This voltage is
over four times the line voltage.

Parallel Circuits

Parallel circuits are used for nearly all power distribution.
With several series circuits in parallel it is merely necessary to
find the current in each and add all the current phasors vec-
torially to find the total current. Parallel circuits may be solved
analytically.

A series circuit has resistance rl and inductive reactance x,.
The conductance is

gI = r,/(r% + x?) = r,/Z§ S (15.1.67)

and the susceptance is

b] = x,/(r% + x?) = x,/Z§ S (15.1.68)

Conductance is not the reciprocal of resistance unless the reac-
tance is zero; susceptance is not the reciprocal of reactance
unless the resistance is zero. With inductive reactance the sus-

ceptance is negative; with capacitive reactance the susceptance
is positive.

If a second circuit has resistance rZ and capacitive reactance )62
in series, g2 = rZ/(r§ + x3) = rZ/Z2 ; b; = xZ/(r§ + xg)
= xz/Zg. The total conductance G = g + g2; the total sus—
ceptance B = —171 + b2. The admittance is

Y: \/Gz+Bz=1/Z s

The energy current is EG; the reactive current is EB; the
power is

(15.1.69)

P = EZG W (15.1.71))
vars = E23 W (15.1.71)

The power factor is

pf = G/Y (15.1.72)

Also the following relations hold:

r = g/(gz + bl) = g/Y2 o (15.1.73)
x = b/(g2 + 171) = b/Y2 o (15.1.74)

SOLUTION OF A PARALLEL—CIRCUIT PROBLEM. In the parallel circuit
of Fig. 15.1.29 it is desired to find the joint impedance, the total current,
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[1 R1 LI
21 X1

I E

R1

12 R2 C2

Fig. 15.1.29 Parallel circuit and phasor diagram

the power in each branch, the total power, and the power factor, when
=100,f= 60, R] = 29, R2 = 49, Ll = 0.00795 H X = waL1

= 3 52, C2 = 1,326 uF,X2 = l/27rfC2 = 20,Z1= \/25+ 32 = 3.6
9, and Y. = 1/36 = 0.278 S. -

2/13 = 0.154; b, = —3/13 =Solution: g, = R1/ (R? + Xi) =

—0.231; 22 = V16 + 4 = 4.47; Y2 = 1/447 = 0.224; 2.72 = R2/
(13% + xg) = 4/(16 + 4) = 0.2 S; 122 = 2/20 = 01 S; G ~ g1+ g2
=0.154+0.2=0.354S;B= b +1) = —0.23l +0.1 —0.131

s; Y = VGZ + B? =.\/0.3547 + (—0.131)2 = 0.377 s, and joint
impedance Z = 1/0377 = 2.65 (2. Phase angle 0 = tan"1 (—0.131/
0.354) = —20.3°. I = EY= 100 X 0377 = 37,7 A; P1 = Elg] =
1002 x 0.154 = 1,540 w;1>2 = Ezg2 = 1002 x 0.2 = 2,000 w; total
power = EZG = 1002 X 0.354 = 3,540 W. Power factor = cos 0 =
3,540/ (100 X 37.7) = 93.8 percent.

With parallel circuits, unity power factor is obtained when
the algebraic sum of the quadrature currents is zero. That is,
b1+b2+b3' ' ‘ =0

Three-Phase Circuits Ac generators are usually wound with
three armature circuits which are spaced 120 electrical degrees
apart on the armature. Hence these coils generate emfs 120
electrical degrees apart. The coils are connected either in Y
(star) or in A (mesh) as shOWn in Fig. 15.1.30. Whether Y— or

C A

(a) (b)

Fig. 15.1.30 Three-phase connections. (a) Y connection; (17) A
connection.

A-connected, with a balanced load, the three coil emfs EC and
the three coil currents I, are equal. In the Y connection the
line and coil currents are equal, but the line emfs EAR, EBC, ECA
are V3 times in magnitude the coil emfs EDA, E03, Ego since
each is the phasor difference of two coil emfs. In the delta con—
nection the line and coil emfs are equal, but I, the line current,
is V3 1,, the coil current, i.e,, it is the phasor difference of the
currents in the two coils connected to the line. The power of a
coil is EJC cos 6, so that the total power is 3ECIL. cos 6. If 19 is
the angle between coil current and coil voltage, the angle
between line current and line voltage will be 30 " i 0. In terms
of line current and emf, the power is V3 El cos 6. A fourth or
netural conductor connected to 0 is frequently used with the
Y connection. The neutral point 0 is frequently grounded in
transmission and distribution circuits. The coil emfs are

assumed to be sine waves. Under these conditions they balance,
so that in the delta connection the sum of the two coil emfs at

each instant is balanced by the third coil emf. Even though the
third, ninth, fifteenth . . . harmonics, 3(2n + 1))", where n
0 or an integer, exist in the coil emfs, they cannot appear
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between the three external line conductors of the three-phase
Y-connected circuit. In the delta circuit, the same harmonics
3(2n + 1)f cause local currents to circulate around the mesh.
This may cause a very appreciable heating. In a three-phase
system the power

P = V3 EI cos 0 W (15.1.75)

the power factor is

P/V§ E1 (15.1.76)
and the kV-A

V3 EI/1,000 (15.1.77)

where E and I are line voltages and currents.
Two-Phase Circuits Two—phase generators have two wind—

ings spaced 9O electrical degrees apart on the armature. These
windings generate emfs difl'ering in time phase by 90°. The
two windings may be independent and power transmitted to
the receiver though the two single-phase circuits are entirely
insulated from each other. The two circuits may be combined
into a two—phase three-wire circuit such as is shown in Fig.
15.1.31, where 0A and 08 are the generator circuits (or trans-
former secondaries) and A’O’ and EU are the load circuits.
The wire 00’ is the common wire and under balanced condi-
tions carries a current V2 times the current wires AA’ and

88’. For example, if I, is the coil current, V2 1, will be the
value of the current in the common conductor 00’. If E is the
voltage across 0A or OB, V2 E, will be the voltage across AB.
The power of a two-phase circuit is twice the power in either
coil if the load is balanced. Normally, the voltages 0A and OB
are equal, and the current is the same in both coils. Owing to
nonsymmetry and the high degree of unbalancing of this sys-
tem even under balanced loads, it is not used at the present
time for transmission and is little used for distribution.

 
  

bllrvnolnu

O ‘T‘E —...i B 1. c B
Generator VZIc Lood

Fig. 15.1.31 Two~phase, three-wire circuit.

  

Four—Phase Circuit A four—phase or quarter—phase circuit is
shown in Fig. 15.1.32. The windings AC and BD may be inde-
pendent or connected at 0. The voltages AC and BD are 90
electrical degrees apart as in two-phase circuits. If a neutral
wire 0—0’ is added, three different voltages can be obtained.
Let E, voltage between O—A, 0—8, 0C, 00 Voltages
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between A—B, B—C, C—D, D-A = \/E E1. Voltages between A—
C, B~D = 215,. Because of this multiplicity of voltages and the
fact that polyphase power apparatus and lamps may be con-
nected at the same time, this system is still used to some extent
in distribution.

Generator
 

Load

Fig. 15.1.32 Four-phase or quarter~phase circuit.

Advantages of Polyphase Power The advantages of poly-
phase power over single-phase power are as follows. The output
of synchronous generators and most other rotating machinery
is from 60 to 90 percent greater when operated polyphase than
when operated single phase; pulsating fluxes and corresponding
iron losses which occur in many common types of machinery
when operated single phase are negligible when operated poly-
phase; with balanced polyphase loads polyphase power is con—
stant whereas with single phase the power fluctuates over wide
limits during the cycle. Because of its minimum number of
wires and the fact that it is not easily unbalanced, the three-
phase system has for the most part superseded other polyphase
systems.

ELECTRICAL INSTRUMENTS AND
MEASUREMENTS

Electrical measuring devices that merely indicate, such as
ammeters and voltmeters, are called instruments; devices that
totalize with time such as watthour meters and ampere—hour
meters are called meters. (See also See. 16.) Most types of elec—
trical instruments are available with digital read out.

DC Instruments Direct current and voltage are both mea-
sured with an indicating instrument based on the principle of
the D’Arsonval galvanometer. A coil with steel pivots and turn-
ing in jewel bearings is mounted in a magnetic field produced
by permanent magnets. The motion is restrained by two small
flat coiled springs, which also serve to conduct the current to
the coil. The deflections of the coil are read with a light alu-
minum pointer attached to the coil and moving over a gradu-
ated scale. The same instrument may be used for either current
or voltage, but the. method of connecting in circuit is difi‘erent
in the two cases. Usually, however, the coil of an instrument to
be used as an ammeter is wound with fewer turns of coarser
wire than an instrument to be used as a voltmeter and so has

lower resistance. The instrument itself is frequently called a
millivoltmeler. It cannot be used alone to measure voltage of any
magnitude since its resistance is so low that it would be burned
out it connected across the line. Hence a resistance r’ in series

with the coil is necessary as indicated in Fig. 15.1.33a in which
rC is the resistance of the coil. From 0.2 to 750 V this resistance
is usually within the instrument. For higher voltages an exter-
nal resistance R, called an extension coil or multiplier (Fig.
15.1.3317), is necessary. Let e be the reading of the instrument,
in volts (Fig. 15.1.3319), r the internal resistance of the instru—

 

ment, including r’ and r, in (15.1.33a), R the resistance of the
multiplier. Then the total voltage is

E = e{R + rj/r (15.1.78)

It is clear that by using suitable values of R a voltmeter can
be made to have several scales.

Instruments themselves can only carry currents of the mag—
nitudes of 0.01 to 0.06 A. To measure larger values of current
the instrument is provided with a shunt R (Fig. 151.34). The
current divides inversely as the resistances r and R of the
instrument and the shunt. A low resistance 1" within the instru—

ment is connected in series with the coil. This permits some
adjustment to the deflection so that the instrument can be
adapted to its shunt. Usually most of the current flows through
the shunt, and the current in the instrument is negligible in
comparison. Up to 50 and 75 A the shunt can be incorporated
within the instrument. For larger currents it is usually neces—
sary to have the shunt external to the instrument and connect
the instrument to the potential terminals of the shunt by means
of leads. Any given instrument may have any number of ranges

Multiplier  
(b)

Fig. 15.1.33 Voltmeters. (a) Internal resistance; (b) with multiplier.

 
 

Millivott-
meter

Shunt

Fig. 15.1.34 Millivoltmeter with shunt.

by providing it with a suflicient number of shunts. The range
of the usual instrument of this type is approximately 50 mV.
Although the same instrument may be used for voltmeters or
ammeters, the moving coils of voltmeters are usually wound
with more turns of finer wire. They take approximately 0.01 A
so that their resistance is approximately 100 (Z/V. Instruments
used as ammeters alone operate with 0.01 to 0.06 A.

Permanent-magnet moving-coil instruments may be used to
measure unidirectional pulsating currents or voltages and in
such cases will indicate the average value of the periodically
varying current or voltage.

AC Instruments Instruments generally used for alternating
currents may be divided into five types: electrodynamometer, iron-
vane, thermocouple, rectifier, and electronic. Instruments of the
electrodynamometer type, the most precise, operate on the prin-
ciple of one coil carrying current, turning in the magnetic field
produced by a second coil carrying current taken from the
same circuit. If these circuits or coils are connected in series,
the torque exerted on the moving system for a given relative
position of the coil system is proportional to the square of the
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current and is not dependent on the direction of the current.
Consequently, the instrument will have a» compressed scale at
the lower end and will usually have only the upper two~thirds
of the scale range useful for accurate measurement. Instru—
ments of this type ordinarily require 004 to 0.08 A or more in
the moving-coil circuit for full-scale deflection. They read the
rms value of the alternating or pulsating current. The watt-
meter operates on the electrodynamometer principle. The fixed
coil, however, is energized by the current of the circuit, and the
moving coil is connected across the potential in series with high
resistance. Unless shielded magnetically the foregoing instru-
ments will not, in general, indicate so accurately on direct as
on alternating current because of the effects of external stray
magnetic fields. Also reversed readings should be taken. Iron-
vane instruments consist of a fixed coil which actuates magnet-
ically a light movable iron vane mounted on a spindle; they are
rugged, inexpensive, and may be had in ranges of '30 to 750 V
and 0.05 to 100 A. They measure rms values and tend to have

compressed scales as in the case of electrodynamometerinstruments.

The compressed part of the scale may, however, be extended
by changing the shape of the vanes. Such instruments operate
with direct current and are accurate to within 1 percent or so.
AC instruments of the induction type (Westinghouse Electric
Corp.) must be used on ac circuits of the frequency for which
they have been designed. They are rugged and relatively inex~
pensive and are used principally for switchboards where a long—
scale range and a strong deflecting torque are of particular
advantage. Thermocouple instruments operate on the Seebeck
efl‘ect. The current to be measured is conducted through a
heater wire, and a thermojunction is either in thermal contact
with the heater or is very close to it. The emf developed in the
thermojunction is measured by a permanent-magnet dc type of
instrument. By controlling the shape of the air gap, a nearly
uniform scale is obtained. This type of instrument is well
adapted to the measurement of high-frequency currents or
voltages, and since it operates on the heating eflect of current,
it is convenient as a transfer instrument between direct current
and alternating current.

In the rectifier—type instrument the ac voltage or current is recn
tified, usually by means of a small copper oxide or a selenium-
type rectifier, connected in a bridge circuit to give full-wave
rectification (Fig. 15.1.35). The rectified current is measured
with a dc permanent-magnet—type instrument M. The instru-
ment measures the average value of the half waves that have

been rectified, and with the sine waves, the average value is 0.9
the rms value. The scale is calibrated to indicate rms values.

 
Fig. 15.1.35 Rectifier—type instrument.
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With nonsinusoidal waves the ratio of average to rms may vary
considerably from 0.9 so that the instrument may be in error
up to 1'5 percent from this cause. This type 0f instrument is
widely used in the measurement of high-frequency voltages
and currents. Electronic (vacuum-tube) voltmeters operate on the
principle of the amplification which can be obtained with a
triode, or three—element vacuum tube. Since the emf to be mea-

sured is applied to the grid, the instruments take practically no
current and hence are adapted to measure potential differences
which would change radically were any appreciable current
taken by the measuring device. This type of instrument can
measure voltages from a few tenths of a volt to several hundred
volts, and with a potential divider, up to thousands of volts.
They are also adapted to frequencies up to 100 MHz.

Particular care must be used in selecting instruments for
measuring the nonsinosoidal waves of rectifier and controlled

rectifier Circuits. The electrodynamic, iron vane, and thermocouple
instruments will read rms values. The rectifier instrument will

read average values, while the electronic instrument may read
either rms or average value, depending on the type.

Power Measurement in Single-Phase Circuits Wattmeters

are not rated primarily in W, but in A and V. For example,
with a low power factor the current and voltage coils may be
overloaded and yet the needle be well on the scale. The current

coil may be carrying several times its rated current, and yet
the instrument reads zero because the potential circuit is not
closed, etc. Hence it is desirable to use both an ammeter and

a voltmeter in conjunction with a wattmeter when measuring
power (Fig. 15.1.36a). The instruments themselves consume

L01
Load Load

(0) (b)

Fig. 15.1.36 Connections of instruments to single-phase load.

appreciable power, and correction is often necessary unless
these losses are negligible compared with the power being mea-
sured. For example, in Fig. 15.1.3612, the wattmeter measures
the FR loss in its own current coil and in the ammeter (l to 2
W each), as well as the loss in the voltmeter (= EZ/R where
R is the resistance of the voltmeter). The losses in the ammeter
and voltmeter may be eliminated by short-circuiting the
ammeter and disconnecting the voltmeter when reading the
wattmeter. If the wattmeter is connected as shown in Fig.
15.1.36b, it measures the power taken by its own potential coil

(Ez/Rp) which at 110 V is 5 to 7 W. (RP is the resistance of
the potential circuit.) Frequently correction must be made for
this power.

Power Measurement in Polyphase Circuits; Three-Wattmeter
Method Let a0, b0, and co be any Y—connected three-phase
load (Fig. 15.1.37). Three wattmeters with their current coils
in each line and their potential circuits connected to neutral
measure the total power, since the power in each load is mea-
sured by one of the wattmeters. The connection 00’ may, how-
ever, be broken, and the total power is still the sum of the three
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readings; i.c., the power P = P1 + P: + P3. This method is
applicable to any system of n wires. The current coil of one
wattmeter is connected in each of the n wires. The potential
circuit of each wattmeter is connected between its own phase

wire and a junction in common with all the other potential cir-

 
Fig. 15.1.37 Three-wattmeter method.

cuits. The wattmeters must be connected symmetrically, and

the readings of any that read negative must be given the neg-
ative Sign.

In the general case any system of 21 wires requires at least 11
—- 1 wattmeters to measure the power correctly. The n — 1
wattmeters are connected in series with n — 1 wires. The

potential circuit of each is connected between its own phase
wire and the wire in which no wattmeter is connected (Fig.

15.1.38). »

 
Fig. 15.1.38 Power measurement in n-wire system.

The thermal watt converter is also used to measure power.
This instrument produces a dc voltage proportional to three—
phase ac power.

Three-Phase Systems The three—wattmeter method (Fig.
15.1.37) is applicable to any three-phase system. It is com—
monly used with the three-phase four-wire system. If the loads
are balanced, P1 = P2 = P3 and the power P = 3P].

The two-wattmeter method is most commonly used with three-

phase three-wire systems (Fig. 15.1.39). The current coils may
be connected in any two wires, the potential circuits being con-
nected to the third. It will be recognized that this is adapting

Table 15.1.9 Ratio P1/P2 and Power Factor

 

the method of Fig. 15.1.38 to three wires. With balanced loads
the readings of the wattmeters are P1 7— Ei cos (30° + 0), P2
= Ei cos (30° — 6), and P = P2 i P,. 6 is the angle of phase
difference between coil voltage and current. Since

Pl/P2 = cos (30° + 0)/cos (30" — 0)

the power factor is a function of P,/P2. Table 15.1.9 gives val-
ues of power factor for dilferent ratios of Pl/Pz.

P = P2 + PI whenfl < 60".
Whenfi = 60“,pf = cos 60" = 0.5,Pl = cos (30° + 60”)

= 0, P = P2. When 6 > 60", pf < 0.5, P = P2 ~ P1. Also,

tan 6 = \/5 (P2 — P.)/(P2 + P.) (15.1.80)

L

(15.1.79)

Load

L9
Fig. 15.1.39. Two-wattmeter method.

In a polyphase wattmeter the two single—phase wattmeter ele-
ments are combined to act on a single spindle. Hence the add-

ing and subtracting of the individual readings are done auto-
matically. The total power is indicated on one scale. This type
of instrument is almost always used on switchboards. The con—
nections of a portable type are shown in Fig. 15.1.40.

In the foregoing instrument connections, Y—connected loads
are shown. These methods are equally applicable to delta—con-
nected loads. The two-wattmeter method (Fig. l5.1.39) is

obviously adapted to the two-phase three-wire system (Fig.
15.1.31).

 KS:)urce

Fig. 15.1.40 Connections for polyphase wattmeter in three-phase
circuit.

Measurement of Energy

Watthour meters record the energy taken by a circuit over some
interval of time. Correct registration occurs if the angular
velocity of the rotating element at every instant is proportional

W

 
Power ) Power ) . Powei ) , Power

Pl/P’ factor 1 MP2 factor I ”‘02 factor I ”P2 factor

+|.0 l.000 +0.4I 0.304 —0.l 0.427 —0.6 0.142
+0.9 0.996 +0.3 0.732 -0.2 0.360 «0 7 0.102
+0.8 0.982 +0.2 0.656 —0.3 0.296 —-0 8 0.064
+0.7 0.956 +0.| 0.576 —0.4 0.240 - 9 0.030
+0.6 0.918 0.0 0.50 —0.5 0.]38 ~10 0.000
+0.5 0.866 
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to the power. The method of accomplishing this with do meters
is illustrated in Fig. 15.1.41. The meter is in reality a small
motor. The field coils FF are in series with the line. The arma-
ture A is connected across the line, usually in series with a
resistor R. The movable field coil F’ is in series with the arma~
ture A and serves to compensate for friction. C is a small com-
mutator, either of copper or of silver, and the two small brushes
are usually of silver. An aluminum disk, rotating between the

 
Fig. 15.1.41 DC watthour meter.

poles of permanent magnets M, acts as a magnetic brake the
retarding torque of which is proportional to the angular veloc-
ity of the disk. A small WOrm and the gears G actuate the
recording dials.

The following relation, or an equivalent, holds with most
types of meter. With each revolution of the disk, K Wh are
recorded, where K is the meter constant found usually on the
disk. It follows that the average Watts P over any period of time[see is »

P = 3,600KN/t

where N is the revolutions of the disk during that period.
Hence, the meter may be calibrated by connecting standard-
ized instruments to measure the average power taken by the
load and by counting the revolutions N for t 3. Near full load,
if the meter registers fast, the magnets M should be moved
outward radially; if it registers slow, the magnets should be
moved inward. If the meter registers fast at light (5 to 10 per-
cent) load, the starting coil F’ should be moved further away
from the armature; if it registers slow, F’ should be moved
nearer the armature. A meter should not register more than
1.5 percent fast or slow, and with calibrated standards it can
be made to register to within 1 percent of correct.

The induction watthour meter is used with alternating current.
Although the dc meter registers correctly with alternating cur-
rent, it‘is more expensive than the induction type, the come
mutator and brushes may cause trouble, and'at low power fac-
tors compensation is necessary. In the induction Watthour

meter the driving torque is developed in the aluminum disk by
the joint action of the alternating magnetic flux produced by
the potential circuit and by the load current. The driving
torque and the retarding torque are both developedin the same
aluminum disk, hence no commutator and brushes are neces-
sary. The rotating element is very light, and hence the friction
torque is small. Equation (15.1.81) applies to this type of meter.
When calibrating, the average power W for t s is determined

with a calibrated wattmeter. The friction compensation is

(15.1.81)

made at light loads by changing the position of a small hollow '
stamping with respect to the potential lug. The meter should
also be adjusted at low power factor (0.5 is customary). If the
meter is slow with lagging current, resistance should be cutout

of the compensating circuit; if slow with leading current, resis-tance should be inserted.
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Power-Factor Measurement The usual method of determin-
ing power factor is by the use of voltmeter, ammeter, and watt-
meter. The wattmeter gives the watts of the circuit, and the
product of the voltmeter reading and the ammeter reading
gives the volt-amperes. The power factor is the ratio of the two
[see Eqs. (15.1.65) and (15.1.76)]. Also single-phase and three-
phase power—factor indicators, which can be connected directly
in circuit, are on the market.

Instrument Transformers

With voltages higher than 600 V, and even at 600 V, it
becomes dangerous and inaccurate to connect instruments and
meters directly into power lines. It is also difficult to make
potential instruments for voltages in excess of 600 V and
ammeters in excess of 60—A ratings. To insulate such instru-

ments from high voltage and at the same time to permit the
use of low—range instruments, instrument transformers are
used. Potential transformers are identical with power trans-
formers except that their volt—ampere rating is low, being 40
to 500 W. Their primaries are wound for line voltage and their
secondaries for 110 V. Current transformers are designed to go in
series with the line, and the rated secondary current is 5 A.
The secondary of a current transformer should always be closed
when current is flowing; it should never be allowed to become
open circuited under these conditions. When open—circuited the
voltage across the secondary becomes so high as to be danger~
ous and the flux becomes so large in magnitude that the trans-
former overheats. Semiconductors that break down at safe
voltages and short current—transformer secondaries are avail-
able to ensure that the secondary is closed. The secondaries of
both potential and current transformers should be well
grounded at one point (Figs. 15.1.42 and 15.1.43). Instrument
transformers introduce slight errors because of small variations

 
 

 

Load

Current
transformer

 

 

Fig. 15.1.42 Single-phase connections of instruments with trans-formers.
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26,400 V
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Fig. 15.1.43 Three-phase connections of instruments and instrumenttransformers.
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in their ratio with load. Also there is, slight phase displacement
in both current and potential transformers. The readings of the
instruments must be multiplied by the instrument transformer
ratios. The scales of switchboard instruments are usually cali-
brated to take these ratios into account.

Figure 15.1.42 shows the use of instrument transformers to
measure the voltage, current, power, and kilowatthours of a
single-phase load. Figure 15.1.43 shows the connections that
would be used to measure the voltage, current, and power of a
26,400-V 600-A three-phase load.

Measurement of High Voltages Potential transformers such
as those shown in Figs. 15.1.42 and 15.143 may be used even
for very high voltages, but for voltages above 132 kV they
become so large and expensive that they are used only spar-
ingly. A convenient method used with testing transformers is
the employment of a voltmeter coil, which consists of a coil of
a few turns interwoven in the high-voltage winding and insu-
lated from it. The voltage ratio is the ratio of the turns in the
high—voltage winding to those in the voltmeter coil. A capaci-
tance voltage divider consists of two or more capacitors con-
nected in series across the high voltage to be measured. A high—
impedance voltmeter, such as an electronic one, is connected
across the capacitor at the grounded end. The high voltage V
= VmCm/C V, where V," is the voltmeter reading, C the capac—
itance (in MP) of the entire divider, and Cm the equivalent
capacitance (in HF) of the capacitor at the grounded end. A
bushing potential device consists of a high—voltage—transformer
bushing having a capacitance tap brought out from one of the
metallic electrodes within the bushing which is near ground
potential. This device is obviously a capacitance voltage divi-
der. For testing, sphere gaps are used for the very high voltages.
Calibration data for sphere gaps are given in the ANSI/IEEE
Std. 4—1978 Standard Techniques for High Voltage Testing.
Even when it is not being used for the measurement of voltage,
it is frequently advisable to connect a sphere gap in parallel

. with the specimen being tested so as to prevent overvoltages.
The gap is set to a slightly higher voltage than that which is
desired.

Measurement of Resistance

Voltmeter-Ammeter Method A common method of measur’

ing resistance, known as the voltmeter-ammeter or fall—in-
potential method, makes use of an ammeter and a voltmeter.
In Fig. 15.1.44, the resistance to be measured is R. The current
in the resistor R is I A, which is meaSured by the ammeter A
in series. The drop in potential across the resistor R is mea-
sured by the voltmeter V. The current shunted by the voltmeter
is so small that it may generally be neglected. A correction
may be applied if necessary, for the resistance of the voltmeter
is generally given with the instrument. The potential difference
divided by the current gives the resistance included between

 
Fig. 15.1.44 Voltrneter-ammeter method for resistance measure-ment.

 

the voltmeter leads. As a check, determinations are generally
made with several values of current, which may be varied by
means of the controlling resistor r. If the resistance to be mea-
sured is that of the armature of a dc machine and the voltmeter

leads are placed on the brush holders, the resistance deter-
mined will include that of the brush contacts. To measure the

resistance of the armature alone, the voltmeter leads should be
placed directly on the commutator segments on which the
brushes rest but not under the brushes.

Insulation Resistance Insulation resistance is so high that it
is usually given in megohms (106 ohms, M52) rather than in
ohms. Insulation resistance tests are important, for although
they may not be conclusive they frequently reveal flaws in insu-
lation, poor insulating material, presence of moisture, etc.
Such tests are applied to the insulation of electrical machinery
from the windings to the frame, to underground cables, to insu-
lators, capacitors, etc.

For moderately low resistances, 1 to 10 M9, the voltmeter
method given in Fig. 15.1.45, which shows insulation measure-

 
Supply

Fig. 15.1.45 Voltmeter method for insulation resistance meas-
urement.

ment to the frame of the field winding of a generator, may be
used. To measure the current when a voltage E is impressed
across the resistor R, a high-reading voltmeter V is connected
in series with R. The current under this condition with the
switch connecting 'S and A is E/(R + r), where r is the resis-
tance of the voltmeter. A high-resistance voltmeter is neces-
sary, since the method is in reality a comparison of the
unknown insulation resistance R with the known resistance r

of the voltmeter. Hence, the resistance of the voltmeter must
be comparable with the unknown resistance, or the deflection
of the instrument will be so small that the results will be inac«

curate. To determine the impressed voltage E, the same volt-
meter is used. The switch S connects S and B for this purpose.
With these two readings, the unknown resistance is

R = r(E ~ e)/e

where e is the deflection of the voltmeter when in series with

the resistance to be measured as when S is at A. If a special
voltmeter, having a resistance of 100 k9 per 150 V, is availa—
ble, a resistance of the order of 2 to 3 M82 may be measured
very accurately.

When the insulation resistance is too high to be measured
with a voltmeter, a sensitive galvanometer may be used. The

(15.1.82)
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connections for measuring the insulation resistance of a cable
are shown in Fig. 15.1.46. The battery should have an emf of
at least 100 V. Radio B batteries are convenient for this pur’
pose. The method involves comparing the unknown resistance
with a standard 0.1 M0. To calibrate the galvanometer the

  
 
 

0.6 megohrn Ayrton shunt

i;
Fig.15.1.46 Measurement of insulation resistance with galvanometer.

cable is short-circuited (dotted line) and the switch S is thrown
to position (a). Let the galvanometer deflection be DI and the
reading of the Ayrton shunt S1. The short circuit is then
removed. The 0.1. M52 is left in circuit since it is usually neg—
ligible in comparison with the unknown resistance X. Let the
reading of the galvanbmeter now be D2 and the reading of the
shunt 52. Then '

X = 0.1 SZD,/S,D2 M0 (15.1.83)

When the switch S is thrown to position (b), the cable is
short-circuited through the 0.1 M9 and becomes discharged.

The Megger insulation tester is an instrument that indicates
insulation resistance directly on a scale. It consists of a small
hand or motor—driven generator which generates 500 V, 1,000
V, 2,500 V, or 5,000 V. A clutch slips when the voltage exceeds
the rated value. The current through the unknown resistance
flows through a moving element consisting of two coils fastened
rigidly together, but which move in different portions of the
magnetic field. A pointer attached to the spindle of the. moving
element indicates the insulation resistance directly. These
instruments have a range up to 10,000 M0 and are very con-
venient where portability and convenience are desirable.

The insulation resistance of electrical machinery may be of
doubtful significance as far as dielectric strength is concerned.
It varies widely with temperature, humidity, and cleanliness of
the parts. When the insulation resistance falls below the pre—
scribed value, it can (in most cases of good design) be brought
to the required standard by cleaning and drying the machine.
Hence it may be useful in determining whether or not the insu-
lation is in proper condition for a dielectric test. IEEE Std. 62-
1978 specifies minimum values of insulation resistance in M0
= (rated voltage)/(rating in kW + 1,000). if the operating
voltage is higher than the rated voltage, the operating voltage
should be used. The rule specifies that a dc voltage of 500 be
used in testing. If not, the voltage should be specified.

Wheatstone Bridge Resistors from a fraction of an 0 to 100
k0 and more may be measured with a high degree of precision
with the Wheatstone bridge (Fig. 15.1.47). The bridge consists
of four resistors ABCX connected as shown. X is the unknown
resistance; A and B are ratio arms, the resistance units of
which are in even decimal (2 as 1, 10, 100, etc. C is the rheostat

arm. A battery or low—voltage source of direct current is con—

ELECTRICAL INSTRUMENTS AND MEASUREMENTS 15-29

nected across ab. A galvanometer G of moderate sensitivity is
connected across ed. The values of A and B are so chosen that

three or four significant figures in the value of C are obtained.
As a first approximation it is well to make A and 8 equal.
When the bridge is in balance,

X/C = A/B

The positions of the battery and galvanometer are interchange—
able. There arc many modifications of the bridge which adapt
it to measurements of very low resistances and also to ac
measurements.

(15.1.84)

 
Fig. 15.1.47 Wheatstone bridge.

Kelvin Double Bridge The simple Wheatstone bridge is not
adapted to measuring very low resistances since the contact
resistances of the test specimen become comparable with the
specimen resistance. This error is avoided in the Kelvin double
bridge, the diagram of which is shown in Fig. 15.1.48. The
specimen X, which may be a short length of copper wire or bus
bar, is connected in series with an adjustable calibrated resistor
R whose resistance is comparable with that of the specimen.

 
Fig. 15.1.48 Kelvin double bridge.

The arms A and B of the bridge are ratio arms usually with
decimal values of l, 10, 100 0. One terminal of the galvanom-
eter is connected to X and R by means of two resistors a and
b. If these resistors are set so that a/b = A/B, the contact
resistance r between X and R is eliminated in the measure—
ment. The contact resistances at c and d have no effect since

at balance the galvanometer current is zero. The contact resis-
tances at f and 9 need only be negligible compared with the
resistances of arms A and B both of which are reasonably high.
By means of the variable resistor Rh the value of current, as
indicated by ammeter A, may be adjusted to give the necessary
sensitivity. When the bridge is in balance,

X/R = A/B (15.1.85)
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Potentiometer The principle of the potentiometer is shown

in Fig. 15.1.49. ab is a slide wire, and bc consists of a number
of equal individual resistors between contacts. A battery Ba
the emf of which is approximately 2 V supplies current to this
wire through the adjustable rheostat R. A slider m makes con-
tact with ab, and a contactor m’ connects with the contacts in

 
EMF

Fig. 15.1.49 Potentiometer principle.

bc. A galvanometer G is in series with the wire connecting to
m. By means of the double-throw double-pole switch Sw,
either the standard cell or the unknown emf (EMF) may be
connected to mm’ through the galvanometer G. The potenti-
ometer is standardized by throwing Sw to the standard-cell
side, setting mm’ so that their positions on ab and be corre-
spond to the emf of the standard cell. The rheostat R is then

adjusted until G reads zero. (In commercial potentiometers a
dial which may be set directly to the emf of the standard cell

is usually provided.) The unknown emf is measured by throw-
ing Sw to EMF and adjusting m and m’ until G reads zero.
The advantage of this method of measuring emf is that when
the potentiometer is in balance no current is taken from either
the standard cell or the source of emf. Potentiometers seldom

exceed 1.6 V in range. To measure voltage in excess of this, a
volt box which acts as a multiplier is used. To measure current,
the voltage drop across a standard resistor of suitable value is
measured with the potentiometer. For example, with 50 A a
0.01—9 standard resistance gives a voltage drop of 0.5 V which
is well within the range of the potentiometer.

Potentiometers of low range are used extensively with thermo-
couple pyrometers. Figure 15.1.49 merely illustrates the prin-
ciple of the potentiometer. There are many modifications, con-
veniences, etc, not shown in Fig. 15.1.49.

DC GENERATORS

All electrical machines are comprised of a magnetic circuit of
iron (or steel) and an electric circuit of copper. In a generator
the armature conductors are rotated so that they cut the mag—
netic flux coming from and entering the field poles. In the dc
generator (except the unipolar type) the emf induced in the

individual conductors is alternating, but this is rectified by the
commutator and brushes, so that the current to the external
circuit is unidirectional.

The induced emf in a generator (or motor)

E = qbZNP/60P/10S V (15.1.86)

 

where ([5 = flux in webers entering the armature from one
north pole; Z = total number of conductors on the armature;
N = speed, r/min; P = number of poles; and P” = number
of parallel paths through the armature.

,Since with a given generator, Z, P, P’ are fixed, the inducedemf

E = Kng V (15.1.87)

where Kis a constant. When the armature delivers current, theterminal volts are

V=E—L&

where 1,, is the armature current and R, the armature resis—
tance including the brush and contact resistance, which varysomewhat.

There are three standard types of do generators: the shunt
generator, the series generator, and the compound generator.

Shunt Generator The field of the shunt generator in series
with its rheostat is connected directly across the armature as
shown in Fig. 15.150; This machine maintains approximately
constant terminal voltage over its working range of load. An
external characteristic of the generator is shown in Fig.
15.1.51. As load is applied the terminal voltage drops owing to
the armature-resistance drop [Eq. (15.1.88)] and armature reac-

(15.1.88)

 
Field
rheostot

Fig. 15.1.50 Shunt generator.

0
 

      Volts
Ampe res

Fig. 15.1.51 Shunt generator characteristic.

tion which decreases the flux. The drop in terminal voltage
reduces the field current which in turn reduces the flux, hence
the induced emf, etc. At some point B, usually well above rated
current, the foregoing reactions become cumulative and the
generator starts to break down. The current reaches a maxi—
mum value and then decreases to nearly zero at short circuit.
With large machines, point B is well above rated current, the
operating range being between 0 and A. The voltage may be
maintained constant by means of the field rheostat. Automatic
regulators which operate through field resistance are fre-
quently used to maintain constant voltage.

Shunt generators are used in systems which are all tied
together where their stability when in parallel is an advantage.
If a generator fails to build up, (1) the load may be connected;
(2) the field resistance may be too high; (3) the field circuit
may be open; (4) the residual magnetism may be insufficient;
(5) the field connection may be reversed.
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Series Generator In the series generator (Fig. 15.1.52) the
entire load current flows through the field winding, which con—
sists of relatively few turns of wire of sufficient size to carry the
entire load current without undue heating. The field excitation,
and hence the terminal voltage, depends on the magnitude of
the load current. The generator supplies an essentially constant
current and for years was used to supply series are lamps for
street lighting requiring direct current. Except for some special
applications, the series generator is now obsolete.
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Fig. 15.1.52 Series generator.

Compound-wound Generators By the addition of a series
winding to a shunt generator the terminal voltage may be auto—
matically maintained very nearly constant, or, by properly pro-
portioning the series turns, the terminal voltage may be made
to increase with load to compensate for loss of voltage in the
line, so that approximately constant voltage is maintained at
the load. If the shunt field is connected outside the series field

(Fig. 15.1.53), the machine is long shunt; if the shunt field is
connected inside the series field, i.e., directly to the armature
terminals, it is short shunt. So far as the operating characteristic
is concerned, it makes little difference which way a machine is
connected.
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Shunt

field

Fig. 15.1.53 Compound—wound dc generator.

Compound-wound generators are chiefly used for small iso—
lated plants and for generators supplying a purely motor load
subject to rapid fluctuations such as in railway work. When
first putting a compound generator in service, the shunt field
must be so connected that the machine builds up. The series
field is then connected so that it aids the shunt field. Figure
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15.1.54 gives the characteristics of an overcompounded 200-
kW 600-V compound—wound generator.

Amplidynes The amplidyne is a dc generator in which a
small amount of power supplied to a control field controls the
generator output, the response being nearly proportional to the

 

 
 
 
 

 
 Efficiency.          

O O
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Amperes. output

Fig. 15.1.54
generator.

Characteristics of a 200-kW, compound-wound. dc

control field input. The amplidyne is a dc amplifier which can
supply large amounts of power. The amplifier operates on the
principle of armature reaction. In Fig. 15.1.55, \IN and SS are
the conventional north and south poles of a dc generator with

 
Control ompensoting
field

  
Fig. 15.1.55 Amplidyne.

Table 15.1.10 Approximate Test Performance of Compound-wound Dc Generators with
Commutating Poles 

Efficiencies, percent 

   
kW Rpm Volts .-\mperes

IL, load 1/2 load Full load

5 1.750 125 40 77.0 00.5 52.0
10 1,750 125 80 80.0 83.0 85.0
25 1.750 125 200 84.0 86.5 88.0
50 1.750 125 400 33.0 86.0 83.0

100 1,750 125 800 87.0 38.5 90.0
200 1.750 125 1,600 88.0 90.5 91.0
400 1.750 250 1,600 91.7 91.9 91.7

1.000 1,750 250 4.000 92.1 92.6 92.1 

SOURCE: Westinghouse Electric Corp.
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central cavities. BB arc the usual brushes placed at right
angles to the pole axes of NN and SS. A control winding CC
of small rating, as low as 100 W, is wound on the field poles.
In Fig. 15.1.55, for simplicity, the control winding is shown as
being wound on one pole only. The brushes BB are short-cir-
cuited, so that a small excitation mint" in the control field pro—
duces a large short—circuit current along the brush axis BB.
This large short-circuit current produces a large armature-
reaction flux AA along brush axis BB. The armature rotating
in this field produces a large voltage along the brush axis
B’B’. The load or working current is taken from brushes B’B’

as shown. In Fig. 15.1.55 the working currentonly is shown by
the crosses and dots in the circles. The short—circuit current
would be shown by crosses in the conductors to the left of
brushes BB and by dots in the conductors to the right of
brushes BB.

A small current in the control winding produces a high out-
put voltage and current as a result of the large short-circuit
current in brushes BB. ,

In order that the brushes B’B‘ shall not be short-circuiting
conductors which are cutting the flux of poles NN and SS, cav—
ities are cut in these poles. Also the load current from brushes
B’B’ produces an armature reaction mmf in opposition to flux
A’A’ produced by the control field CC. Were this mmf not
compensated, the flux A’A’ and the output of the machine
would no longer be determined entirely by the control field.
Hence there is a compensating field FF’ in series with the
armature, which neutralizes the armature-reaction mmf which

the load current produces. For simplicity the compensating
field is shown on one field pole only.

The amplidyne is capable of controlling and regulating
speed, voltage, current, and power with accurate and rapid
response. The amplification is from 10,000 to 250,000 times in

machines rated from 1 to 50 kW. Amplidynes are frequently
used in connection with selsyns and are employed for gun and
turret control and for accurate controls in many industrial
power applications.

Parallel Operation of Shunt Generators It is desirable to

operate generators in parallel so that the station capacity can
be adpated to the load. Shunt generators, because of their
drooping characteristics (Fig. 15.1.51), are inherently stable
when in parallel. To connect shunt generators in parallel it is
necessary that the switches be so connected that like poles are
connected to the same bus bars when the switches are closed.

Assume one generator to be in operation; to connect another
generator in parallel with it, the incoming generator is first
brought up to speed and its terminal voltage adjusted to a value
slightly greater than the bus~bar voltage. This generator may
then be connected in parallel with the other without difficulty.
The proper division of load between them is adjusted by means
of the field rheostats and is maintained automatically if the
machines have similar voltage-regulation characteristics.

Parallel Operation of Compound Generators As a rule, com-
pound generators have either flat or rising voltage character—
istics. Therefore, when connected in parallel, they are inher-
ently unstable. Stability may, however, be obtained by using
an equalizer connection, Fig. 15.1.56, which connects the ter—
minals of the generator at the junctions of the series fields. This
connection is of low resistance so that any increase of current
divides proportionately between the series fields of the two
machines. The equalizer switch (138.) should be closed first
and opened last, if possible. In practice, the equalizer switch is

 

often one blade of a three-pole switch, the other two being the
bus switch S, as in Fig. 15.1.56. When compound generators
are used on a three-wire system, two series fields——one at each
armature terminal—and two equalizers are necessary. It is
possible to operate any number of compound generators in par-
allel provided their characteristics are not too different and the
equalizer connection is used.

4.

_. Bus bars

Equalizer

Fig. 15.1.56 Connections for compound-wound generators operating
in parallel.

 

 

 

 
 

 

DC MOTORS

Motors operate on the principle that a conductor carrying cur-
rent in a magnetic field tends to move at right angles to that
field (see Fig. 15.1.11). The ordinary dc generator will operate
entirely satisfactorily as a motor and will have the same rating.
The conductors of the motor rotate in a magnetic field and
therefore must generate an emf just as does the generator. The
induced emf

E=K¢N

where K = constant, 4) flux entering the armature from one
north pole, and N = r/min [see Eq. (15.1.87)]. This emf is in
opposition to the terminal voltage and tends to oppose current
entering the armature. Its value is

E = V“ IaR,

where V = terminal voltage, I, = armature current, and R,
= armature resistance [compare with Eq. (15.1.88)]. From Eq.
(15.1.89) it is seen that the speed

N = K,E/¢>

when K, = UK. This is the fundamental speed equation for a
motor. By substituting in Eq. (15.1.90)

N = KAI/~— IaRa)/¢

which is the general equation for the speed of a motor.
The internal or electromagnetic torque developed by an

armature is proportional to the flux and to the armature cur-
rent; i.e.,

(15.1.89)

(15.1.90)

(15.1.91)

(15.1.92)

T, = K,¢I, (15.1.93)

when K, is a constant. The torque at the pulley is slightly less
than the internal torque by the torque necessary to overcome
the rotational losses, such as friction, windage, eddy-current
and hysteresis losses in the armature iron and in the pole faces.

The total mechanical power developed internally

Pm = E], w = EIa/746 hp (15.1.94)
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The internal torque thus becomes

T = Elfl33,000/(27r X 746N) = 7.04Ela/N

Let VI be the motor input. The output is V11, where 17 is the
efiiciency. The horsepower is

P” = V11] /746

(15.1.95)

(15.1.96)

and the torque is

T = 33,000PH/21rN

where N is r/min.
Shunt Motor In the shunt motor (Fig. 15.1.57) the flux is

substantially constant and IaRa is 2 to 6 percent of V. Hence
from Eq. (15.1.92), the speed varies only slightly with load (Fig.
15.1.58), so that the motor is adapted to work requiring con-

5,260PH/N lb-ft (15.1.97)
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Fig. 15.1.58 Speed and torque characteristics of dc motors. (l) Shunt
motor; (2) cumulative compound motor; (3) differential compound
motor; (4) series motor.

  
  
  

   
  

                     
  

stant speed. The speed regulation of constant-speed motors is
defined by ANSI/ IEEE Std. 100-1977 Standard Dictionary of
Electrical and Electronic terms as follows:

The speed regulation of a constant—speed directeurrent motor is the
change in speed when the load is reduced gradually from the rated value
to zero with constant applied voltage and field rheostat setting expressed
as a percent of speed at rated load.

In Fig. 15161 the speed regulation under each condition is
100(ac — bc)/bc (Fig. 15.1.58a). Also from Eq. (15.1.93) it is
seen that the torque is practically proportional to the armature
current (see Fig. 151581;). The motor is able to develop full-
load torque and more on starting, but the ordinary starter is
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Fig. 15.1.57 Connections for shunt dc motors and starters. (a) Three-point box; (b) four-point box.

not designed to carry the current necessary for starting under
load. If a motor is to be started under load, the starter should

be provided with resistors adapted to carry the required cur-
rent without overheating. A controller is also adapted for start-
ing duty under load.

Commutating poles have so improved commutation in dc
machines that it is possible to use a much shorter air gap than
formerly. Since, with the shorter air gap, fewer field ampere-
turns are required, the armature becomes magnetically strong
with respect to the field. Hence, a sudden overload might
weaken the field through armature reaction, thus causing an
increase in speed; the effect may become cumulative and the
motor run away. To prevent this,,modern shunt motors are usu-
ally provided with a stabilizing winding, consisting of a few turns
of the field in series with the armature and aiding the shunt
field. The resulting increase of field ampere—turns with load
will more than compensate for any weakening of the field
through armature reaction. The series turns are so few that
they have no appreciable compounding effect. The shunt motor
is used to drive constant—speed line shafting, for machine tools,
etc. Since its speed may be efficiently varied. it is very useful
when adiustable speeds are necessary, such as individual drive
for machine tools.

Shunt—Motor Starters At standstill the counter emf of the
motor is zero and the armature resistance is very low. Hence,

except in motors of very small size, series resistance in the
armature circuit is necessary on starting. The field must, how-
ever, be connected across the line so that it may obtain full
excitation.

Figure 15.1.57 shows the two common types of starting
boxes used for starting shunt motors. The armature resistance
remains in circuit only during starting. In the three-point box
(Fig. 15.1.57a) the starting lever is held, against the force of a
spring, in the running position, by an electromagnet in series
with the field circuit, so that, if the field Circuit is interrupted
or the line voltage becomes too low, the lever is released and
the armature circuit is opened automatically. In the fouppoint
starting box the electromagnet is connected directly across the
line, as shown in Fig. 15.1.57b. In this type the arm is released
instantly upon failure of the line voltage. In the three-point
type some time elapses before the field current drops enough
to effect the release. Some starting rheostats are provided with
an overload device so that the circuit is automatically inter-

rupted if too large a current is taken by the armature. The
four-point box is used where a wide speed range is obtained by
means of the field rheostat. The electromagnet is not then
affected by changes in field current.
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In large motors and in many small motors, automatic start-
ers are widely used. The advantages of the automatic starter
are that the current is held between certain maximum and

minimum values so that the circuit does not become opened by
too rapid starting as may occur with manual operation; the
acceleration is smooth and nearly uniform. Since workers can
stop and start a motor merely by the pushing of a button, there
results considerable saving by the shutting down of the motor
when it is not needed. Automatic controls are essential to ele-

vator motors so that smooth rapid acceleration with frequent
starting and stopping may be obtained. Also automatic starting
is very necessary with multiple-unit operation of electric-rail-

way cars and with rolling-mill motors which are continually
subjected to rapid acceleration, stopping, and reversing.

Series Motor In the series motor the armature and field are

in series. Hence, if saturation is neglected, the flux is propor—
tional to the current and the torque [Eq. (15.1.93)] varies as the
current squared. Therefore any increase in current will pro—
duce a much greater proportionate increase in torque (see Fig.
15.1.58b). This makes the motor particularly well adapted to
traction work, cranes, hoists, fork-lift trucks, and other types
of work which require large starting torques. A study of Eq.
(15.1.92) shows that with increase in current the numerator

changes only slightly, whereas the change in the denominator
is nearly proportional to the change in current. Hence the
speed of the series motor is practically inversely proportional
tothe current. With overloads the speed drops to very low val-
ues (see Fig. 15.1.58a). With decrease in load the speed
approaches infinity, theoretically. Hence the series motor
should always be connected to its load by a direct drive, such
as gears, so that it cannot reach unsafe speeds (see Speed Con-
trol of Motors). A series-motor starting box with no-voltage
release is shown in Fig. 15.1.59.

. —o\i\0
Linen”D \o

Fuses

Fig. 15.1.59 Series motor starter, no-voltage release.

Differential Compound Motors The cumulative compound
winding of a generator becomes a differential compound wind-
ing when the machine is used as a motor. Its speed may be

 

made more nearly constant than that of a shunt motor, or, if
desired, it may be adjusted to increase with increasing load.

The speed as a function of armature current is shown in Fig.
15.1.58a and the torque as a function of armature current is
shown in Fig,, 15.1.581).

Since the speed of the shunt motor is sufficiently constant
for most purposes and the differential motor tends toward
instability, particularly in starting and on overloads, the differ-
ential motor is little used.

Cumulative compound motors develop a more rapid increase in
torque with load than shunt motors (Fig. 15.1.58b); on the
other hand, they have much poorer speed regulation (Fig.
15.1.58a). Hence they are used where larger starting torque
than that developed by the shunt motor is necessary, as in some
industrial drives. They are particularly useful where large and
intermittent increases of torque occur as in drives for shears,
punches, rolling mills, etc. In addition to the sudden increase

in torque which the motor develops with sudden applications
of load, the fact that it slows down rapidly and hence causes
the rotating parts to give up some of their kinetic energy is
another important advantage in that it reduces the peaks on
the power plant. Performance data for compound motors are
given in Table 15.1.11.

Commutation The brushes on the commutator of either a
motor or generator should be set in such a position that the
induced emf in the armature coils undergoing commutation
and hence short—circuited by the brushes, .is zero. In practice,
this condition can at best be only approximately realized. Fre-
quently conditions are such that it is far from being realized.
At no load, the brushes should be set in a position correspond—
ing to the geometrical neutral of the machine, for under these
conditions the induced emf in the coils short-circuited by the
brushes is zero. As load is applied, two factors cause sparking
under the brushes. The mmf of the armature, or armature reac-
tion, distorts the flux; when the current in the coils undergoing
commutation reverses, an emf of self-induction _ L di/dt
tends to prolong the curent flow which produces sparking. In a
generator, armature reaction distorts the flux in the direction
of rotation and the brushes should be advanced, In order to
neutralize the emf of self-induction the brushes should be set
a little ahead of the neutral plane so that the emf induced in

the short—circuited coils by the cutting of the flux at the fringe
of the next pole is opposite to this emf of self-induction. In a
motor the brushes are correspondingly moved backward in the
direction opposite rotation.

Theoretically, the brushes should be shifted with every
change in load. However, practically all dc generators and

I

Table 15.1.11 Test Performance of Compound-wound DC Motors
W

 

 

115 volts 230 volts 550 volts

HP Rpm X FulHoad l Full—load Full—load
‘ mp ,cff, percent Amp ieff, percent A‘mp eff, percent

1 1.750 8 4 78 4.3 79 1.86 73.0
2 1,750 16.0 80 8.0 81 3.21 82.0
5 1,750 40.0 82 20.0 83 8.40 81.0

10 1,750 75.0 85.6 37.5 85 15.4 86.5
25 1,750 182 0 87.3 91.7 87.5 38.1 88.5
50 850 ..... 180.0 89 73.1 90.0

100 850 ..... 350.0 90.5 149.0 91.0
200 1,750 ..... 700.0 91 295.0 92.0 

SOURCE: W’esringhousc Electric Corp.

R.J. Reynolds Vapor Exhibit 1034-00309



R.J. Reynolds Vapor Exhibit 1034-00310

motors now have commutating poles (or interpoles) and with these
the brushes can remain in the no-load neutral plane, and good
commutation can be obtained over the entire range of load.
Commutating poles are small poles between the main poles
(Fig. 15.1.60) and are excited by a winding in series with the

Commutating

Moin pole Main pole
pole) pole) )thl

% Brush

Commutoling

g Brush
 

Armature/I Direction ofrototlon
__.’.

Fig. 15.1.60 Commutating poles in motor.

armature. Their function is to neutralize the flux distortion in

the neutral plane caused by armature reaction and also to supply
a flux that will cause an emf to be induced in the conductors

undergoing commutation, opposite and equal to the emf of self-
induction. Since armature reaction and the emf of self—induc—

tion are both proportional to the armature current, saturation
being neglected, they are neutralized theoretically at every
load. Commutating poles have made possible dc generators
and motors of very much higher voltage, greater speeds, and
larger kW ratings than would otherwise be possible.

Occasionally, the commutating poles may be connected
incorrectly. In a motor, passing from an N main pole in the
direction of rotation of the armature, an N commutating pole
should be encountered as shown in Fig. 15.1.60. In a generator
under these conditions an S commutating pole should be
encountered. The test can easily be made with a compass If

poor commutation is caused by too strong interpoles, the wind-
ing may be shunted. If the poles are too weak and the shunting
cannot be reduced, they may be strengthened by inserting
sheet-iron shims between the pole and the yoke thus reducing
the air gap.

Although the emfs induced in the coils undergoing commu-
tation are relatively, small, the resistance of the coils them-
selves is low so that unless further resistance is introduced, the

short-circuit currents would be large. Hence, with the excep—
tion of certain low-voltage generators, carbon brushes that
have relatively large contact resistance are almost always used.
Moreover, the graphite in the brushes has a lubricating action,
and the usual carbon brush does not score the commutator.

Speed Control of Motors

Shunt Motors In Eq. (15.1.91) the speed of a shunt motor N

= [QB/(j), where K, is a constant involving the design of the
motor such as conductors on armature surface and number of

poles. Obviously,in order to change the speed of a motor with-
out changing its construction, two factors may be varied the
counter emf E and the flux «35.

Armature-Resistance Control The counter emf E = V ~

IaRa, where V is the terminal voltage, assumed constant. 13,,
must be small so that the armature heating can be maintained
within permissible limits. Under these conditions the speed
change with load is small. By inserting an external resistor,
however, into the armature circuit the counter emf E may be
made to decrease rapidly with increase in load; that is, E = V

DC MOTORS 15-35

w I“(R + R) [see Eq. (15.1.911)] where Ris the resistance of
the external resistor. The resistor R must be inserted1n the
armature circuit only. The advantages of this method are its
simplicity, the full torque of the motor is developed at any
speed, and the method introduces no Commutating difficulties.
Its disadvantages are the increased speed regulation with
change of load (Fig. 15.1.61), the loweflitiency, particularly
at the lower speeds, and the fact that provision must be made
to dissipate the comparatively large power lesses in the series
resistor. Figure 15.1.61 shows typical speed—load curves with-
out and with series resistors in the armature circuit. The arma-

ture efficiency is nearly equal to the ratio of the operating
speed to the nofload speed. Hence at 25 percent speed the
armature efficiency is practically 25 percent. Frequently the
controlling and starting resistors are one,_and the device is
called a controller. Starting rheostats themselves are not
designed to carry the armature current continuously and must

not be used as controllers. The armature—resistance method of
speed control is frequently used to regulate the speed of ven-
tilating fans where the power demand diminishes rapidly with
decrease in speed.

 
  

-No series res 11

II=Series res= Rl\m
lll=Series res= R2BSpeed'  

Lood CFull lood

Fig. 15.1.61 Speed-load characteristics with armature resistance
control.

Control by Changing Impressed Voltage From Eq. (15.1.92)
it is evident that the speed of a motor may be changed if V is
changed by connecting the armature across different voltages.
Speed control by this method is accomplished by having mains
(usually four), which are maintained at different voltages,
available at the motor.

The shunt field of the motor is generally permanently con-
nected to one pair of mains, and the armature circuit is pro~
vided with a controller by means of which the operator can
readily connect the armature to any pair of mains. Such a sys-
tem gives a series of distinct and widely separated speeds and
generally necessitates the use of field—resistance control, in
combination, to obtain intermediate speeds. This method,
known as the multivoltage method, has the disadvantage that the
system is expensive, for it requires several generating
machines, a somewhat complicated switchboard, and a number
of service wires._ The system is used somewhat in machine
shops and is exteiisively used for dc elevator starting and speed
control.

In the Ward Leonard system, the variable voltage is obtained
from a separately excited generator whose armature terminals
are connected directly to the armature terminals of the work-
ing motor. The generator is driven at essentially constant speed
by a dc shunt motor if the power supply is direct current, or by
an induction motor or a synchronous motor if the power supply
is alternating current. The field circuit of the generator and
that of the motor are connected across a constant-voltage dc
supply. The terminal voltage of the generator, and hence the
voltage applied to the. armature of the motor, is varied by
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changing the generator-field current with a field rheostat. The
rheostat has a wide range of resistance so that the speed of the
motor may be varied smoothly from 0 to 100 percent. Since
three machines are involved the system is costly, somewhat
complicated, and has low power efficiency. However, because
the system is flexible and the speed can be smoothly varied over
wide ranges, it has been used in many applications, such as
elevators, mine hoists, large printing presses, paper machines,
and electric locomotives.

The Ward-Leonard system has been largely replaced by a static
converter system where a silicon-controlled-rectifier bridge is
used to convert three-phase alternating current, or single-phase
on smaller drives, to dc voltage that can be smoothly varied by
phase-angle firing of the rcctifiers from full voltage to zero. This
system is smaller, lighter, and less expensive than the motor-
generator system. Care must be taken to assure that the dc
motor will accept the harmonics present in the dc output with-
out overheating.

Control by Changing Field Flux Equation (15.1.91) shows that
the speed of a motor is inversely proportional to the flux qb. The
flux can be changed either by varying the shunt—field current
or by varying the reluctance of the magnetic circuit. The vari—
ation of the shunt-field current is the simplest and most efficient
of all the methods of speed control.

With the ordinary motor, speed variation of 1.5 to 1.0 is
obtainable with this method. If attempt is made to obtain
greater ratios, severe sparking at the brushes results, owing to
the field distortion caused by the armature mmf becoming
large in comparison with the weakened field of the motor.
Speed ratios of 5:1 and higher are, however, obtainable with

. motors which have commutating poles. Since the field current
is a small proportion of the total current (1 to 3 percent), the
rheostat losses in the field circuit are always small. This
method is efficient. Also for any given speed adjustment the
speed regulation is excellent, which is another advantage.
Because of its simplicity, efficiency, and excellent speed regu-
lation, the control of speed by means of the field current is by
far the most common method. Output power remains constant
when the field is weakened, so output torque varies inversely ‘
with motor speed.

Speed Control of Series Motors The series motor is funda—

mentally a variable—speed motor, the speed varying widely
from light load to full load and more (see Fig. 15.1.58a). From
Eq. (15.1.92) the speed for any value of (b, or current, can be
changed by varying the impressed voltage. Hence the speed
can be controlled by inserting resistance in series with the
motor. This method, which is practically the same as the arma-
ture-resistance control method for shunt motors, has the same
objections of low efficiency and poor regulation with fluctuat—
ing loads. It is extensively used in controlling the speed of hoist
and crane motors.

The series-parallel system of series-motor speed control is
almost universally used in electric traction. At least two motors
are necessary. The two motors are first connected in series with

each other and with the starting resistor. The starting resistor
is gradually cutout and, since each motor then operates at half
line voltage, the speed of each is approximately half speed.
Both motors take the same current, and each can develop full
torque. This condition of operation is efficient since there is no
external resistance in circuit. When the controller is moved to

the next position, the motors are connected in parallel with
each other and each in series with starting resistors. Full speed

 

of the motors is obtained by gradually cutting out these resis-
tors. Connecting the two motors in series on starting reduces
the current to one-half the value that would be required for a
given torque were both motors connected in parallel on start-
ing. The power taken from the trolley is halved, and an inter~
mediate running speed is efficiently obtained.

In the multiple-unit method of speed control which is used for
electric railway trains, the starting contactors, reverser, etc.,
for each car are located under that car. The relays operating
these control devices are actuated by energy taken from the
train line consisting usually of seven wires. The train line runs
the entire length of the train, the connections between the indi-
vidual cars being made through the couplers. The train line is
energized by the action of the motorman operating any one of
the small master controllers which are located in each car.

Hence corresponding relays, contactors, etc., in every car all
operate simultaneously. High accelerations may be reached
with this system because of the large tractive effort exerted by
the wheels on every car.

SYNCHRONOUS GENERATORS "

The synchronous generator is the only type of ac generator now
in general use at power stations.

Construction In the usual synchronous generator the arma-
ture or stator, is the stationary member. This construction has
many advantages. It is possible to make the slots any reason-
able depth, since the tooth necks increase in cross section with

increase in depth of slot; this is not true of the rotor. The large
slot section which is thus obtainable gives ample space for cop—
per and insulation. The conductors from the armature to the

bus bars can be insulated throughout their entire lengths, since
no rotating or sliding contacts are necessary. The insulation in
a stationary member does not deteriorate as rapidly as that on
a rotating member, for it is not subejcted to centrifugal force
or to any considerable vibration.

The rotating member is ordinarily the field. There are two gen-
eral types of field construction: the salient-pole type and the
cylindrical, or nonsalient-pole, type. The salient-pole type is used
almost entirely for slow and moderate-speed generators since
this construction is the least expensive and permits ample space
for the field ampere—turns.

It is not practicable to employ salient poles in high—speed
turboalternators because of the excessive windage and the dif-
ficulty of obtaining sufiicient mechanical strength. The cylin-
drical type consists of a cylindrical steel forging with radial slots
in which the field copper, usually in strip form, is placed. The .
fields are ordinarily excited at low voltage, 125 and 250 V, the
current being conducted to the rotating member by means of
slip rings and brushes. An ac generator armature to supply field
voltage can be mounted on the generator shaft and supply dc to
the motor field through a static rectifier bridge, also mounted
on the shaft, eliminating all slip rings and brushes. The field
power is ordinarily only 1.5 percent and less of the rated power
of the machine (see Table 15.1.12).

Classes of Synchronous Generators Synchronous genera—
tors may be divided into three general classes: (1) the slow-
speed engine-driven type; (2) the moderate-speed waterwheel-
driven type; and (3) the high—speed turbine—driven type. In (I)
a hollow box frame is used as the stator support, and the field
consists of a spider to which a larger number of salient poles
are attached, usually bolted. The speed seldom exceeds 75 to
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Table 15.1.12 Performance Data for Synchronous Generators 

80 PERCENT PF, 3 PHASE, 60 CYCLE, 240 TO 2,400 VOLTS, HORIZONTAL—COUPLED on BELTEDWPE ENGINE—
  

   

 

 

  

 

 

 

 

         

( _ ,
1 ,- , Efficiencies, percent APPWX

kVA Poles Rpm i Lxcita.‘0n’ ————~i——~# net weight
1 1 ( J‘/2 load 3/4 load 1 Full load lb

25 4 ;‘ 1,800 0.8 31.5 85.7 87.6 i 90093.8 8 l 900 2 87 89.5 90.9 2,700
250 12 600 5 90 91. 3 92.2 6,000
500 18 400 8 91.7 92.6 93.2 10.000

1.000 24 300 14.5 92.6 93.4 93.9 16,100
3.125 48 150 40 93.4 94.2 94.6 52,000

INDUSTRIAL—SIZE TURBINE GENERATORS, DIRECT—CONNECTED TYPE, 80 PERCENT PF, 3 PHASE, 60 CYCLE,
AIR-COOLED » *

, Excitation Efficiency, percent ‘ Volume 339$?
kVA l’olesi Rpm m , . 5 1/2 3/.1 ‘ Full Of air, 1 Voltage eluding

‘ k“ \‘Olts load 1 load load Cfm cxcitcr, [b

1,875 2 3,600 18 125 95. 3 96.1 96.3 3,500 480—6900 21,900
2,500 2 3,600 22 125 95. 3 96.1 96.3 5,000 2400—6900 22,600
3.125 2 3,600 i 24 125 95.3 96.3 96.5 5.500 2,400n6,900 25.100
3.750 2 3,600 i 24 125«250 95.3 96.3 96.6 6.500 1400—6900 27,900
5,000 2 3.600 29 125—250 95.3 96.3 96.6 11.000 2.400—6,900 40.100
6,250 2 3.600 38 125—250 95.3 96.3 96.7 12,000 2.400—13,800 43,300
7,500 2 3.600 42 g 1254250 95.5 96.5 96.9 15.000 240043.800 45.000
9,375 2 3,600 47 125—250 95.5 96.5 96.9 16.500 240043.800 61.200

CENTRALr-STATION—SIZE TURBINE GENERATORS, DIRECT-CONNECTED TYPE, 85 PERCENT PF, 3 PHASE, 60
CYCLE, 11,500 To 14,400 Vows

i . p . , .. . .. .,. Approx

1 l:‘.):(:lntiltl()n Efficiency. percent Volume, wt, in-
k\’ \ Poles. Rpm 1/2 3/4 ' Full of air. Ventilation cludin‘ , . g

‘ 1‘“ V01“ load load load Cfm exciter, lb

13,529 2 3,600 70 250 96.3 97.1 97.3 22.000 Air-cooled 116,700
17,647 2 3,600 100 250 97.7 97.9 97.9 22,000 Ha-cooled 115,700
23,529 2 3.600 115 250 98.0 98.2 98.2 25,000 Hag-cooled 143,600
35,294 2 3,600 145 250 98.1 98.3 98.3 34.000 Hrcooled 194,800
47,053 2 3.600 155 250 98 . 3 98 . 5 98. 5 42.000 Hz—cooled 237,200

70,585 2 1 3,600 200 ‘ 250 98.4 98.7 98.7 50,000 Hz—cooled 302,500

 
 

SOURCE; Westinghouse Electric Corp.

90 r/min, although it may run as high as 150 r/min. Water-
wheel generators also have salient poles which are usually
dovetailed to a cylindrical spider consisting of steel plates riv-
eted together. Their speeds range from 80 to 900 r/min and
sometimes higher, although the 9,000—kVA Keokuk synchro-
nous generators rotate at only 58 r/min, operating at a very
low head. The speed rating of direct—connected waterwheel
generators decreases with decrease in head. It is desirable to
operate synchronous generators at the highest permissible
speed since the weight and costs diminish with increase in
speed. Waterwheel-driven generators must be able to run at
double speed, as a precaution against accident, should the gov—
ernor fail to shut the gate sufficiently rapidly in case the circuit
breakers open or should the governing mechanism become
inoperative. ‘

Turbine-driven generators operate at speeds of 720 to 3,600
r/min. Direct-connected exciters, belt—driven exciters from the
generator shaft, and separately driven exciters are used. In
large stations separately driven (usually motor) exciters may
supply the excitation energy to’excitation bus bars. Steam-

driven exciters and storage batteries are frequently held in
reserve. With slow—speed synchronous generators, the belt-
driven exciter is frequently used because it can be driven at
higher speed, thus reducing the cost.

Synchronous-Generator Design At the present time single-
phase generators are seldom built. For single—phase service two
phases of a standard three-phase Y-connected generator are
used. A single—phase load or unbalanced three-phase load pro-
duces flux pulsations in the magnetic circuits of synchronous
generators, which increase the iron losses and introduce har-
monics into the emf wave. Two-phase windings consist of two
similar single-phase windings displaced 90 electrical space
degrees on the armature and ordinarily occupying all the slots
on the armature. The most common tye of winding is the three-
phase lap—wound two—layer type of winding. 1n three—phase
windings three windings are spaced 120 electrical space
degrees apart, the individual phase belts being spaced 60“
apart. Usually, all the slots on the armature are occupied.
Standard voltages are 550, 1,100, 2,200, 6,600, 13,200, and
20,000 V. It is much more difficult to insulate for 20,000 V
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than it is for the lower voltages. However, if the power is to be
transmitted at this voltage, its use would be justified by the
saving of transformers, In machines of moderate and larger
ratings it is common to generate at 6,600 and 13,200 V if
transformers must be used. The higher voltage is preferable,
particularly for the higher ratings, because it reduces the cross
section of the connecting leads and bus bars.

The standard frequency in the United States for lighting and
power systems is 60 Hz; the few former 50-Hz systems have
practically all been converted to 60 Hz. The frequency of 25
Hz is commonly used in street-railway and subway systems to
supply power to the synchronous converters and other ac—dc
conversion apparatus; it is also commonly used in railroad elec-
trification, particularly for single-phase series-motor locomo-
tives (see Sec. 11). At 25 Hz incandescent lamps have notice-
able flicker. In European (and most other) countries 50 Hz is
standard. The frequency of a synchronous machine

f= P X r/min/l20 Hz

where P is the number of poles, Synchronous generators are
rated in kVA rather than in kW, since heating, which deter-
mines the rating, is dependent only on the current and is inde—
pendent of power factor. If the kilowatt rating is specified, the
power factor should also be specified.

Induced EMF The induced emf per phase in synchronous
generator is

(15.1.98)

E = 2.22kbkp'bj2 V/phase (15.1.99)

where k,, = breadth factor or belt factor (usually 0.9 to 1.0),
which depends on the number of slots per pole per phase, 0.958
for three-phase, four slots per pole per phase; kp = pitch factor
= 1.0 for full pitch, 0.966 for % pitch; <1) = total flux Wb,
entering armature from one north pole and is assumed to be

sinusoidally distributed along the air gap; f = frequency; and
Z = number of series conductors per phase,

Synchronous generators usually are Y—connected. The

advantages are that for a given line voltage the voltage per
phase is l / V3 that of the delta—connected winding; third—har-
monic currents and their multiples cannot circulate in the
winding as with a delta-connected winding; third-harmonic
emfs and their multiples cannot exist in the line emfs; a neutral
point is available for grounding. .

Regulation The terminal voltage of synchronous generator
at constant frequency and field excitation depends not only on
the current load but on the power factor as well. This is illus—
trated in Fig. 15.1.62, which shows the voltage—current char-
acteristics of a synchronous generator’with lagging current,
leading current and in—phase current (pf -—: 1.00). With lead-
ing current the voltage may actually rise with increase in load;
the rate of voltage decrease with load becomes greater as the
lag of the current increases. The regulation of a synchronous
generator is defined by the ANSI/IEEE Std. 100-1977 Stan-
dard Dictionary of Electrical and Electronic Terms as follows:

    

 
 

 
I

I=PF= 0.8 leading current
H=PF=I O l

2PF=08laggmg current

 
  
 

Current C

Fig. 15.1.62 Synchronous generator characteristics.

 

The voltage regulation of a synchronous generator is the rise in volt-
age with constant field current, when, with the synchronous generator
operated at rated voltage and rated speed, the specified load at the spec-
ified power factor is reduced to zero, expressed as a percent of rated
voltage.

For example, in Fig. 15.1.62 the regulation under each con-dition is

100(ac — bc)/bc

With leading current the regulation may be negative.
Three factors affect the regulation of synchronous genera-

tors; the effective armature resistance, the armature leakage reactance,
and the armature reaction; With alternating current the arma~
ture loss is greater than the value obtained by multiplying the
square of the armature current by the ohmic resistance. This
is due to hysteresis and eddy-current losses in the iron adjacent
to the conductor and to the alternating flux-producing losses in
the conductors themselves. Also the current is not distributed

uniformly over conductors in the slot, but the current density
tends to be greatest in the top of the slot. These factors all have
the effect of increasing the resistance. The ratio of effective to

ohmic resistance varies from 1.2 to 1.5. The armature leakage
reactance is due to the flux produced by the armature current
linking the conductors in the slots and also, the end connections.

The armature mmf reacts on the field to change the value of
the flux. With a single-phase generator and with an unbal-

anced load on a polyphase generator, the armature mmf is pul—
sating and causes iron losses in the field structure. With poly-
phase machines under a constant balanced load, the armature
mmf is practically constant in magnitude and fixed in its rela-
tion to the field poles. Its direction with relation to the field-
pole axis is determined by the power factcir of the load.

A component of current in phase with the no-load induced
emf, or the excitation emf, merely distorts the field by
strengthening the trailing pole tip and weakening the leading
pole tip. A component of current lagging the excitation emf by
90" weakens the field without distortion. A component of cur—
rent leading the excitation emf by 90° strengthens the field
without distortion. Ordinarily, both cross magnetization and
one of the other components are acting simultaneously.

The foregoing effects are called armature reaction. Frequently
the effects of armature reactance and armature reaction can

be combined into a single quantity. '
It is difficult to determine the regulation of synchronous gen-

erator by actual loading, even when in service, owing to the
difficulty of obtaining, controlling, and absorbing the large bal-
anced loads. Hence methods of predetermining regulation without
actually loading the machine are used. .

Synchronous Impedance Method Both armature reactance
and armature reaction have the same effect on the terminal
voltage, In the synchronous impedance method the generator
is considered ashaving noarmature reaction, but the armature
reactance is increased a sufficient amount to account for the
effect of armature reaction. The phasor diagram for a current
I lagging the terminal voltage be an angle 0 is shown in Fig.
15.1.63. In a polyphase generator the phasor diagram is appli—
cable to one phase, a balanced load almost always beingassumed.

The power factor of the load is cos 6; IR is the effective

armature resistance drop and is parallel to 1; IX, is the syn-
chronous reactance drop and is at right angles to I and leading
it by 90°. IX, includes both the reactance drop and the drop in
voltage due to armature reaction. That part of IX, which

(15.1.100)
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replaces armature reaction is in reality a fictitious quantity.
The synchronous impedance drop is given by 12.. The no—load
or open-circuit (excitation) voltage

E = \/(Vc030 + IR)2 + (Vsint) i Dr.)2 V
(15.1.101)

 

All quantities are per phase. The negative sign is used with
leading current.

Regulation = 100(E — V)/V

With leading current E may be less than Vand a negative reg—
ulation results.

(15.1.102)

E

*9;

9V/’9\/

Fig. 15.1.63 Phasor diagram for synchronous impedance method.

The synchronous impedance is determined from an open-cir—
cuit and a short~circuit test, made with a weak field. The volt—

age E’ on open circuit is divided by the current I’ on short cir-
cuit for the same value of field current.

2. = E’/I’ X. = V23 — R2 o

R is so small compared with X5 that for all practical pur-

poses XS = Z. R may be determined by measuring the ohmic
resistance per phase and multiplying by 1.4 to 1.5 to obtain the
effective resistance. This value of R and the value of X5

obtained from Eq. (15.1.103) may then be substituted in Eq.
(15.1.101) to obtain E at the specified load and power factor.

Since the synchronous reactance is determined at low satu—
ration of the iron and used at high saturation, the method gives

regulations that are too large; hence it is called the pessimistic
method.

MMF Method In the mmf method the generator is consid-
ered as having no armature reactance but the armature reac-
tion is increased by an amount sufficient to include the elfect
of reactance. That part of armature reaction which replaces
the effect of armature reactance is in reality a fictitious quan—

tity[ To obtain the data necessary for computing the regula—
tion, the generator is short-circuited and the field adjusted to

(15.1.103)

   
0 Field Current D l

(a)

SYNCHRONOUS GENERATORS 15-39

give rated current in the armature. The corresponding value of
field current 1,, is read. The field is then adjusted to give voltage
E’ equal to rated terminal voltage + IR drop (= V + IR, as
phasors, Fig. 15.1.64) on open circuit and the field current I’
read.

 
Fig. 15.1.64 Phasor diagram for mmf method.

In is 180° from the current phasor I, and 1’ leads E’ by 90"
(Fig. 15.1.64). The angle between I’ and 1,, is 90 — 0 + d), but
since (2) is small, it can usually be neglected. The phasor sum
of [a and I’ is ID. The open-circuit voltage E corresponding to
[a is the no-load voltage and can be found on the saturation
curve. The regulation is then found from Eq. (15.1.102). This
method gives a value of regulation less than the actual value
and hence is called the optimistic method. The actual regulation
lies somewhere between the values obtained by the two meth-

ods but is more nearly equal to the value obtained by the mmf
method.

ANSI Method The ANSI method (American Standard 50,

Rotating Electrical Machinery) which has become the
accepted standard for the predetermination of synchronous
generator operation, eliminates in large measure the errors due
to saturation which are inherent in the synchronous impedance
and mmf methods. In Fig. 15.1.65a is shown the saturation
curve OAF of the generator. The axis 01’ is not only the field—
current axis but also the axis of the current phasor I as well.
Vthe terminal voltage is drawn 0 deg from I or 0P, where 0
is the power factor angle. The effective resistance drop IR and
the leakage reactance drop IX are drawn parallel and perpendic-
ular to the current phasor. Ea, the phasor sum of V, IR, and
IX, is the internal induced emf. Arcs are swung with 0 as the
center and Vand E, as radii to intercept the axis of ordinates
at B and C. 0K, tangent to the straight portion of the satura-
tion curve, is the air-gap line. If there is no saturation, 1,, is the

 
(b)

Fig. 15.1.55 ANSI method of synchronous generator regulation.
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field current necessary to produce V, and CK is the field cur—
rent necessary to produce Ea. The field current I, is the
increase in field current necessary to take into account the sat-
uration corresponding to En.

The corresponding phasor diagram to a larger scale is shown
in Fig. 15. l .651). I’, the field current necessary to produce rated
current at short circuit, corresponding to 1,, (Fig. 15.1.64), is
drawn horizontally. The field current 1,, is drawn at an angle (9
to the right ofa perpendicular erected at the right-hand end of

I}. I, is the resultant of I}, and I”, I, is added to I, giving [/ the
resultant field current. The novload emf E is found on the sat—

uration curve, Fig. 15.5.65a, corresponding to If = 0D.
Excitation is commonly supplied by a small dc generator

driven from the generator shaft. On account of commutation,
except in the smaller sizes, the dc generator cannot be driven
at 3,600 r/min, the usual speed for turbine generators, and belt
or gear drives are necessary. The use of the silicon rectifier has

made possible simpler means of excitation as well as voltage
regulation. In one system the exciter consists of a small rotat-

ing-armature synchronous generator (which can run at high
speed) mounted directly on the main generator shaft. The
three-phase armature current is rectified by six silicon recti-
fiers and is conducted directly to the main generator field with-
out any sliding contacts. The main generator field current is
controlled by the current to the stationary field of the exciter
generator. In another system there is no rotating exciter, the
generator excitation being supplied directly from the generator
terminals, the 13,800 V, three-phase, being stepped down to
115 V, three-phase, by small transformers and rectified by sil-
icon rectifiers. Voltage regulation is obtained by saturable
reactors actuated by potential transformers connected across
the generator terminals.

Most regulators such as the following operate through the
field of the exciter. In the Tin-ill regulator the field resistance of
the exciter is short—circuited temporarily by contacts when the
bus—bar voltage drops. Actually, the contacts are vibrating con
tinuously, the time that they are closed depending on the value
of the bus-bar voltage. The General Electric Co. manufactures

a direct—acting regulator in which the regulating rheostat is
part of the regulator itself. The rheostat consists of stacks of

graphite plates, each plate being pivoted at the center, Tilting
the plates changes the path of the current through the rheostat
and thus changes the resistance. The plates are tilted by a sen— ‘
sitive torque armature which is actuated by variations of volt-
age from the normal value (for regulators employing silicon
rectifiers).

Parallel Operation of Synchronous Generators The kilowatt

division of load between synchronous generators in parallel is
determined entirely by the speed-load characteristics of their
prime movers and not by the characteristics of the generators
themselves. No appreciable adjustment of kilowatt load
between synchronous generators in parallel can be made by
means of their field rheostats, as with dc generators. Consider
Fig. 15.1.66, which gives the speed—load characteristics in
terms of frequency, of two synchronous generators, no. 1 and
no. 2, these characteristics being the speed—load characteristics
of their prime movers. These speed—load characteristics are
drooping, which is necessary for stable parallel operation. The
total load on the two machines is P] + P; kW. Both machines
must be operating at the same frequency Fl. Hence generator
1 must be delivering P] kW, and generator 2 must be deliver—

ing P2 kW (the small generator losses being neglected). If,
under the foregoing conditions, the field of either machine is

 

strengthened, it cannot deliver a greater kilowatt load, for its
prime mover can deliver more power only by dropping its
speed. This is impossible, for both generators must operate
always at the same frequency fl. For any fixed total power
load, the division of kilowatt load between synchronous gen-
erators can be changed only by modifying in some manner the

 Frequency
Lood

Fig. 15.1.66 Speed~load characteristics of synchronous generators in
parallel.

speed-load characteristics of their prime movers, such, for
example, as changing the tension in the governor spring. Syn—
chronous generators in parallel are of themselves in stable
equilibrium. If the driving torque of one machine is increased,
the resulting electrical reactions between the machines cause a
circulating current to flow between machines. This current

puts more electrical load on the machine whose driving torque
is increased and tends to produce motor action in the other
machines. In an extreme case, the driving torque of one prime
mover may be removed entirely, and its generator will oper-
ate as a synchronous motor, driving the prime mover
mechanically.

Variations in driving torques cause currents to circulate
between synchronous generators, transferring power which
tends to keep the generators in synchronism. If the power
transfer takes the form of recurring pulsations, it is called hunt-
ing, which may be reduced by building heavy copper grids
called amortisseurs, or damper windings, into the pole faces. Tur—
bine— and water-wheel~driven synchronous generators are
much better adapted to parallel operation than are synchro-
nous generators which are driven by reciprocating engines,
because of their uniformity of torque.

Increasing the field current of synchronous generators in
parallel with others causes it to deliver a greater lagging com-
ponent of current. Since the character of the load determines

the total current delivered by the system, the lagging compo-
nents of current delivered by the other generators must
decrease and may even become leading components. Likewise
if the field of one generator is weakened, it delivers a greater
leading component of current and the other machines deliver

components of current which are more lagging. These leading
and lagging currents do not affect appreciably the division of
kilowatt load between the synchronous generators. They do,
however, cause unnecessary heating in their armatures. The
fields of all synchronous generators should be so adjusted that
the heating due to the quadrature components of currents is a
minimum. With two generators having equal armature resis—
tances, this occurs when both deliver equal quadraturecurrents.

Armature reactance in the armature of machines in parallel
is desirable. If not too great, it stabilizes their operation by pro-
ducing the synchronizing action. Synchronous generators with
too little reactance are sensitive, and if connected in parallel
with slight phase displacement or inequality of voltage, consid-
erable disturbance results. Armature reactance also reduces
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the current on short circuit, particularly during the first few
cycles when the short—circuit current is a maximum. Fre-
quently, external power-limiting reactances are connected in
series to protect the generators and equipment from injury that
would result from the tremendous short-circuit currents. For

these reasons, poor regulation in large synchronous generators
is frequently considered to be an advantage rather than a
disadvantage.

Ground Resistors Most power systems operate with a
grounded neutral. When the station generators deliver current
directly to the system (without intervening transformers), it is
customary to ground the neutral (of the Y-connected wind—
ings) of one generator in a station; this is usually done through
a grounding resistor of from 2 to 6 (Z. If the neutral of more
than one generator is grounded, third-harmonic (and multiples
thereof) currents can circulate between the generators. The
ground resistor reduces the short-circuit currents when faults
to ground occur, and hence reduces the violence of the short
circuit as well as the duty of the circuit breakers. Grounding
reactors are sometimes used but have limited application
owing to the danger of high voltages resulting from resonant
conditions.

INDUCTION GENERATORS

The induction generator is an induction motor driven above syn-
chronous speed. The rotor conductors cut the rotating field in
a direction to convert shaft mechanical power to electrical

power. Load increases as speed increases, so the generator is
selfvregulating and can be used without governor control. On
short circuits the induction generator will deliver current to the
fault for only a few cycles because, unlike the synchronous gen-
erator, it is not self—exciting. Since it is not self-excited, an
induction generator must always be used in parallel with an
electrical system where there are some synchronous machines,
or capacitor banks, to deliver lagging current (VARs) to the
induction generator for excitation.

Induction generators have found favor in industrial cogener-
ation applications and as wind-driven generators where they pro—
vide a small part of the total load.

CELLS

Fuel cells convert chemical energy of fuel and oxygen directly
to electrical energy. Solar cells convert solar radiation to elec-
trical energy. At present, these conversion methods are not
economically competitive with historic generating techniques,
but they have found applications in isolated areas, such as
microwave relaying stations and satellites, where power
requirements are small and costs for transmitting electrical
power from more conventional sources is prohibitive.

TRANSFORMERS

Transformer Theory The transformer is a device that trans-
fers energy from one electric circuit to another without change
of frequency and usually, but not always, with a change in volt-
age. The energy is transferred through the medium of a mag-
netic field: it is supplied to the transformer through a primary
winding and is delivered by means of a secondary winding.
Both windings link the same magnetic circuit. With no load on
the secondary, a small current, called the exciting current,
flows in the primary and produces the alternating flux. This

TRANSFORMERS 15-41

flux links both primary and secondary windings and induces
the same volts per turn in each. With a sine wave the emf is

E = 4.44<i),,,nf v (15.1.104)

where (Em = maximum instantaneous flux in webers, n =
turns on either winding, andf = frequency. Equation (15.1.104)
may also be written

E = 4.44BmAnf V. (15.1.105)

B", = maximum instantaneous flux density in iron and A =
net cross section of iron. If Bm is in T, A is in m2; if 8", is in
Mx/inz, A is in inz.

In English units, Eq. (15.1.104) becomes

E = 4.44<I>,,,nflor8 V (14.1.104a)

where QM is in maxwells; Eq. (15.1.105) becomes

E = 4.44BmAnfl0“8 V (15.1.1053)

where Bm is in Mx/in2 and A is in inl.
Bm is practically fixed. In large transformers with silicon

steel it varies between 60,000 and 75,000 Mx/in2 at 60 Hz and
between 75,000 and 90,000 Mx/in2 at 25 Hz. It is desirable to
operate the iron at as high density as possible in order to min-
imize the weight of iron and copper. On the other hand, with
too high densities the eddy-current and hysteresis losses
become too great, and with low frequency the exciting current
may become excessive. It follows from Eq. (15.1.104) that

El/EZ 2 ”1/712

where E, and E; are the primary and secondary emfs and nI
and 112 are the primary and secondary turns. Since the imped-
ance drops in ordinary transformers are small, the terminal
voltages of primary and secondary are also practically propor-
tional to their number of turns. As the change in secondary
terminal voltage in the ordinary constant-potential transformer
over its range of operation is small (1.5 to 3 percent), the flux
must remain substantially constant. Therefore, the added
ampere-turns produced by any secondary load must be bal-
anced by opposite and equal primary ampere—turns. Since the
exciting current is small compared with the load current (1.5
to 5 percent) and the two are usually out of phase, the exciting
current may ordinarily be neglected. Hence,

(15.1.106)

”111 = ”212

[1/12 = ”2/”1

where I 1 and [2 are the primary and secondary currents.
When load is applied to the secondary of a transformer, the

secondary ampere~turns reduce the flux slightly. This reduces
the counter emf of the primary, permitting more current to
enter and thus supply the increased power demanded by'the
secondary. .

Both primary and secondary windings must necessarily have
resistance. All the flux produced by the primary does not link
the secondary; the counter ampere—turns of the secondary pro-
duce some flux which does not link the primary. These leakage
fluxes produce reactance in each winding. The combined effect
of the resistance and reactance produces an impedance drop in
each winding when current flows. These impedance drops pro-
duce a slight drop in the secondary terminal voltage with load.

Transformer Testing Transformer regulation and losses are
so small that it is far more accurate to compute the regulation
and efficiency than to determine them by actual measurement.
The necessary measurements and computations are compara—

(15.1.1117)

(15.1.108)
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tively simple, and little power is involved in making the tests.
In the open-circuit test, the power input to either winding is
measured at its rated voltage. Usually it is more convenient to
make this test on the low-voltage winding, particularly if it is
rated at 1 10, 220, or 550 V. The open-circuit power practically
all goes to supply the core losses, consisting of eddy—current
and hysteresis losses. Let this value of power be P0. The eddy-
current loss varies as the square of the voltage and frequency;
the hysteresis loss varies as the 1.6 power of the voltage, and
directly as the frequency. In the short-circuit test one winding is
short-circuited, and the current in the other is adjusted to near
its rated value. The voltage V6, the current 1,, and the power
input PC are measured. When one winding of a transformer is
short-circuited, the voltage across the other winding is 3 to 4
percent of rated value when rated current flows. Since a volt-

age range of from 110 to 250 V is best adapted to measuring
instruments, that winding whose rated voltage, multiplied by
0.03 or 0.04, is closest to this voltage range should be used for
making the short-circuit test, the other winding being short-
circuited. Practically all the power on short circuit goes to sup-
ply the copper loss of primary and secondary. If the measure—
ments are made on the primary,

R0] = Pc/I? (15.1.109)
201 = Vc/Ii (15.1.110)

X0! = VZiti — R3. (15.1.111)

where R0,, 2'01, and X01 are the equivalent resistance, imped—
ance, and reactance referred to the primary. Also R02 =
R0|(”2/"i)2§ 202 = Zor(”2/n1)zi X02 = X01(n2/”1)2y these
quantities being the equivalent resistance, impedance, and
reactance referred to the secondary. If the dc resistances R1
and R2 of the primary and secondary are measured,

R01 = RI + ("l/n2)2R2

R02 = R2 + (”Z/nl)2Rl

The ac or effective resistances, determined from Eq.
(15.1.109), are usually 10 to 15 percent greater than thesevalues.

Regulation The regulation may be computed from the fore-
going data as follows:

V; = \/(V] c036 + 1,R0,)2 + (V. sin 0 i [pi/0,)2
(15.1.114)
(15.1.115)

(15.1.112)

(15.1.113)

 

Regulation = 100( V; — V1)/ V]

V. = rated primary terminal voltage; cos 6 = load power fac-
tor; I, = rated primary current; Rm = equivalent resistance
referred to primary [from Eq. (15.1.109)]; X0, = equivalent
reactance referred to primary. The + sign is used with lagging
current and the — sign with leading current. Equations
(15.1.114) and (15.1.115) are equally applicable to the secondary
if the subscripts are changed.

m: secondary

(0)
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Efficiency The only two losses in a constant-potential trans-
former are the core loss in W, Pu, which is practically indepen-
dent of load, and P, the copper loss in W, which varies as the

load current squared. The efficiency for any current 11 is

n = V11, cos 6/(V,Il cos 0 + P0 + Ime) (15.1.1115)

Equation (15.1.116) applies equally well to the secondary if the
subscripts are changed. The maximum efficiency occurs when
the core and copper losses are equal.

All-Day Efficiency Since transformers must usually be on
the line 24 h/day, part of which time the load may be very
light, the all-day efficiency is important. This is equal to the
total energy or watthour output divided by the total energy or
watthour input for the 24 h. That is,

_ (VIIl cos (9,)!l + . ~ '

(VJl cos (mt. + - - - + (meow, + - - . + 24 P0
(15.1.117)
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where t, = time in hours that load VJ, cos 61 is being deliv-
ered, etc.

Polyphase Transformer Connections Three-phase trans—
former banks may be connected A-A, A-Y, Y-Y, and Y-A. The
AA connection is very common, particularly at the lower volt—
ages, and has the important advantage that the bank will oper-
ate V-connected if one transformer is disabled. The A-Y con-

nection is advantageous for stepping up to high voltages since
the secondary of the transformers need be wound only for 58
percent (1/ \/§) of the line voltage; it is also necessary when a
four—wire three-phase system is obtained from a three—wire

three-phase system since “a floating neutral” on the secondary
cannot occur. The Y-Y system may be used for stepping up
voltage. It should not be used for obtaining a three-phase four-
wire system from a three-phase three-wire system, because of
the “floating neutral” on the secondary and the resulting high
degree of unbalance of the secondary voltages. The Y-A system
may be used to step down high voltages, the reverse of the A-
Y connection, Y—connected windings also preclude third har-
monic, and their multiples, circulating currents in the trans-
former windings. In the A-Y and Y-A systems the ratio of line
voltage is obviously not that of the individual transformers.

Because of different phase displacement between primaries
and secondaries, a A-A bank cannot be connected in parallel
(on both sides) with a A-Y bank, etc., even if they both have
the correct voltage ratios between lines.

Three-phase transformers combine the magnetic circuits of
three single-phase transformers so that they have parts in com-
mon. A material saving in cost, in weight, and in space results,
the greatest saving occurring in the core and oil. The advan—

tages of three-phase transformers are often outweighed by
their lack of flexibility. The failure of a single phase shuts
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Fig. 15.1.67 Transformer connections for transforming moderate amounts of three-phase power. (a) Open deltaconnection; (b) T connection.
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Teaser
transformer Scott top

 
transformer

(0)

Fig. 15.1.68 Connections for transforming from three—phase to two- and fourvphase power.

down the entire transformer. With three single units, one unit
may be readily replaced with a single spare. The primaries of
single-phase transformers may be connected in Y or A at will
and the secondaries properly phased. The primaries, as well as
the secondaries of three-phase transformers, must be phased.

For the transformation of moderate amounts of power from
three—phase to three—phase, two transformers employing either
the open delta or T connection (Fig. 15.1.67) may be used. With
each connection the ratio of line voltages is the same as the
transformer ratios. In the figure, ratios 10:1 are shown. In the
'1‘ connection the primary and the secondary of the main trans-
former must be provided with a center tap to whieh one end of
the teaser transformer is connected. The ratings of these sys—
tems are only 58 percent of the rating of the system using three
similar transformers, one for each phase. Owing to dissym—
metry, the terminal voltages become somewhat unbalanced
even with a balanced load.

To transform from two- to three~phase or the reverse, the T
connection of Fig. 15.1.68 is used. To make the secondary volt—
ages symmetrical a tap (called a Scott tap) is brought out at

86. 6 percent (\/3/2) of the primary winding of the teaser
transformer as shownin Fig 15.1 68. With balanced no—load
voltages the voltages become slightly unbalanced even under a
symmetrical load, owing to unequal phase differences in the
individual coils. The three—phase neutral 0 is one-third the
winding of the teaser transformer from the junction. In Fig.
15.1.68a the transformation is from three-phase to a two—phase
three-wire system. In Fig. 15.1.6811 the transformation is from

three—phase to a four——phase, five—wire system. The voltages are
given on the basis of 100V primaries with 1: 1 transformerratios.

A11 autotransformer, also called compensator, consists essen-
tially of a single winding linking a magnetic circuit. Part of the
energy is transformed, and the remainder flows through con-
ductively. Suitable taps are provided so that, if the primary
voltage is applied to two of the taps, a voltage may be taken
from any other two taps. The ratio of voltages is equal practi-
cally to the ratio of the turns between their taps. An autotrans~
former should be installed only when the ratio of tranSforma-
tion is not large. The ratio of power transformed to total power
is 1 ~ 11, where n is the ratio of low-voltage to high-voltage
emf. This gives the saving over the ordinary transformer and
is greatest when the ratio is not far from unity. Figure 15.1.69a

shows 100 kW being changed from 3,300 to 2,300 V; 30.3 kW
only are being actually transformed, and the remainder of the
power flows through conductively. Figure 15.1.6917 shows how
an ordinary 10:1, IO-kW lighting transformer may be con-
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transformer

)4

 
transformer

(bl

nected to boost 110 kW 10 percent in voltage. In Fig. 15.1.69b,
however, the 230-V secondary must be insulated for 2,300 V
to the core and ground. The voltage may likewise be reduced
by reversing the 230V coil. An autotransformer should never

be used when it is desired to keep dangerous primary potentials
from the secondary. It15 used for starting induction motors
(Fig 15.1 71) and for a number of similar purposes.

43.50mp.“>
303 omp.->
 

  
 

30.3amp.<—-—
(0)

Fig. 15.1 .69 Autotransformer.

Data on Transformers Single—phase 55 ° self-cooled oil-insu—
lated transformers for 2,300-V primaries, 230/ I 15—V second-
aries, and in sizes from 5 to 200 kVA for 60(25) Hz have effi-
ciencies from one-half to full load of about 98 (97 to 98.7)
percent and regulation of 1.5 (1.1 to 2.1) percent with pf = 1,
and 3.5 (2.7 to 4.1) percent with pf = 0.8. Power transformers
with 13,200—V primaries and 2,300-V secondaries in sizes from
667 to 5,000 kVA and for both 60 and 25 Hz have efficiencies

from one-half to full load of about 99.0, percent and regulation
of about 1.0 (4.2) percent with pf = 1 (0.8).

AC MOTORS

Polyphase Induction Motor The polyphase induction motor
is the most common type of motor used. It consists ordinarily
of a stator which is wound in the same manner as the synchro-

nous-generator stator. If two-phase current is supplied to a
two—phase winding or three-phase current to a three——phase
winding, a rotating magnetic field15 producedin the air gap.
The number of poles which this field has is the same as the

number of poles that a synchronous generator employing the

same stator winding would have. The speed of the rotating
field, 01' the synchronous speed,

N = 120f/P

wheref = frequency and P = number of poles

r/min (15.1.118)
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There are two general types of rotors. The squirrel-cage type
consists of heavy copper or aluminum bars short—circuited by
end rings, or the bars and end rings may be an integral alu-
minum casting. The wound rotor has a polyphase winding of the
same number of poles as the stator, and the terminals are
brought out to slip rings so that external resistance may be
introduced. The rotor conductors must be cut by the rotating
field, hence the rotor cannot run at synchronous speed but must
slip. The per unit slip is

S = (N ‘ N2)/N

where N2 = the rotor speed, r/min. The rotor frequency

f2 = Sf (15.1.120)

The torque is proportional to the air-gap flux and the compo-
nents of rotor current in space phase with it. The rotor currents
tend to lag the emfs producing them, because of the rotor—leak-
age reactance. From Eq. (15.1.120) the rotor frequency and
hence the rotor reactance (X2 = 27rf2L2) are low when the
motor is running near synchronous speed, so that there is a
large component of rotor current in space phase with the flux.
With large values of slip the increased rotor frequency
increases the rotor reactance and hence the lag of the rotor
currents behind their emfs, and therefore considerable space—
phase dilierence between these currents and the flux develops.
Consequently even with large values of current the torque may
be small. The torque of the induction motor increases with slip
until it reaches a maximum value called the break-down torque,
after which the torque decreases (see Fig. 15.1.72). The break—

down torque varies as the square of the voltage, invergely as
the stator impedance and rotor reactance, and is independent
of the rotor‘resistance.

The squirrel-cage motor develops moderate torque on start-
ing (s = 1.0) even through the current may be three to seven
times rated current. For any value of slip the torque of the
induction motor varies as the square of the voltage. The torque
of the squirrel—cage motor which, on starting, is only moderate
may be reduced in the larger motors because of startingvolt-
age drop from inrush and possible necessity of applying
reduced-voltage starting.

Polyphase squirrel-cage motors are used for constant-speed
work. They are used widely on account of their rugged con-
struction and the absence of moving electrical contacts, which
makes them suitable for operation when exposed to flammable
dust or gas. General-purpose squirrel—cage motors have start-
ing torques of 100 to 250 percent of full load torque at rated
voltage. The highest torques occur at the higher rated speeds.
The locked rotor currents vary between four and seven times
full-load current. In the double-squirrel-cage type'of motor there
is a high-resistance winding in the top of the rotor slots and a
low-resistance winding in the bottom of the slots. The low-

resistance winding is made to have a high leakage reactance,
either by separating the windings with a magnetic bridge, Fig.
15.1.70a, or by making the slot very narrow in the area

(15.1.119)

Magnetic
bridge
(iron) Extruded

aluminum (a) (bl

Fig. 15.1.70 Types of slots for squirrel-cage windings.

 

between the two windings, Fig. 15.1.70b. On starting, because
of the high reactance of the low-resistance winding, most of the
rotor current will flow in the high-resistance winding, giving
the motor a large starting torque. As the rotor approaches the
low value of slip at which it normally operates, the rotor fre-
quency and hence the rotor reactance become low and most of

the rotor current now flows in the low-resistance winding. Cage
bars can be shaped so that one winding gives comparable
results. See Fig. 15.1.70c. The rotor operates with a low value
of slip. The high starting torque of the high-resistance motor
and the excellent constant-speed operating characteristics of
the low-resistance squirrel-cage rotor are combined in onemotor. ' '

The single shaped cage bar is more economical, and almost
any shape for required characteristics can be extruded from
aluminum. Single bars also eliminate the problems of dilfer-
ential expansion with double-cage bars.

Nameplates of polyphase integral-hp squirrel-cage induc-
tion motors carry a code letter and a design letter. These pro-
vide information about motor characteristics, the former on
locked rotor or starting inrush current (see Table 15.1.26) and
the latter on torque characteristics. National Electrical Man-
ufacturers- Association standards publication No. MG1-1978
defines four design letters: A, B, C, and D. In all cases the
motors are designed for full voltage starting. Locked rotor cur—
rent and torque, pull-up torque and breakdown torque are tab-
ulated according to horsepower and speed. Designs A, B, and
C have full load slips less than 5 percent and design D more
than 5 percent. The nature of the various designs can be under-
stood by reference to the full voltage values for a 100-hp, 1800-
r/min motor which follow:
 

 

Design
A B C D

Locked rotor torque 125* 125* 200* 275*
Pull—up torque 100T 1001' I40T
Breakdown torque 200T 2001‘ 190T . . .
Locked rotor current . . . 600* 600* 600*
Full load slip (%) 5§ 5§ 5§ 5i 

NOTE; All quantities, except slip, are percent of full load value.
*Upper limit.
TNot less than.
iGreater than.
§Less than.

Starting It is desirable to start induction motors by direct
connection across the line, since reduced voltage starters are

expensive and almost always reduce the starting torque. The
capacity of the distribution system dictates when reduced volt—

age starting must be used to limit voltage dips on the system.
On stifi‘ industrial systems 25,000-hp motors have been suc-
cessfully started across-the-line.

In Fig. 15.1.71a is shown an “across-the-line” starter which
may be operated from different push-button stations. The
START push button closes the solenoid circuit between phases
C and A through three bimetallic strips in series. This ener-
gizes solenoid S, which attracts armature D, which in turn
closes the starting switch and the auxiliary blade 0. This blade
keeps the solenoid circuit closed when the START push button
is released. Pressing the STOP push button opens the solenoid
circuit, permitting the starting switch to open. A prolonged

R.J. Reynolds Vapor Exhibit 1034-00319



R.J. Reynolds Vapor Exhibit 1034-00320

heavy overload raises the temperature of the heaters by an
amount that will cause at least one of the bimetallic strips to
open the solenoid circuit, releasing the starting switch.

A common method of applying reduced-voltage start is to
use a compensator 0r autotransformer or autostarter (Fig.
15. 1.711)). When the switch is in the starting position, the three
windings AB of the three-phase autotransformer are connected
in Y across the line and the motor terminals are connected to

the taps which supply reduced voltage When the switch is
in the running position, the starter is entirely disconnected
from the line. In modern practice, motors are protected by
thermal or magnetic overload relays (Fig. 15.1.71) which oper-
ate to trip the circuit breaker. Since a time element is involved
in the operation of such relays, they do not respond to large
starting currents, because of their short duration. To limit the
current to as low a value as possible, the lowest taps that will
give the motor sufficient voltage to supply the required starting
torque should be used. As the torque of an induction motor
varies as the square of the voltage, the compensator produces
a very low starting torque.

Resistors in series with the stator may also be used to start squir-
rel—cage motors. They are inserted in each phase and are grad-
ually cut out as the motor comes up to speed. The resistors are
generally made of wire—type resistor units or of graphite disks
enclosed within heat-resisting porcelain-lined iron tubes. The
disadvantage of resistors is that if the motor is started slowly
the resistor becomes very hot and may burn out. Resistor start-
ers are less expensive than autotransformers. Their application
is to motors that start with light loads at infrequent intervals.

A phase-controlled, silicon-controlled rectifier (SCR) may be
used to limit the motor—starting current to any value that will
provide sufficient starting torque by reducing voltage to the
motors. The SCR can also be used to start and stop the motors.
A positive opening device such as a contactor or circuit breaker
should be used in series with the SCR to stop the motor in case
of a failed SCR, which will normally fail shorted and apply full
voltage to the motor.

By introducing resistance into the rotor circuit through slip rings,
the rotor currents may be brought nearly into phase with the
air—gap flux and, at the same time, any value of torque up to
maximum torque obtained. As the rotor develops speed, resis-
tance may be cut out until there is no external resistance in the
rotor circuit. The speed may also be controlled by inserting
resistance in the rotor circuit. However, like the armature-
resistance method of speed control with shunt motors, this
method is also inefficient and gives poor speed regulation. Fig-
ure 15.1.72 shows graphically the effect on the torque of apply-
ing reduced voltage (curves b, c) and of inserting resistance in
the rotor circuit (curve d). As shown by curves b and c, the
torque for any given slip is proportional to the square of the
line voltage. The effect 0f introducing resistance into the rotor
circuit is shown by curve d. The point of maximum torque is
shifted toward higher values of slip. The maximum torque at
starting (slip = 1.0) occurs when the rotor resistance is equal
to the rotor reactance at standstill. The wound—rotor motor is

used where large starting torque is necessary as in railway
work, hoists, and cranes. It has better starting characteristics
than the squirrel-cage motor, but, because of the necessarily
higher resistance of the rotor, it has greater slip even with the
rotor resistance all cut out. Obviously, the wound rotor, con-
troller, and external resistance make it more expensive than
the squirrel—cage type.
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Fig. 15.1.71 Starters for squirrel-cage induction motor. (a) Across-
the—line starter; (b) autostarter.
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One disadvantage of induction motors is that they take lagging
current, and the power factor at half load and less is low. The
speed- and torque—load characteristics of induction motors are

almost identical with those of the shunt motor. The speed
decreases slightly to full load, the slip being from 10 percent
in small motors to 2 percent in very large motors. The torque
is almost proportional to the load nearly up to the breakdown
torque. The power factor is 0.8 to 0.9 at full load. The direction

of rotation of any three-phase motor may be reversed by inter-
changing any two stator wires.
'Speed Control 01 Induction Motors The induction motor

inherently is a constant-speed motor. From Eqs. (15.1.118) and
(15.1.119) the rotor speedjs

N, = 120f(1 — s)/P

The speed can be changed only by changing the frequency,
poles, or slip. In some applications where the motors constitute
the only load on the generators, as with electric propulsion of
ships, their speed may be changed by changing the frequency.
Even then the range is limited, for both turbines and genera—
tors must operate near their rated speeds for good efficiency.
By employing two distinct windings or by reconnecting a single
winding by switching it is possible to change the number of
poles. Complications prevent more than two speeds being read-
ily obtained in this manner. Elevator motors frequently have
tWo distinct windings. Another objection to changing the num-
ber of poles is the fact that the design is a compromise, and

(15.1.121)

Table 15.1.13 Drip-proof Motors

 

sacrifices of desirable characteristics usually are necessary at
both speeds.

The change of slip by introducing resistance into the rotor
circuit has been discussed under the wound-rotor motor. It is

also possible to introduce an inverter into the rotor circuit and
convert the slip frequency power to line frequency power and
return it to the distribution system.

Inverters are also used to convert line frequencies to variable
frequencies to operate squirrel-cage motors at almost any
speed up to their mechanical limitations. Inverters also reduce
the starting stresses on a motor.

Polyphase voltages should be evenly balanced to prevent
phase current unbalance. If voltages are not balanced, the motor
must be derated in accordance with National Electrical Man-
ufacturers Association (NEMA), Publication No. MG-l-
14.34.

Approximately 5 percent voltage unbalance would cause
about 25 percent increase in temperature rise at full load. The
input current unbalance at full load would probably be 6 to 10
times the input voltage unbalance. >

Single phasing, one phase open, is the ultimate unbalance and
will cause overheating and burnout if the motor is not discon-
nected from the line.

Single-Phase Induction Motor Single-phase induction
motors are usually made in fractional horsepower ratings, but
they are listed by NEMA in integral ratings up to 10 hp. They
have relatively high rotor resistances and can operate in the

W

3 phase, 230 V, 60 Hz, 1,750 rpm, squirrel cage 

Power factor, percent Efficiency, percent“ 

 

 

 

 

 

  

 

Weight,

hp 11) Amp 14 load ”A load Full load ‘/2 load % load Full load

1 40 3.8 45.3 64.8 66.2 63.8 71.4 75.5
2 45 6.0 54.3 67.6 76.5 75.2 79.9 81.5
5 65 14.2 61.3 73.7 80.7 77.0 80.9 81.5

10 110 26.0 66.3 77.7 83.1 83.5 86.0 86.5
20 190 53.6 69.5 78.4 80.9 85.0 87.0 86.5
40 475 101.2 69.8 79.4 83.6 86.8 88.3 88.5

100 830 230.0 83.7 88.2 89.0 92.2 92.4 91.7
200 1,270 446.0 82.5 87.8 89.2 93.5 94.2 94.1

3 phase, 230 V, 60 Hz, 1,750 rpm, wound rotor

5 155 15.6 50.7 64,1 74.0 77.6 81.0 81.4
10 220 27.0 66.8 77.5 82.5 84.3 85.4 84.8
25 495 60.0 79.2 86.6 89.4 88.1 88.6 87.8
50 650 122.0 72.4 82.3 86.8 86.7 87.9 87.7

100 945 234.0 78.4 86.2 89.4 90.0 90.4 89.8
200 2,000 446.0 79.8 87.6 90.8 90.5 92.1 92.5

3 phase, 2,300 V, 60 112, 1,750 rpm, squirrel cage

300 2,300 70.4 76.2 83.4 86.0 90.8 92.5 92.8
700 3,380 155.0 85.5 89.4 90.0 91.7 93.4 93.7

1,000 4,345 221.0 86.2 89.5 90.0 92.1 93.8 94.1

3 phase, 2,300 V, 60 117., 1,750 rpm, wound rotor

300 3,900 68 84.4 86.2 89.9 90.8 92.5 92.8
700 5.750 154 82.7 87.7 90.9 91.7 93.4 93.7

1,000 8,450 218 82.9 87.9 91.1 92.1 93.8 94.1W
SOURCE: Westinghouse Electric Corp.
*lligh-efficiency motors are available at premium cost.
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single—phase mode without overheating. Single-phase induction
motors are not self—starting.

However, the single—phase motor runs in the direction in

which it is started. There are several methods of starting sin-
gle-phase induction motors. Short—circuited turns, or shading
coils, may be placed around the pole tips which retard the time
phase of the flux in the pole tip, and thus a weak torque in the
direction of rotation is produced. A high-resistance starting
winding, displaced 90 electrical degrees from the main wind—
ing, produces poles between the main poles and so provides a
rotating field which is weak but is sufficient to start the motor.
This is called the split-phase method. In order to minimize over—

heating this winding is ordinarily cut out by a centrifugal
device when the armature reaches speed. In the larger motors
a repulsion—motor start is used. The rotor is wound like an ordi—
nary dc armature with a commutator, but with short-circuited

brushes pressing on it axially rather than radially. The motor
starts as a repulsion motor, developing high torque. When it
nears its synchronous speed, a centrifugal device pushes the
brushes away from the commutator, and at the same time

causes the segments to be short—circuited, thus converting the
motor into a single-phase induction motor.

Capacitor Motors Instead of splitting the phase by means
of a high-resistance winding, it has become almost universal

practice to connect a capacitor in series with the auxiliary
winding (which is displaced 90 electrical degrees from the
main winding). With capacitance, it is possible to make the
flux produced by the auxiliary winding lead that produced by
the main field winding by 90" so that a true two-phase rotating
field results and good starting torque develops. However, the
90” phase relation between the two fields is obtainable at only
one value of speed (as at starting), and the phase relation
changes as the motor comes up to speed. Frequently the aux—
iliary winding is disconnected either by a centrifugal switch or
a relay as the motor approaches full speed, in which case the
motor is called a capacitor-start motor. With proper design the
auxiliary winding may be left in circuit permanently (fre—
quently with additional capacitance introduced). This
improves both the power factor and torque characteristics.
Such a motor is called permanent-split capacitor motor.

Phase Converter If a polyphase induction motor is operat-
ing single-phase, polyphase emfs are generated in its stator by
the combination of stator and rotor fluxes. Such a machine can

be utilized, therefore, for converting single—phase power into
polyphase power and, when so used, is called a phase converter.
Unless corrective means are utilized, the polyphase emfs at the
machine terminals are somewhat unbalanced. The power
input, being single-phase and at a power factor less than unity,
not only fluctuates but is negative for two periods during each
cycle. The power output being polyphase is steady, or nearly
so. The cyclic differences between the power output and the
power input are accounted for in the kinetic energy stored in
the rotating mass of the armature. The armature accelerates
and decelerates, but only slightly, in accordance with the difv
ference between output and input. The phase converter is used
principally on railway locomotives, since a single trolley wire
can be used to deliver single-phase power to the locomotive,
and the converter can deliver three—phase power to the three-
phase wound—rotor driving motors.

AC Commutator Motors Inherently simple ac motors are not
adapted to high starting torques and variable speed. There are
a number of types of commutating motor that have been devel-
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oped to meet the requirement of high starting torque and
adjustable speed, particularly with single phase. These usually
have been accompanied by compensating windings, centrifugal
switches, etc, in order to overcome low power factors and com-
mutation dilficulties. With proper compensation, commutator

motors may be designed to operate at a power factor of nearly
unity or even to take leading current.

One of the simplest of the single-phase commutator motors is the
ac series railway motor such as is used on the erstwhile New
York, New Haven, and Hartford Railroad. It is based on the
principle that the torque of the dc series motor is in the same
direction irrespective of the polarity of its line terminals. This
type of motor must be used on low frequency, not over 25 Hz,
and is much heavier and more costly than an equivalent dc
motor. The torque and speed curves are almost identical with

those of the dc series motor. Unlike most ac apparatus the
power factor is highest at light load and decreased with
increasing load. Such motors operate with direct current even
better than with alternating current. For example, the New
Haven locomotives also operate from the 600—V dc third—rail
system (two motors in series) from the New York City line
(238th St.) into Grand Central Station. (See also See. 11.)

On account of difficulties inherent in ac operation such as
commutation and high reactance drops in the windings, it is
economical to construct and operate such motors only in sizes
adaptable to locomotives, the ratings being of the order of 300
to 400 hp. Universal motors are small simple series motors, usu-
ally of fractional horsepower, and will operate on either direct
or alternating current, even at 60 Hz. They are used for vac-
uum cleaners, electric drills, and small utility purposes.

Synchronous Motor Just as dc shunt generators operate as
motors, a synchronous generator, connected across a suitable
ac power supply, will operate as a motor and deliver mechan-
ical power. Each conductor on the statormust be passed by a
pole of alternate polarity every half cycle so that at constant
frequency the rpm of the motor is constant and is equal to

N = lZOf/P (15.1.122)

and the speed is independent of the load.
There are two types of synchronous motors in general use:

the slip-ring type and the brushless type. The motor field current
is transmitted to the motor by brushes and slip rings on the
slip—ring type. On the brushless type it is generated by a shaft
mounted exciter and rectified and controlled by shaft mounted
static devices. Eliminating the slip rings is advantageous in
dirty or hazardous areas.

The synchronous motor has the desirable characteristic that
its power factor can be varied over a wide range merely by
changing the field excitation. With a weak field the motor

takes a lagging current. If the load is kept constant and the
excitation increased, the current decreases (Fig. 15.1.73) and
the phase difference between voltage and current becomes less
until the current is in phase with the voltage and the power
factor is unity. The current is then at its minimum value such
as [0, and the corresponding field current is called the normal
excitation. Further increase in field current causes the armature

current to lead and the power factor to decrease. Thus under-
excitation causes the current to lag; overexcitation causes the cur-

rent to lead. The effect of varying the field current at constant
values of load is shown by the V-curves (Fig. 15.1.73). Unity
power factor occurs at the minimum value of armature cur-

rent, corresponding to normal excitation. The power factor for

r/min
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any point such as P is 10/1,, leading current. Because of its

adjustable power factor, the motor is frequently run light
merely to improve power factor or to control the voltage at
some part of a power system. When so used the motor is called
a synchronous condenser. The motor may, however, deliver
mechanical power and at the same time take either leading or
lagging current.

 

  Armaturecurrent,amp.    
Field current, omp

Underexcitution or

region of log
Overexitotion or
region of lead

Fig. 15.1.73 V curves of a synchronous motor.

Synchronous motors are used to drive centrifugal and axial
compressors, usually through speed increasers, pumps, fans, and
other high-horsepower applications where constant speed, eni-
ciency, and power factor correction are important. Low-speed syn-
chronous motors, under 600 r/rnin, sometimes called engine
type, are used in driving reciprocating compressors and in ball
mills and in other slow-speed applications. Their low length-to-
diameter ratio, because of the need for many poles, gives them
a high moment of inertia which is helpful in smoothing the pul-
sating torques of these loads.

If the motor field current is separately supported by a battery
or constant voltage transformer, the synchronous motor will main-
tain speed on a lower voltage dip than will an induction motor

because torque is proportional to voltage rather than voltage
squared. However, if a synchronous motor drops out of step, it
will normally not have the ability to reaccelerate the load,
unless the driven equipment is automatically unloaded.

The synchronous motor is usually not used in smaller sizes
since both the motors and its controls are more expensive than
induction motors, and the ability of a small motor to supply
VARs to correct power factor is limited,

If situated near an inductive load the motor may be over—
excited, and its leading current will neutralize entirely or in
part the lagging quadrature current of the load. This reduces
the PR loss in the transmission lines and also increases the
kilowatt ratings of the system apparatus. The synchronous con-
denser and motor can also be used to control voltage and to sta-
bilize power lines. If the condenser or motor is overexcited, its
leading current flowing through the line reactance causes a rise
in voltage at the motor; if it is underexcited, the lagging cur-
rent flowing through the line reactance causes a drop in voltage
at the motor. Thus within limits it becomes possible to control

 

the voltage at the end of a transmission line by regulating the
fields of synchronous condensers or motors. Long 220-kV lines
and the 287-kV Hoover Dam—Los Angeles line require several
thousand kVa in synchronous condensers floating at their load
ends merely for voltage control. If the load becomes small, the
voltage would rise to very high values if the synchronous con-
densers were not underexcited, thus maintaining nearly con-
stant voltage.

A salient-pole synchronous motor may be started as an induc-
tion motor. In laminated-pole machines conducting bars of cop-
per, copper alloy, or aluminum, damper or amortisseur windings
are inserted in the pole face and short-circuited at the ends,
exactly as a squirrel-cage winding in the induction motor is

connected, The bars can be designed only for starting purposes
since they carry no current at synchronous speed and have no
eflect on eflficiency. In solid-pole motors a block of steel is
bolted to the pole and performs the current-carrying function
of the damper winding in the laminated-pole motor. At times
the pole faces are interconnected to minimize starting-pulsat-
ing torques. When the synchronous motor reaches 95 to 98 per-
cent speed as an induction motor, the motor field is applied by
a timer or slip frequency control circuit, and the motor pulls into
step at 100 percent speed. While accelerating, the motor field
is connected to resistances to minimize induced voltages andcurrents.

Two—pole motors are built as turbine type or round-rotor motors
for mechanical strength and do not have the thermal capacity
or space for starting windings, so they must be started by sup-
plementary means.

One such supplementary starting means is the use of a var-
iable-frequency source, either a variable-speed generator or more
commonly a static converter-inverter. The motor is brought up
to speed in synchronism with a slowly increasing frequency.
One common application is the starting of the large motor-gen-
erators used in pump-storage utility systems. ‘

Variable frequency may be used to start salient-pole
machines also. Requirements for a start without high torques
and pulsations or high voltage drops on small electrical systems
may dictate the use of something other than full voltage
starting.

The synchronous reluctance motor is similar to an induction

machine with salient poles machined in the rotors. Under light
loads the motor will synchronize on reluctance torque and lock
in step with the rotating field at synchronous speed. These
motors are used in small sizes with variable-frequency invert—
ers for speed control in the paper and textile industry.

The synchronous-induction motor is fundamentally a wound—
rotor slip—ring induction motor with an air gap greater than
normal, and the rotor slots are larger and fewer. On starting,
resistance is inserted in the rotor circuit to produce high
torque, and this is cut out as the speed increases. As synchro—
nism is approached, the rotor windings are connected to a dc
power source and the motor operates synchronously.

Timing or clock motors operate synchronously from ac power
systems. Figure 15.1.74a illustrates the Warren Telechron
motor which operates on the hysteresis principle. The stator
consists of a laminated element with an exciting coil, and each
pole piece is divided, a short—circuited shading turn being
placed on each of the half poles so formed. The rotor consists
of two or more hard-steel disks of the shape shown, mounted
on a small shaft. The shaded poles produce a 3,600 r/min
rotating magnetic field (at 60 Hz), and because of hysteresis
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Table 15.1.14 Performance Data for Coupled Synchronous Motors

AC-DC CONVERSION 1 5—49

 

Efficiencies, percent

 

 

  

 

Excitation, Weight,
hp Poles r/min A kW % load “A load Full load 1b

Unity power factor, 3 phase, 60 HZ, 2,300 V

500 4 1,800 100 3 94.5 95.2 95.3 5,000
, 2,000 4 1,800 385 9 96.5 97.1 97.2 15,000

5,000 4 1,800 960 13 96.5 97.3 97.5 27,000
10,000 6 1,200 1,912 40 97.5 97.9 98.0 45,000

500 18 400 99.3 5 92.9 93.9 94.3 7,150
1,000 24 300 197 8.4 93.7 94.6 95.0 15,650
4,000 48 150 781 25 94.9 95.6 95.6 54,000

80% power factor, 3 phase, 60 Hz, 2,300 V

500 4 1,800 127 4.5 93.3 94.0 94.1 6,500
2,000 4 1,800 486 13 95.5 96.1 96.2 24,000
5,000 4 1,800 1,212 21 95.5 96.3 96.5 37,000

10,000 6 1,200 2,405 50 96.8 97.3 97.4 70,000
500 18 400 125 7.2 92.4 93.4 93.6 9,500

1,000 24 300 248 11.6 93.3 94.2 94.4 17,500
4,000 48 150 982 40 94.6 95.3 95.5 11,500 

SOURCE: Westinghouse Electric Corp.

loss, the disk follows the field just as the rotor of an induction
motor does. When the rotor approaches the synchronous speed
of 3,600 r/min, the rotating magnetic field takes a path along
the two rotor bars and locks the rotor in with it. The rotor and

the necessary train of reducing gears rotate in oil sealed in a

Pole-shading turn  

  
 

Hord -stee1
rotor disk

Exciting
coil

(a) (b)

Fig. 15.1.74 Synchronous motors for timing. (a) Warren Telechron
motor; (b) Holtz induction~reluctanee subsynchronous motor.

 
small metal can. Figure 15.1.74b shows a subsynchronous
motor. Six squirrel—cage bars are inserted in six slots of a solid
cylindrical iron rotor, and the spaces between the slots form six
salient poles. The motor, because of the squirrel cage, starts as
an induction motor, attempting to attain the speed of the rotat-
ing field, or 3,600 r/min (at 60 Hz). However, when the rotor
reaches 1,200 r/min, one—third synchronous speed, the salient
poles of the rotor lock in with the poles of the stator and hold
the rotor at 1,200 r/min.

AD-DC CONVERSION

Static Rectifiers

Silicon devices, and to a lesser extent gas tubes, are the pri-
mary means of ac to do or do to ac conversion in modern instal-

lations. They are advantageous when compared to synchronous
converters or motor generators because of efficiency, cost, size,
weight, and reliability. Various bridge configurations for sin—
gle-phase and three-phase applications are shown in Fig.
15.1.75a. Table 15.1.15 shows the relative outputs of rectifier
circuits. The use of two three-phase bridges fed from an ac
source consisting of a three-winding transformer with both a A
and Y secondary winding so that output voltages are 30" out
of phase will reduce dc ripple to approximately 1 percent.

”Ede

  
34) Full wove

(olAC to DC (leCToAC

Fig. 15.1.75 AC—DC conversion with static devices.
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Table 15.1.15 Relationships for AC-DC Conversion
Static Devices
W

Voltages, %

 
Device __ _ C.urrents, % Ripple,

description Eac Ede Iac Idc %

lib-half wave 100 45 100 100 121
1¢~full wave 100 90 100 90 48
Bat-full wave 100 I35 100 123 4.2W

The use of silicon-controlled rectifiers (SCRs) to replace recti-
fiers in the various bridge configurations allows the output volt-
ages to be varied from rated output voltage to zero. The output
voltage wave will not be a sine wave but a series of square
waves, which may not be suitable for some applications. Dc to
ac conversions are shown in Fig. 15.1.75b.

SYNCHRONOUS CONVERTERS

The synchronous converter is essentially a dc generator with
slip rings connected by taps to equidistant points in the arma-
ture winding. Alternating current may also be taken from and
delivered to the armature. The machine may be single-phase,
in which case there are two slip rings and two slip-ring taps per
pair of poles; it may be three-phase, in which case there are

three slip rings and three slip—ring taps per pair of poles, etc.
Converters are usually used to convert alternating to direct
current, in which case they are said to be operating direct; they
may equally well convert direct to alternating current, in which
case they are said to be operating inverted. A converter will
operate satisfactorily as a dc motor, a synchronous motor, a dc
generator, a synchronous generator, or it may deliver direct
and alternating current simultaneously, when it is called a dou-
ble-current generator.

The rating of a converter increases very rapidly with
increase in the number of phases owing, in part, to better uti-
lization of the armature copper and also because of more uni-
form distribution of armature heating.

Because of the materially increased rating, converters are
nearly all operated six-phase. The rating decreases rapidly
with decrease in power factor, and hence the converter should

operate near unity power factor. The diametrical ac voltage is
the ac voltage between two slip-ring taps 180 electrical degrees

 

apart. With a two-pole closed winding, i.e., a winding that
closes on itself when the winding is completed, the diametrical
ac voltage is the voltage between any two slip-ring taps dia-
metrically opposite each other.

With a sine-voltage wave, the dc voltage is the peak of the
diametrical ac voltage wave. The voltage relations for sine
waves are as follows: dc volts, 141; single phase, diametrical,
100; three-phase, 87; four-phase, diametrical, 100; four phase,
adjacent taps, 71; six phase, diametrical, 100; six phase, adja-
cent taps, 50. These relations are obtained from the sides of

polygons inscribed in a circle having a diameter of 100 V, as
shown in Fig. 15.1.76.

D~C= I41

6- phase = 50

 
Fig. 15.1.76 EMF relations in converter.

Selsyns The word selsyn is an abbreviation of self-synchro—
nizing and is applied to devices which are connected electri—

cally, and in which an angular displacement of the rotating
member of one device produces an equal angular displacement
in the rotating member of the second device. There are several

types of selsyns and they may be do or ac, single-phase or poly—
phase. A simple and common type is shown in Fig. 15.1.77.
The two stators 5,, S2 are phase—wound stators, identical elec-
trically with synchronous-generator or induction-motor stators.

For simplicity Gramme-ring windings are shown in Fig.
15.1.77. The two stators are connected three-phase and in par-
allel. There are also two bobbin—type rotors R“ R2, with single-
phase windings, each connected to a single-phase supply such
as 115 Volts, 60 Hz. When R, and R2 are in the same angular

l 

 

 

 

 
Fig. 15.1.77 Selsyn system.
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positions, the emfs induced in the two stators by the ac flux of
the rotors are equal and opposite, there are no interchange cur—
rents between stators, and the system is in equilibrium How—
ever, if the angular displacement of R], for example, is
changed, the magnitudes of the emfs induced in the stator
winding of S1 are correspondingly changed. The emt‘s of the
two stators then become unbalanced, currents flow from S1 to
$2, producing torque on R2. When R2 attains the same angular
position as R], the emfs in the two rotors again become equal
and opposite, and the system is again in equilibrium.

If there is torque load on either rotor, a resultant current is
necessary to sustain the torque, so that there must be an angu-
lar displacement between rotors. However, by the use of an
auxiliary selsyn a current may be fed into the system which is
proportional to the angular difference of the two rotors. This
current will continue until the error is corrected. This is called

feedback. There may be a master selsyn, controlling several sec-
ondary units.

Selsyns are used for position indicators, e.g., in bridge—
engine-room signal systems. They are also widely used for fire
control so that from any desired position all the turrets and
guns on battleships can be turned and elevated simultaneously
through any desired angle with a high degree of accuracy. The
selsyn itself rarely has sufficient power to perform these oper-
ations, but it actuates control through power multipliers such
as amplidynes.

RATING OF ELECTRICAL APPARATUS

The rating of electrical apparatus is almost always determined
by the maximum temperature at which the materials in the
machine, especially the insulation and lubricant, may be oper-
ated for long periods without deterioration. It is permissible, as
far as temperature is concerned, to overload the apparatus so
long as the safe temperature is not exceeded. The ANSI/ IEEE
Standard 100-1977 classifies insulating materials in seven differ—
ent classes:

1. Class 90 insulation. Materials or combinations of

materials such as cotton, silk, and paper without impregnation
which will have suitable thermal endurance if operated contin-
ually at 90"C.

2. Class 105 insulation. Materials or combinations of

materials such as cotton, silk, and paper when suitably impreg—
nated or coated or when immersed in a dielectric liquid. This
class has sufficient thermal endurance at 105°C.

3. Class 130 insulation. Materials or combinations of

materials such as mica, glass fiber, asbestos, etc., with suitable
bonding substances. This class has sufficient thermal endur-
ance at 130°C.

4. Class 155 insulation. Same materials as class 130 but

with bonding substances suitable for continuous operation at
1-55 “ C.

5. Class 180 insulation. Materials or combinations of

materials such as silicone elastomer, mica, glass fiber, asbestos,
etc., with suitable bonding substances such as appropriate sil—
icone resins. This class has sufficient thermal life at 180°C.

6. Class 220 insulation. Materials suitable for continuous

operation at 220°C.
7. Class over-220 insulation. Materials consisting entirely

of mica, porcelain, glass, quartz, and similar inorganic mate-
rials which have suitable thermal life at temperatures over
220°C.

RATING OF ELECTRICAL APPARATUS 15-51

NOTE: In all cases, other materials or combinations of materials
other than those mentioned above may be used in a given class if from
experience or accepted tests they can be shown to have comparable
thermal life. It is common practice also to specify insulation systems in
electrical machinery by letter. For example, integral horsepower ac motors
may have a maximum temperature rise in the winding (determined by
winding resistance) of 60°C for class A insulation, 80”C for class B,
105 ”C for class F, and 125°C for class H—all based on a 40"C ambient.

The recommended methods of measurement are: (l) the
thermometer method is preferred for uninsulated windings,
exposed metal parts, gases and liquids, or surface methods gen-
erally; thermocouples are preferred for rapidly changing sur~
face temperatures; (2) the applied-thermocouple method is
suitable for making surface temperature measurements when
it is desired to measure the temperature of surfaces that are
accessible to thermocouples but not to liquid-in—glass ther-
mometers; (3) the contact—thermocouple method is suitable for
measuring temperatures of bare metal surfaces such as those
of commutator bars and slip rings; (4) the resistance method
is suitable for insulated windings, except for windings of such
low resistance that measurements cannot be accurately made
due to uncontrollable resistance in contacts or where it is

impracticable to make connections to obtain measurements
before an undesirable drop in temperature occurs; (5) the
embedded-detector method is suitable for interior measure-

ments at designated locations as specified in the standards for
certain kinds of equipment, such as large rotating machines.

Efficiency of Electrical Motors

Methods of determining efficiency are by direct measurement or
by segregated losses. Methods are outlined in Standard Test Pro-
cedure for Polyphase Induction Motors and Generators,
ANSI/[BEE Std. 112-1978; Standard Test Code for DC
Machines, IEEE Std, 113—1973; Test Procedure for Single-
Phase Induction Motors, ANSI/[BEE Std. 114-1982; and
Test Procedures for Synchronous Machines, IEEE Std. 115-
I965.

Direct measurements can be made by using calibrated
motors, generators, or dynamometers for input to generators and
output from motors, and precision electrical motors for input
to motors and output from generators.

output

input

 

Efficiencies = (15.1.1223)

The segregated losses in motors are classified as follows: (1)
Stator 12R (shunt and series field 12R for dc); (2) rotor [2R
(armature PR for dc); (3) core loss; (4) stray-load loss; (5)
friction and windage loss; (6) brush-contact loss (wound rotor
and dc); (7) brush—friction loss (wound rotor and dc); (8) exci-
ter loss (synchronous and dc); and (9) ventilating loss (dc).
Losses are calculated separately and totaled. ’
Measure the electrical output of the generator; then

outputEfficienc = —-—
y output + losses

(15.1.1243)

Measure the electrical input of the motors; then

input -~ losses
Efficiency = (15.1.124b)

input

When testing dc motors motors, compensation should be
made for the harmonics associated with rectified ac used to pro-
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vide the variable dc voltage to the motors. Instrumentation
should be chosen to accurately reflect the rms value ofcurrents.

Temperature rise under full—load conditions may be measured
by tests as outlined in the IEEE Standards referred to above.
Methods of loading are: (1) Load motor with dynamomerer. or
generator of similar capacity and run until temperatures stabi-
lize; (2) load generator with motor-generator set or plant load and
run until temperature stabilizes; (3) alternately apply dual fre—
quences to motor until it reaches rated temperature; (4) syn-
chronous motor may be operated as synchronous condenser at
no load with zero power factor at rated current, voltage, and fre-
quency until temperatures stabilize.

Industrial Applications of Motors

Alternating or Direct Current The induction motor, particu-
larly the squirrel-cage type, is preferable to the dc motor for
constant-speed work, for the initial cost is less and the absence
of a commutator reduces maintenance. Also there is less fire

hazard in many industries, such as sawmills, flour mills, textile
mills, and powder mills. The use of the induction motor in such
places as cement mills is advantageous since with do motors
the grit makes the maintenance of commutators diflicult.

For variable-speed work like cranes, hoists, elevators, and
for adjustable speeds, the dc motor characteristics are superior
to induction-motor characteristics. Even then, it may be desir-
able to use induction motors since their less desirable charac-

teristics are more than balanced by their simplicity and the
fact that ac power is available, and to obtain dc power conver—
sion apparatus is usually necessary. Where both lights and
motors are to be supplied from the same ac system, the 208/
120-V four—wire three—phase system is now in common use.
This gives 208 V three-phase for the motors, and 120 V to neu—
tral for the lights.’

Full—load speed, temperature rise, efficiency, and power fac-
tor as well as breakdown torque and starting torque have long
been parameters of concern in the application and purchase of
motors. Another qualification is service factor. The service fac—

tor of an alternating current motor is a multiplier applicable to
the horsepower rating. When so applied, the result is a per-
missible horsepower loading under the conditions specified for
the service factor. When operated at service factor load with
1.15 or higher service factor, the permissible temperature rise
by resistance is as follows: class A insulation 70°C, class B,
90°C, and class F, 115°C.

Special enclosures, fittings, seals, ventilation systems, elec-
tromagnetic design, etc, are required when the motor is to be
operated under unusual service conditions, such as exposure to
(l) combustible, explosive, abrasive, or conducting dusts, (2)
lint or very dirty conditions where the accumulation of dirt
might impede the ventilation, (3) chemical fumes or flamma-
ble or explosive gases, (4) nuclear radiation, (5) steam, salt
laden air, or oil vapor, (6) damp or very dry locations, radiant
heat, vermin infestation, or atmosphere conducive to the
growth of fungus, (7) abnormal shock, vibration, or external
mechanical loading, (8) abnormal axial thrust or side forces on

the motor shaft, (9) excessive departure from rated voltage,
(10) deviation factors of the line voltage exceeding 10 percent,
(11) line voltage unbalance exceeding 1 percent, (12) situa-
tions where low noise levels are required, (13) speeds higher
than the highest rated speed, (14) operation in a poorly venti-
lated room, in a pit, or in an inclined attitude, (15) torsional

 

impact loads, repeated abnormal overloads, reversing or elec-
tric braking, (16) operation at standstill with any winding con-
tinuously energized, and (I7) operation with extremely low
structureborne and airborne noise. For dc machines, a further
unusual service condition occurs when the average load is less
than 50 percent over a 24-h period or the continuous load is
less than 50 percent over a 4-h period.

The standard direction of rotation for all nonreversing dc
motors, ac single-phase motors, synchronous motors, and uni-
versal motors is counterclockwise when facing the end of the
machine opposite the drive end. For do and ac generators, the
rotation is clockwise.

Further information may be found in Publication No. MG—
1 of the National Electrical Manufacturers Association.

It must be recognized that heat is conducted by electrical
conductors. Windings in motors operating in a 40“C ambient
at class F temperature rises are running at temperatures 90°C
higher than the maximum allowable temperature (75°C) of
cable ordinarily used in interior wiring. Heat conducted by the
motor leads in such a situation could cause a failure of the
branch circuit cable in the terminal box. See Tables 15121
and 15.1.22.

ELECTRIC DRIVES

Cranes and Hoists The dc series motor is best adapted to
cranes and hoists. When the load is heavy the motor slows
down automatically and develops increased torque thus reduc-
ing the peaks on the electrical system. With light loads, the
speed increases rapidly, thus giving a lively crane. The series
motor is also well adapted to moving the bridge itself and also
the trolley along the bridge. Where alternating current only is
available and it is not economical to convert it, the slip-ring
type of induction motor, with external-resistance speed control,
is the best type of ac motor. Squirrel-cage motors with high
resistance end rings to give high starting torque (design D) are
used (design D motors; also see Ilgner system).

Constant-Torque Applications Piston pumps, mills, extruders,

and agitators may require constant torque over their complete
speed range. They may require high starting torque design C
or D squirrel—cage motors to bring them up to speed. Where
speed is to be varied while running, a variable armature voltage
dc motor or a variable-frequency squirrel-cage induction-motor
drive system may housed.

Centrifugal Pumps Low WK2 and low starting torques
make design B general—purpose squirrel-cage motors the pref-
erence for this application. When variable flow is required, the
use of a variable-frequency power supply to vary motor speed will
be energy efficient when compared to changing flow by control-
valve closure to increase head.

Centrifugal Fans High WK2 may require high starting
torque design C or D squirrel-cage motors to bring the fan up
to speed in a reasonable period of time. When variable flow is
required, the use of a variable-frequency power supply or a mul-
tispeed motor to vary fan speed will be energy efficient when
compared to closing louvers. For large fans, synchronous-motor
drives may be considered for high efficiency and improved
power factor.

Axial or Centrifugal Compressors For smaller compressors,
say, up to 100 hp, the squirrel—cage induction motor is the drive
of choice. When the WK2 is high, a design C or D high-torque
motor may be required. For larger compressors, the synchro—
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nous motor is more efficient and improves power factor. Where
variable flow is required, the variable-frequency power supply to
vary motor speed is more efficient than controlling by valve and
in some applications may eliminate a gear box by allowing the
motor to run at compressor operating speed.

Pulsating—Torque Applications Reciprocating compressors, rock

crushers, and hammer mills experience widely varying torque
pulsations during each revolution. They usually have a flywheel
to store energy, so a high-torque, high-slip design D motor will
accelerate the high WK2 rapidly and allow energy recovery
from the flywheel when high torque is demanded. On larger
drives a slow-speed, engine—type synchronous motor can be
directly connected. The motor itself supplies significant WK2
to smooth out the torque and current pulsations of the system.

SWITCH BOARDS

Switchboards may, in general, be divided into four classes:

direct—control panel type; remote mechanical-control panel
type; direct-control truck type; electrically operated. With
direct-control panel-type boards the switches, rheostats, bus bars,
meters, and other apparatus are mounted on or near the board

and the switches and rheostats are operated directly, or by
operating handles if they are mounted in back of the board.

The voltages, for both direct current and alternating current,
are usually limited to 600 V and less but may operate up to
2,500 V ac if oil circuit breakers are used. Such panels are not
recommended for capacities greater than 3,000 kVA. Remote
mechanical-control panel-type boards are ac switchboards with the

bus bars and connections removed from the panels and
mounted separately away from the load. The oil circuit break-
ers are operated by levers and rods. This type of board is
designed for heavier duty than the direct-control type and is
used up to 25,000 kVA. Direct-control truck-type switchboards for
15,000 V or less consist of equipment enclosed in steel com-
partments completely assembled by the manufacturers. The
high—voltage parts are enclosed, and the equipment is inter-
locked to prevent mistakes in operation. This equipment is
designed for low— and medium-capacity plants and auxiliary
power in large generating stations. Electrically operated switch-
boards employ solenoid or motor-operated circuit breakers; rhe—
ostats, etc., controlled by small switches mounted on the pan-
els. This makes it possible to locate the high—voltage and other
equipment independently of the location of switchboard.

In all large stations the switching equipment and buses are
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always mounted entirely either in separate buildings or in out-
door enclosures. Such equipment is termed bus structures and is
electrically operated from the main control board.

Marble has high dielectric qualities and was formerly used
exclusively for the panels. It is now used occasionally where its
appearance is desired for architectural purposes. Slate is used
extensively and is finished in black enamel, marine, and natu—
ral black. Ebony asbestos is also used frequently, is lighter than
marble or slate, has high dielectric strength and insulation
resistivity, and can be readily cut, drilled, and machined. Steel
panels, usually %3 in thick, are light, economical in construction
and erection, and at the present time are favored over other
types.

Switchboards should be erected at least 3 or 4 ft from the

wall. Switchboard frames and structures should be grounded.
The only exceptions are effectively insulated frames of single-
polarity dc switchboards. For low-potential work, the conduc~
tors on the rear of the switchboard are usually made up of flat
copper strip, known as bus-bar copper. The size required is
based upon a current density of about 1,000 A/inz. Figure
15.1.78 gives the approximate continuous dc carrying capacity
of copper bus bars for different arrangements and spacings for
35 ”C temperature rise.

Switchboards must be individually adapted for each specific
electrical system. Space permits the showing of the diagrams
of only three boards each for a typical electrical system (Fig.
15.1.79). Aluminum bus bars are also frequently used.

Equipment of Standard Panels Following are enumerated
the various parts required in the equipment of standard panels
for varying services:

Generator or synchronous-converter panel, dc two-wire system: 1
circuit breaker; l ammeter; 1 handwheel for rheostat; 1 volt-
meter; 1 main switch (three-pole single throw or double throw)
or 2 single-pole switches.

Generator or synchronous-converter panel, dc three-wire system: 2
circuit breakers; 2 ammeters; 2 handwheels for field rheostats;
2 field switches; 2 potential receptacles for use with voltmeter;
3 switches; l four-point starting switch.

Generator or synchronous-motor panel, three-phase three-wire sys-
tem: 3 ammeters; 1 three—phase wattmeter; 1 voltmeter; 1 field
ammeter; 1 double-pole field switch; 1 handwheel for field rhe-

ostats; 1 synchronizing receptacle (four—point); 1 potential
receptacle (eight—point); 1 field rheostat; 1 triple-pole oil
switch; 1 power-factor indicator; 1 synchronizer; 2 series trans-
formers; 1 governor control switch.
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Fig. 15.1.78 Current-carrying capacity of copper bus bars.
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Fig. 15.1.79 Switchboard wiring diagrams for generators. (a) 125-V or 250-V dc generator; (b) three—
phase, synchronous generator and exciter for small or isolated plant; (5, three~wire dc generator for small
or isolated plant. A, ammeter; AS, three-way ammeter switch; CB, circuit breaker; CT, current trans—
former; DR, ground detector receptacle; L, ground detector lamp; 0C, overload coil; OCB, oil circuit
breaker; PP, potential ring; PR, potential receptacle; PT, potential transformer; Rheo, rheostat; RS, resis-
tor; S, switch; Sh, shunt; V, voltmeter; WHM, watthour meter.

Synchronous-converter panel, three phase: 1 ammcter; 1 power-
factor indicator; 1 synchronizing receptacle; 1 triple—pole oil
circuit breaker; 2 current transformers; 1 potential trans-
former; 1 watthour meter (polyphase); 1 governor control
switch.

Induction motor panel, three-phase: 1 ammeter; series trans-
formers; 1 oil switch.

. Feeder panel, dc, two-wire and three-wire: 1 single—pole Circuit
breaker; l ammeter; 2 single-pole main switches; potential
receptacles (1 four—point for two-wire panel; 1 four-point and
1 eight-point for three—wire panel).

Feeder panel, three-wire, three-phase and single-phase: 3 amme-
ters; 1 automatic oil switch (three—pole for three-phase,
two—pole for single-phase); 2 series transformers; 1 shunt trans-
former; ] wattmeter; 1 voltmeter; 1 watthour meter; 1 hand—
wheel for control of potential regulator. '

Exciter panel (for 1 or 2 exciters): 1 ammeter (2 for 2 exciters);
1 field rheostat (2 for 2 exciters); 1 four—point receptacle (2 for
2 exciters); l equalizing rheostat for regulator.

Switches The current—carrying parts of switches are usu‘
ally designed for a current density of 1,000 A/inz. At contact
surfaces, the current density should be kept down to about 50
A/inz.

Circuit Breakers Switches equipped with a tripping device

constitutes an elementary load interrupter switch. The diifer-
ence between a load interrupter switch and a circuit breaker
lies in the interrupting capacity. A circuit breaker must open
the circuit successfully under short circuit conditions when the

current through the contacts may be several orders of magni—
tude greater than the rated current. As the circuit is being
opened, the device must withstand the accompanying mechan-
ical forces and the heat of the ensuing arc until the current is
permanently reduced to zero.

The opening of a metallic circuit while carrying electric cur—
rent causes an electric arc to form between the parting con~
tacts. If the action takes place in air, the air is ionized (a
plasma is formed) by the passage of current. When ionized, air
becomes an electric conductor. The space between the parting
contacts thus has relatively low voltage drop and the region
close to the surface of the contacts has relatively'high voltage
drop. The thermal input to the contact surfaces (VI) is there-
fore relatively large and can be highly destructive. A major
aim in circuit breaker design is to quench the arc rapidly
enough to keep the contacts in a reusable state. This is done in
several ways: (1) lengthening the arc mechanically, (2) length-
ening the arc magnetically by driving the current—carrying
plasma sideways with a magnetic field, (3) placing barriers-in
the arc path to cool the plasma and increase its length, (4) dis
placing and cooling the plasma by means of a jet of compressed
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air or inert gas, and (5) separating the contacts in a vacuum
chamber.

By a combination of shunt and series coils the circuit

breaker can be made to trip when the energy reverses. Circuit
breakers may trip unnecessarily when the difficulty has been
immediately cleared by a local breaker or fuse. In order that
service shall not be thus interrupted unnecessarily, automatically
reclosing breakers are used. After tripping, an automatic mech—
anism operates to reclose the breaker. If the short circuit still

exists, the breaker cannot reclose. The breaker attempts to
reclose two or three times and then if the short circuit still

exists it remains permanently locked out.
Metal-clad switch gears are highly developed pieces of equip—

ment that combine buses, circuit breakers, disconnecting
devices, controlling devices, current and potential trans—
formers, instruments, meters, and interlocking devices, all
assembled at the factory as a single unit in a compact steel
enclosing structure. Such equipment may comprise truck-type
circuit breakers, assembled as a unit, each housed in a separate
steel compartment and mounted on a small truck to facilitate

removal for inspection and servicing. The equipment is inter—
locked to prevent mistakes in operation and in the removal of
the unit; the removal of the unit breaks all electrical connec-

tions by suitable disconnecting switches in the rear of the com-
partment, and all metal parts are grounded. This design pro-
vides compactness, simplicity, ease of inspection, and safety to
the operator.

High-voltage circuit breakers can be Oil type, in which the con—
tacts open under oil, air-blast type, in which the arc is extin-
guished by a powerful blast of air directed, through an orifice
across the arc and into an arc chute, HZS type, or vacuum con—
tact type. The tripping of high—voltage circuit breakers is ini-
tiated by an abnormal current acting through the secondary of
a current transformer on an inverse-time relay in which the
time of closing the relay contacts is an inverse time function of
the current; i.e., the greater the current the shorter the time of

closing. The breaker is tripped by a dc tripping coil, the dc
circuit being closed by the relay contacts. Modern circuit
breakers should open the circuit within 6 cycles from the time
of the closing of the relay contacts.

Air—blast circuit breakers have received wide acceptance in
all fields in recent years, both for indoor work and for outdoor
applications. Indoor breakers are available up to 40 kV and
interrupting capacities up to 2.5 GVA. Outdoor breakers are

available in ratings up to that of the EHV (extra-high voltage)
765skV three-pole breaker capable of interrupting 55 GVA, or
40,000-A symmetrical current. Its operating rating is 3,000 A,
765 kV. The are is extinguished by a blast of air. Switching
stations, gas~insulated and operating at 550 kV, are also in use.

POWER TRANSMISSION

Power for long-distance transmission is usually generated at
6,600, 13,200 and 18,000 V and is stepped up to the transmis»
sion voltage by A-Y-connected transformers. The transmission
voltage is roughly 1,000 V/mi. Preferred or standard trans—
mission voltages are 22, 33, 44, 66, 110, 132, 154, 220, 287,
330, 500, and 765 kV. High—voltage lines across country are
located on private rights of way. When they reach urban areas,
the power must be carried underground to the substations
which must be located near the load centers in the thickly set—
tled districts. In many cases it is possible to go directly to

POWER TRANSMISSION 15-55

underground cables since these are now practicable up to 345
kV between three—phase line conductors (200 kV to ground).
High-voltage cables are expensive in both first cost and main-
tenance, and it may be more economical to step down the volt-
age before transmitting the power by underground cables.
Within a city, alternating current may be distributed from a
substation at 13,200, 6,600, or 2,300 V, being stepped down to
600, 480, and 240 V, three-phase for power and 240 to 120 V
single-phase three-wire for lights, by transformers at the con—

sumers’ premises. Direct current at 1,200 or 600 V for railways,
230 to 115 V for lighting and power, is supplied by motor-gen-
erator sets, synchronous converters, and rectifiers. Constant cur-

rent for series street-lighting systems is obtained through con-stant-current transformers.

Transmission Systems

Power is almost always transmitted three-phase. The following
fundamental relations apply to any transmission system. The
weight of conductor required to transmit power by any given
system with a given percentage power loss varies directly with
the power, directly as the square of the distance, and inversely
as the square of the voltage. The cross—sectional area of the

conductors with a given percentage power loss varies directly
with the power, directly with the distance, and inversely as the
square of the voltage.

For two systems of the same length transmitting the same
V power at different voltages and with the same power loss for
both systems, the cross-sectional area and weight of the con—
ductors will vary inversely as the square of the voltages. The
foregoing relations between the cross section or weight of the
conductor and transmission distance and voltage hold for all
systems, whether dc, single-phase, three-phase, or four-phase.
With the power, distance, and power loss fixed, all symmetrical
systems having equal voltages to neutral require equal weights
of conductor. Thus, the three symmetrical systems shown in
Fig. 15.1.80 all deliver the same power, have the same power
loss and equal voltages to neutral, and the transmission dis-

tances are all assumed to be equal. They all require the same
weight of conductor since the weights are inversely propor-
tional to all resistances. (No actual neutral conductor is used.)
The respective power losses are (1) 212R W; (2) 3(21/3)2(3R/
2) = 212R W; (3) 4(1/2)2(2R) = 212R W, which are all
equal

Size of Transmission Conductor Kelvin’s law states, “The
most economical area of conductor is that for which the annual

cost of energy wasted is equal to the interest on that portion of
the capital outlay which can be considered proportional to the
weight of copper used.” In Fig. 15.1.81 are shown the annual
interest cost, the annual cost of FR loss, and the total cost as

functions of circular mils cross section for both typical over‘
head conductors and three-conductor cables. Note that the

total—cost curves have very flat minimums, and usually other
factors such as the character of the load and the voltage reg-
ulation, are taken into consideration.

In addition to resistance, overhead power lines have induc-
tive reactance to alternating currents. The inductive reactance

X = 27rf{80 + 741.1 log [(1) — r)/r]}10~6
Q/conductormile (15.1.126)

where f = frequency, D = distance between centers of con-

ductors (in), and r their radius (in). Table 15.1.16 gives the

l...
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Fig. 15.1.80 Three equivalent symmetrical transmission, or distribution, systems. (a) Single-phase (17) three—
phase; (c) four-phase.

inductive reactance per mile at 60 Hz and the resistance of
stranded and solid copper conductor. (See Table 15.1.20.)

Any symmetrical system having n conductors can be divided
into n equal single—phase systems, each consisting of one wire

'---- Bore overhead conductor
Three conductor cable

 

 
COST

Annual     
100 200 300 400 500

Thousands of circular mils

Fig. 15.1.81 Most economical sizes of overhead and underground
conductors. '

and a return circuit of zero impedance and each having as its
voltage the system voltage to neutral.

Figure 15.1.82 shows a symmetrical three-phase system,
with one phase detached. The load or received voltage between
line conductors is E,Q so that the receiver voltage to neutral is
ER = Ek/ \/3V. The current is I A, the load power factor is
cos 6, and the line resistance and reactance are R and X 0 per
wire, and the sending—end voltage is ES. The phasor diagram
is shown in Fig. 15.1.83 (compare with Fig. 15.1.63). Its solu—
tion is

ES = \/(_ERcos 0 + IR)2 + (ERsin 0 + IX)2

[see Eq. (15.1.101)].
Figure 15.1.84 (Mershon diagram) shows the right-hand

portion of Fig. 15.1.83 plotted to large scale, the are 00 cor-
responding to the arc ab (Fig. 15.1.83). The abscissa 0 (Fig.

 

(15.1.127)

15.1.84) corresponds to point b (Fig. 15.1.83) and is the load
voltage ER taken as 100 percent. The concentric circular arcs
0—40 are given in percentage of ER. To find the sending-end
voltage Es for any power factor cos 6, compute first the resis—
tance drop IR and the reactance drop IX in percentage of ER.
Then follow the ordinate corresponding to the load power fac-
tor to the inner are 00 (a, Fig. 15.1.83). Lay off the percentage
IR drop horizontally to the right, and the percentage IX drop
vertically upward. The are at which the IX drop terminates (c,
Fig. 15.1.83) when added to 100 percent gives the sending—end
voltage ES in percent of the load voltage ER.

EXAMPLE. Let it be desired to transmit 20,000 kW three-phase 80

percent power factor lagging current, a distance of 60 mi. The voltage
at the receiving end is 66,000 V, 60 Hz and the line loss must not exceed
10 percent of the power delivered. The conductor spacing must be 7 ft
(84 in). Determine the sending—end voltage and the actual efficiency. I
= 20,000,000/(66,000 X 0.80 X V3) = 218.8 A. 3 X 218.82 X R’
= 0.10 X 20,000,000. R’ = 13.9 0 = 0.232 (Z/mi. By referring to
Table 13.1.16, 250,000 cir mils copper having a resistance of 0.2278
Q/mi may be used. The total resistance R = 60 X 0.2278 = 13.67 (2.
The reactance X = 60 X 0723 = 43.38 9. The volts to neutral at the

load, ER = 66,000/\/3 = 38,100 V. c056 = 0.80; sin 0 = 0.60. Using
Eq. 15.1.127, E3 = ([(38,100 X 0.80) + (218.8 X 13.67)]2 + [(38 100
x 0.60) + (218.8 >< 43.38)]2)‘/2 = 46,500 v to neutral or 3 x
46,500 = 80,500 between lines at the sending end. The line loss is
3(2188)2 X 13.67 = 1963 kW‘. The efficiencyn = 20,000/(20,000 +
1963) = 0.911, or 91.1 percent. This same line is solved by means of
the Mershon diagram as follows. Let ER = 38,100 V = 100 percent.
IR = 218.8 X 13.67 = 2,991 V = 7.85 percent. IX = 2188 X 43.38
= 9,490 V = 24.9 percent. Follow the 0.80 power—factor ordinate (Fig.
15.1.84) to its intersection with the are 00; from this point go 7.85 per—
cent horizontally to the right and then 24.9 percent vertically. (These
percentages are measured on the horizontal scale.) This last distance
terminates on the 22.5 percent are. The sending-end voltage to neutral
is then 1.225 X 38,100 = 46,500 V, so that the sending-end voltage
between line conductors is Eg = 46,500\/3 = 80,530 V. ,

In Table 15.1.16 the spacing is the distance between the cen-
ters of the two conductors of a single—phase system or the dis»
tance between the centers of each pair of conductors of a three—

phase system if they are equally spaced. If they are not equally
spaced, the geometric mean distance GMD is used, where
GMD = €/D,D,D3 (Fig. 15.1.85a.) With the flat horizontal
spacing shown in Fig. 15.1.85b, GMD = \3/2D3 = 1.26D.

in addition to copper, aluminum cable steel~reinforced
(ACSR), Table 15.1.17, is used for transmission conductor.
For the same resistance it is lighter than copper, and with high
voltages the larger diameter reduces corona loss.
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Until 1966, 345 kV was the highest operating voltage in the
United States. The first 500 kV system put into operation
(1966) was a 350—mi transmission loop of the Virginia Electric
and Power Company; the longest transmission distance was

 
Fig. 15.1.82 Three-phase power system.

170 mi. The towers, about 94 ft high, are of corrosion—resistant
steel, and the conductors are ‘61-strand cables of aluminum_
alloy, rather than the usual aluminum cable with a steel core
(ACSR). The conductor diameter is 1.65 in with two “bun-
dled” conductors per phase and 18—in spacing. The standard

 
Fig. 15.1.83 Phasor diagram for power line.

span is 1,600 ft, the conductor spacing is flat with 30-ft spacing
between phase-conductor centers, and the minimum clearance
to ground is 34 to 39 ft. To maintain a minimum clearance of
11 ft to the towers and 30 ft spacing between phases, vee insu-
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Fig. 15.1.84 Mershon diagram for determining voltage drop in ac
power lines.

 

lator strings, each consisting of twenty—four 10-in disks, are
used with each phase. The highest EHV system in North
America is the 765-kV system in the midwest region of the
United States. A dc transmission line on the west coast of the

United States operating at i 450 kV is transmitting power in
bulk more than 800 miles.

i<—20—-————4
l |

t—D—ou—DJ

(a) (b)

Fig.315.1.85 Unequal spacing of three-phase conductors. (a) GMD
= VDID2D3; (b) flat horizontal spacing; GMD = 1.26 D.

High-voltage dc transmission has a greater potential for savings
and a greater ability to transmit large blocks of power longer
distances than has three-phase transmission. For the same
crest voltage there is a saving of 50 percent in the weight of
the conductor. Because of the power stability limit due to
inductive and capactive effects (inherent with ac transmission),
the ability to transmit large blocks of power long distances has
not kept pace with power developments, even at the present
highest ac transmission voltage of 765 kV. With direct current
there is no such power stability limit.

Where cables are necessary, as under water, the capacitive
charging current may, with alternating current become so
large that it absorbs a large proportion, if not all, of the cable-
carrying capability. For example, at 132 kV, three-phase (76
kV to ground), with a 500 MCM cable, at 36 mi, the charging
current at 60 Hz is equal to the entire cable capability so that
no capability remains for the load current. With direct current
there is no charging current, only the negligible leakage cur
rent, and there are no ac dielectric losses. Furthermore, the dc
voltage at which a given cable can operate is twice the ac
voltage.

The high dc transmission voltage is obtained by converting
the ac power voltage to direct current by means of mercury-
arc rectifiers; at the receiving end of the line the dc voltage is
inverted back to a power—frequency voltage by means of mer-
cury-arc inverters.

Alternating to direct to alternating current is nonsynchro-
‘ nous transmission of electric power. It can be overhead or

under the surface. In the early 19705 the problem of bulk elec-
tric-power transmission over high-voltage transmission lines
above the surface developed the insistent discussion of land use
and environmental cost.

While the maximum ac transmission voltage in use in the
United States (1977) is 765 kV, ultra-high voltage (UHV) is
under consideration. Transmission voltages of 1200 to 2550 kV
are being studied. The right-of—way requirements for power
transmission are significantly reduced at higher voltages. For
example, in one study the transmission of 7500 MVA at 345
kV ac was found to require 14 circuits on a corridor 725 ft
(221.5 m) wide, whereas a single 1200—kV ac circuit of 7500—
MVA capacity would need a corridor 310 ft (91.5 m) wide.

Continuing research and development efforts may result in
the development of more economic high-voltage underground
transmission links. Sufficient bulk power transmission capabil-
ity would permit power wheeling, i.e., the use of generating
capacity to the east and west to serve a given locality as the
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Table 15.1.17 Properties of Aluminum Cable Steel—reinforced (ACSR)

Cir mils or No. of Cross section, Q/mi ofsingle
 

 

            
AVVG wires in2 iI conductor at 25°C

I , > OD > i , r: “*r ~fie~r -*»r-m—*, , . . » 3' Total

Alumi— Copper Alumi— ‘ m Alumi« Total lb/mi 0 amp _-flf‘: “ .a.600 A
num _ equiva— num Steel num dc . Z5 60 25 60

I lent ‘ V ‘ 112 Hz Hz Hz

1.590.000 1.000.000 54 19 1.545 1.249 1.4071 10.777 0.0587 0.0589 0.0594 0.0592 0.0607
1,431,000 900,000 54 19 1.465 1.124 1.2664 9.699 0.0652 0.0654 0.0659 0.0657 0.0671
1.272.000 800.000 54 19 1.382 0.9990 1.1256 8.621 0.0734 0.0736 0.07420.0738 0.0752
1.192.500 750,000 54 19 1.338 0.9366 1.0553 8.082 0.0783 0.0785 0.0791 0.0787 0.0801
1.113.000 700.000 54 19 1.293 0.3741 0.9850 7.544 0.0839 0.0841 0.0848 0.0843 0.0857

1.033.500 650.000 54 7 1.246 0.81170.9170 7.0190.0903 0.0906 0.09130.0903 0.0922
954.000 600.000 54 7 1.196 0. 7493 0.8464 6,479 0.0979 0.0980 0.0985 0. 0983 0.0997
874.500 550.000 54 7 1.146 0.6868 0.7759 5.940 0.107 0.107 0.103 0.107 0.109
795.000 500.000 26 7 1.1080.6244 0.7261 5.770 0.117 0.117 0.117 0.117 0.117
715.500 450.000 54 7 1.036 0.56200.6345 4,859 0.131 0.131 0.133 0.131 0.133

636.000 400.000 54 . 7 0. 977 0.4995 0.5642 4.319 0.147 0.147 0.149 0.147 0.149
556.500 350.000 26 7 0. 927 0. 4371 0.5083 4.039 0.168 0.168 0.163 0.163 0.168
477.000 300.000 26 7 0.858 0.3746 0.4357 146211.196 0.196 0.196 0.196 0.196
397.500 250.000 26 7 0.783 0.3122 0.3630 2.835 0.235 0.235 0.235 0.235 0.235
336.400 0000 26 7 0.721 0.2642 0.3073 2.442 0.273 0.278 0.278 0.278 0.278

266,800 000 26 7 0.642 0.2095 0.2367 1,936 0.350 0.350 0.350 0.350 0.350
0000 00 6 1 0.563 0.1662 0.1939 1.542 0.441 0.443 0.446 0.447 0.464

000 0 6 1 0.502 0.13180.1537 1.223 0.556 0.557 0.561 0.562 0.579
00 1 6 1 0.447 0.1045 0.1219 970 0.702 0.703 0.707 0.706 0.718

0 2 6 1 0.3930.0829 0.0967 769 0.885 0.885 0.389 0.887 0.893W
SOURCE: Aluminum Co. of America.

earth revolves and the area of peak demand glides across the
countryside.

Corona is a reddish-blue. electrical discharge which occurs
when the voltage-gradient in air exceeds 30 kV peak, 21.1 kV
rms, at 76 cm pressure. This electrical discharge is caused by
ionization of the air and becomes more or less concentrated at
irregularities on the conductor shrface and on the outer strands

of stranded conductors. Corona is accompanied by a hissing
sound; it produces ozone and, in the presence of moisture,
nitrous acid. On high-voltage lines corona produces a substan—
tial power loss, corrosion of the conductors, and radio and tele-
vision interference. The fair-weather loss increases as the

square of the voltage above a critical value e0 and is greatly
increased by fog, smoke, rainstorms, sleet, and snow (see Fig.

 

  
 
 

 

15.1.86). To reduce corona, the diameter of high-voltage con-
ductors is increased to values much greater than would be
required for the necessary conductance cross section. This is
accomplished by the use of hollow, segmented conductors and
by the use of aluminum cable, steel-reinforced (ACSR), which
often has inner layers ofjute to increase the diameter. In extra-

high-voltage lines (400 kV and greater), corona is reduced by
the. use of bundled conductors in which each phase consists of
two or three conductors spaced about 16 in (0.41 m) from oneanother.

Underground Power Cables

Insulations for power cables include heat—resisting, low-water-
absorptive synthetic rubber compounds, varnished cloth,
impregnated paper, cross-linked polyethylene thermosetting
compounds, and thermoplastics such as polyvinyl chloride

240 ‘50 (PVC) and polyethylene (PE) compounds (see Sec. 6).
Properly chosen rubber-insulated cables may be used in wet

i ZOO~ Total loss —125 locations with a nonmetallic jacket for protective covering
3 instead of a metallic sheath. Commonly used jackets are flame-
E 16OL _ 100 resisting, such as neoprene and PVC, Such cables are relatively
8 Snow 1055 light in weight, easy to train in ducts and manholes, and easily
3 E spliced. When distribution voltages exceed 2,000 V phase to
g 120- A 75 5 phase, an ozone-resisting type of compound is required. Such
é) Fair 3 rubber insulation may be used in cables carrying up to 28,000

‘5. 80“ weather ~ 50 V between lines in three-phase grounded systems. The insula—
é; '055 tion wall will be thicker than with varnished cloth, polyethyl-
f: 40 _ 25 one, or paper.

Varnished-cloth cables are made by applying varnish-treated

  
 O

80 120

Kv between lines

Fig. 15.1.86 Corona loss with snowstorm.

160 200

 

closely woven cloth in the form of tapes, helically, to the metal-
lic conductor. Simultaneously a viscous compound is applied
between layers which fills in any voids at laps in the taping and
imparts flexibility when the cable is bent by permitting move:
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merit of one tape upon another. This type of insulation has
higher dielectric loss than impregnated paper but is suitable
for the transmission of power up to 28,000 V between phases
over short distances. Such insulated cables may be used in dry
locations with [lame-resisting fibrous braid, reinforced neo-
prene tape, or PVC jacket and are often further protected with
an interlocked metallic tape armor; but in wet locations these
cables should be protected by a continuous metallic sheath
such as lead or aluminum. Since varnish—cloth—insulated cable

has high ozone resistance, heat resistance, and impulse
strength, it is well adapted for station or powerhouse wiring or
for any service where the temperature is high or where there
are sudden increases in voltage for short periods. Since the var-
nish is not affected by mineral oils, such cables make excellent
leads for transformers and oil Switches.

PVC is readily available in several fast, bright colors and is
often chosen for color—coded multiconductor control cables. It

has inherent flame and oil resistance, and as single conductor
wire and cable with the proper wall thickness for a particular
application, it usually does not need any outside protective cov-
ering. On account of its high dielectric constant and high
power factor, its use is limited to low voltages, i.e., under 1,000
V, except for series lighting circuits.

Polyethylene, because of its excellent electrical characteris-
tics, first found use when it was adapted especially for high-
frequency cables used in radio and radar circuits; for certain
telephone, communication, and signal cables; and for subma-
rine cables. Submarine telephone cables with bui1t-in repeaters
laid first in the Atlantic Ocean and then in the Pacific are insu-

lated with polyethylene. Because of polyethylene’s thermal
characteristics, the standard maximum conductor operating
temperature is 75"C. It is commonly used for power cables
(including large use for underground residential distribution),
with transmissions up to 15,000 V. Successful installations
have been in service at 46 kV and some at 69 kV. The upper
limit has not been reached, inasmuch as work is in progress on
higher-voltage polyethylene power cables as a result of
advancements inthe art of compounding.

Cross~linked polyethylene is another insulation which is gaining
in favor in the process field. For power cable insulations, the
cross-linking process is most commonly obtained chemically. It
converts polyethylene from a thermoplastic into a thermoset—
ting material; the result is a compound with a unique combi-
nation of properties, including resistance to heat and oxidation,
thus permitting an increase in maximum conductor operating
temperature to 90°C. Since the service record with this com-
pound has been good at voltages which have been gradually
increased to 15 kV, it is expected that its voltage range also
will be extended in the future.

[impregnated-paper insulation is used for very-high-Voltage
cables whose range has been extended to 345 kV. To eliminate
the detrimental effects of moisture and to maintain proper
impregnation df the paper, such cables must have a continuous
metallic sheath such as lead or aluminum or be enclosed within

a steel pipe; the operation of the cable depends absolutely on
the integrity of that enclosure. In three—conductor belted‘type
cables the individual insulated conductors are surrounded by a
belt or wall of impregnated paper over which the lead sheath
is applied. When all three conductors are within one sheath,
their inductive effects practically neutralize one another and
eddy—current loss in the sheath is negligible. In the type-H
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cable, each of the individual conductors is surrounded with a

perforated metallic covering, either aluminum foil backed with
a paper tape or thin perforated metal tapes wound over the
paper. All three conductors are then enclosed within the metal
sheath. The metallic coverings being grounded electrically,
each conductor acts as a single—conductor cable. This construc—
tion eliminates “tangential” stresses within the insulation and
reduces pockets or voids. When paper tapes are wound on the
conductor, impregnated with an oil or a petrolatum compound,
and covered with a lead sheath, they are called solid type.

Three-conductor cables are now operating at 33,000 V, and
single~conductor cables at 66,000 V between phases (38,000 V
to ground). In New York and Chicago, special hollow—conduc-
tor oil—filled single—conductor cables are operating successfully
at 132,000 V (76,000 V to ground). In France, cables are oper-
ating at 345 kV between conductors.

Other methods of installing underground cables are to draw
them into steel pipes, usually without the sheaths, and to fill
the pipes with oil under pressure (oilstaric) or nitrogen under 200
lb pressure. The ordinary medium-high—voltage underground
cables are usually drawn into duct lines. With a straight run
and ample clearance the length of cable between manholes
may reach 600 to 1,000 ft. Ordinarily, the distance is more
nearly 400 to 500 ft. With bends of small radius the distance
must be further reduced.

Cable ratings are based on the permissible operating temper-
atures of the insulation and environmental installation
conditions.

POWER DISTRIBUTION

Distribution Systems The choice of the system of power dis-
tribution is determined by the type of power that is available
and by the nature of the load. To transmit a given power over
a given distance with a given power loss (12R), the weight of
conductor varies inversely as the square of the voltage. Incan-
descent lamps will not operate economically at voltages much
higher than 120 V; the most suitable voltages for do motors are
230, 500, and 550 V; for ac motors, standard voltages are 230,
460, and 575 V, three-phase. When power for lighting is to be
distributed in a district where the consumers are relatively far
apart, alternating current is used, being distributed at high
voltage (2,400, 4,160, 4,800, 6,900, and 13,800 V) and trans-
formed at the consumer’s premises, or by transformers on poles
or located in manholes or vaults under the street or sidewalks,

to 240/ 120 V three-wire for lighting and domestic customers,
and to 208, 240, 480, and 600 volts, three-phase, for power.

The first central station power systems were built with do
generation and distribution. The economical transmission dis-
tance was short. Densely populated, downtown areas of cities
were therefore the first sections to be served. Growth of electric

service in the United States was phenomena] in the last two
decades of the nineteenth century. After 1895 when ac gener-
ation was selected for the development of power from Niagara
Falls, the expansion of do distribution diminished. The eco-
nomics overwhelmingly favored the new ac system.

Direct current service is still available in small pockets in
some cities. In those cases, ac power is generated, transmitted,
and distributed. The conversion to dc takes place in rectifiers
installed in manholes near the load or in the building to be
served. Some do customers resist the change to ac service
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because of their need for motor speed control. Elevator and
printing press drives and some cloth-cutting knives are exam-
ples of such needs. (See Low—Voltage AC Network.)

Series Circuits These constant-current circuits were widely
used for street lighting. The voltage was automatically adjusted
to match the number of lamps in series and maintain a con-

stant current. With the advent of HID lamps and individual pho-
tocells on street lighting fixtures which require parallel cir—
cuitry, this system fell into disuse and is rarely seen.

Parallel Circuits Power is usually distributed at constant
potential, and all the devices or receivers in the circuit are con—

nected in parallel, giving a constant-potential system, Fig.
15.1.87a. If conductors of constant cross section are used and

Supply

 
(a)

Fig. 15.1.87 (0) Parallel circuit; ([7) loop circuit.

all the loads, L1, L2 etc., are operating, there will be a greater
voltage IR drop per unit length of wire in the portion of the
circuit AB and CD than in the other portions; also the voltage
will not be the same for the different lamps but will decrease
along the mains with distance from the generating end.

Loop Circuits A more nearly equal voltage for each load is
obtained in the loop system, Fig. 15.1.87b. The electrical dis-
tance from one generator terminal to the other through any
receiver is the same as that through any other receiver, and the
voltage at the receivers may be maintained mere nearly equal,
but at the expense of additional conductor material.

Series-Parallel Circuit For incandescent lamps the power
must be at low voltage (1 15 V) and the voltage variations must
be small. If the transmission distance is considerable or the
loads are large, a large or perhaps prohibitive investment in
conductor material would be necessary. In some special cases.
lamps may be operated in groups of two in series as shown in
Fig. 15.1.88. The transmitting voltage is thus doubled, and, for

+

Supply

Fig. 15.1.88 Series—parallel system.

a given number of lamps, the current is halved, the permissible
voltage drop (IR) in conductors doubled, the conductor resis-
tance quadrupled, the weight of conductor material thus being
reduced to 25 percent of that necessary for simple paralleloperation.

Three-Wire System In the series-parallel system the loads

 

must be used in pairs and both units of the pair must have the
same power rating. To Overcome these objections and at the
same time to obtain the economy in conductor material of
operating at higher voltage, the three-wire system is used. It
consiSts merely of adding a third wire or neutral to the system
of Fig. 15.1.88 as shown in Fig. 15.1.89.

4,

Supply"

Fig. 15.1.89 Three-wire system.

If the neutral wire is of the same cross section as the two

outer wires, this system requires only 37.5 percent the copper
required by an equivalent two-wire system. Since the neutral

ordinarily carries less current than the outers, it is usually
smaller and the ratio of copper to that of the two~wire system
is even less than 37.5 percent (see Table 15.1.19).

When the loads on each half of the system are equal, there
will be no current in the middle or neutral wire, and the con-
dition is the same as that shown in Fig. 15.1.88. When the
loads on the two sides are unequal, there will be a current in
the neutral wire equal to the difference of the currents in the
outside wires.

AC Three-Wire Distribution Practically all energy for light—
ing and small motor work is distributed at 1,150, 2,300, or
4,160 V ac to transformers which step down the voltage to 240
and 120 V for threevwire domestic and lighting systems as well
as 208, 240, 480, and 600 volts, three—phase, for power. For the
three-wire systems the transformers are so designed that the
secondary or low-voltage winding will deliver power at 240 V,
and the middle 0r neutral wire is obtained by connecting to the
center or midpoint of this winding (see Fig. 15.1.91).

Grounding The neutral wire of the secondary circuit of the
transfdrmer should be grounded on the pole (or in the man-
hole) and at the service switch in the building supplied. If, as
a result of a lightning stroke or a fault in the transformer insu-
lation, the transformer primary circuit becomes grounded at a
(Fig. 15.1.91) and the transformer insulation betWeen primary
and secondary windings is broken down at b and if there were
no permanent ground connection in the secondary neutral wire,
the potential of wire 1 would be raised 2,300 V above ground
potential. This constitutes a very serious hazard to life for per-
sons coming in contact with the 120 V system. The National
Electrical Code requires the use of a ground wire not smaller
than 8 AWG copper. With the neutral grounded (Fig.
15.1.91), voltages to ground on the secondary system cannot
exceed 120 V. (See National Electrical Code 1984, Art. 250.)

Feeders and Mains Where power is supplied to a large dis-
trict, improved voltage regulation is obtained by having centers
of distribution. Power is supplied from the station bus at high
voltage to the centers of distribution by large cables known as
feeders. Power is distributed from the distribution centers to the
consumers through the mains and transformed to a usable volt«
age at the user’s site. As there are no loads connected to the
feeders between the generating station and centers of distrib-
ution, the voltage at the latter points may be maintained con-
stant. Pilot wires from the centers of distribution often run back
to the station, allowing the operator or automatic controls to
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Table 15.1.19 Resistance and [SO-Hz Reactance for Wires with Small Spacings, $2, at 20°C
(See also Table 15.1.16) 

 

 

        
  

  
AWG and . Resrstance Reactance in 1,000 ft of line (2,000 ft of wire) at 60 Hz for the

size of 10 1,000 ft 0f distance given in inches between centers of conductorsWire, Cir line (2,000 ft * , ‘ ..

mils ‘nf wire), copper g 1/2 1 2 3 4 5 6 9 12 18 24
14— 4,107 5.06 0.138 0.178 0.218 0.220 0.233 0.244 0.252 0.271 0.284 0.302
12— 6,530 3.18 0.127 0.159 0.190 0.210 0.223 0.233 0.241 0.2600.273 0.292
10— 10.380 2.00 0.1160.1480.1800.1990.2|20.2230.23|0.2490262 0.281

8— 16.510 1.26 0.106 0.138 0.169 0.1880.201 0.2120.220 0.238 0.252 0.270 0.284
6- 26.250 0.790 0.095 0.127 0.158 0.17810.l90 0.201 0.209 0.228 0.241 0.260 0.272

4— 41.740 0.498 0.085 0.1170.1490.1670.1800.1900.1990.2170.2300.2490.262
2— 66.370 0.312 0.074 0.106 0.138 0.156 0.169 0.1800.188 0.206 0.220 0.238 0.252
1— 83.690 0.248 0.068 0.101 0.132 0.151 0.164 0.174 0.183 0.201 0.214 0.233 0.246
0—105,500 0.196 0.0630.0950.1270.145 0.1590.1690.i770.1960.209 0.2280.24l

00—133.100 0.156 0.057 0.0900.121 0.14001530.1640.1720.1900.204 0.2220.236

GOO—167.800 0.122 0.0520.0850.1160.135 0.1480.1580.l670.1850.1990.2170.230
0000—21L600 0.098 0.0460.0790.11|0.1300.1430.1530.1610.1800.1930.2120.225

250.000 0.085 ..... 0.075 0.1060.125 0.139 0.1480.157 0.175 0.189 0.207 0.220
300,000 0.075 ..... 0.0710.103 0.1200.1340.1440.1530.l710.|850.203 0.217
350.000 0.061 ..... 0.0670.0990.|880.1280.1410.1490.1680.1820.2000.213
400.000 0.052 ..... 0.0640.0960.1|40.127 0.1380.1460.1650.l780.1970.209

500.000 0.042 .......... 0.090 0.109 0.1220.1330.141 0.160 0.172 0.1920202600,000 0.035 .......... 0.087 0.106 0.118 0.1280.137 0.1550.l69 0.187 0.200
700.000 0.030 .......... 0.0830.102 0.1140.1250.1330.1520.1650.l840.197
800.000 0.026 .......... 0.0800.0990.1120.1220.|300.1480.1620.1810.194
900.000 0.024 .......... 0.0770.0960.1090.1l90.127 0.1460.159 0.1780.l9|

1,000,000 0.022 .......... 0.075 0.094 0.1060.1l70.1250.l44 0.158 0.176 0.188

NOTE: For other frequencies the rcactance will be in direct pro nortion to the frequency.

 
Fig. 15.1.90 Three-wire generator.

maintain constant voltage at the centers of distribution. This
system provides a means of maintaining very close voltage reg-
ulation at the consumer’s premises.

A common and economical method of supplying business

and thickly settled districts with high load densities is to
employ a 208/120V, three—phase, four-wire low-voltage ac net-
work. The network operates with 208 V between outer wires
giving 120 V to neutral (Fig. 15.1.92). Motors are connected
across the three outer wires operating at 208 V, three-phase.
Lamp loads are connected between outer wires and the
grounded neutral. The network is supplied directly from
13,800vV feeders by 13,800/208—V three-phase transformer

Wire N01

0

    
1

“no”..0 120I"I.H
        

Fig. 15.1.91 Three-wire 230/ l 15-V ac system.

 
units, usually located in manholes, vaults, or outdoor enclo—
sures. This system thus eliminates the necessity for transfor-
mation in the substation. A large number of such units feed
the network, so that the secondaries are all in parallel. Each
transformer is provided with an overload reverse-energy circuit
breaker (network protector), so that a feeder and its trans-
former are isolated if trouble develops in either. This system is
flexible since units can be easily added or removed in accor-
dance with the rapid changes in local loads that occur partic«
ularly in downtown business districts.

13,800V

 
 

13,800V
13,800V

Primaries 
Transformersecondaries

Fig. 15.1.92 208/120-V secondary network (single unit) showing
voltages.

Voltage Drops In ac distribution systems the voltage drop
from transformer to consumer in lighting mains should not
exceed 2 percent in first-class systems, so that the lamps along
the mains can all operate at nearly the same voltage and the
annoying flicker of lamps may not occur with the switching of
appliances. This may require a much larger conductor than the
most economical size. In transmission lines and in feeders

where there are no intermediate loads and where means of mg
ulating the voltage are provided, the drop is not limited to the
low values that are necessary with mains and the matter of
economy may be given consideration.
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WIRING CALCULATIONS

These calculations can be used for dc, and for ac if the reac-

tance can be neglected. The determination of the proper size
of conductor is influenced by a number of factors. Except for
short distances, the minimum size of conductor shown in Table

15.1.21, which is based on the maximum permissible current
for each type of insulation, cannot be used; the size of conduc-
tor must be larger so that the voltage drop IR shall not be too
great. With branch circuits supplying an incandescent—lamp
load, this drop should not be more than a small percentage of
the voltage between wires. The National Electrical Code 1984
requires that conductors for feeders, i.e., from the service
equipment to the final branch circuit overcurrent device, be
sized to prevent (l) a voltage drop of more than 3 percent at
the farthest outlet of power, heating, and lighting loads or com-
binations thereof, and (2) a maximum voltage drop on com-
bined feeders and branch circuits to the farthest outlet of more

than 5 percent.

The resistance of 1 cir mil'ft'of commercial copper may be
taken as 10.8 (2. The resistance of a copper conductor may be
expressed as R = 10.81/A, where] = length, ft and A = area,
cir mils. If the length is expressed in terms of the transmission
distance d (since the two wires are usually run parallel), the
voltage drop IR to the end of the circuit is

e = 21.6Id/A

and the size of conductor in circular mils necessary to give the
permissible voltage drop e is

, A = 21.6Id/e

If e is expressed as a percentage x of the voltage E between
conductors, then

(15.1.128)

(15.1.129)

A = 2,16OId/xE

EXAMPLE. Determine the size of conductor to supply power to a 10
hp, 220—V dc motor 500 ft from the switchboard with 5 V drop. Assume
a motor efficiency of 86 percent. The motor will then require a current
of(10 X 746)/(0.86 X 220) = 39.4 A. From Eq. (15.1.129), A = 2l.6
X 39.4 X 500/5 = 85,100 cir mils. The next largest wire is no. 0AWG.

(15.1.130)

The calculation of the size conductor for three-wire circuits
is made in practically the same manner. With a balanced cir-
cuit there is no current in the neutral wire, and the current in
each outside wire will be equal to one-half the sum of the cur-
rents taken by all the receiving devices connected between neu—
tral and outside wires plus the sum of the currents taken by the
receivers connected between the outside wires. Using this total
current and neglecting the neutral wire, make calculations for
the size of the outside wires by means of Eq. (15.1.129). The
neutral wire should have the same cross section as the outside

wires in interior wiring. \
EXAMPLE. Determine the size wire which should be used for the

three-wire main of Fig. 15.1.93. Allowable drop is 3 V and the distance
to the load center 40 ft; circuit loaded with two groups of receivers each

l¢BOFnA 4O ‘ —’l 0 amp.
. —>

Oomp. j
   

 
60 omp

Bus bars Permissible drop=3 volts

Fig. 15.1.93 Three-wire 230/115-V main.

 

taking 60 A connected between the neutral and the outside wires, and
one group of receivers taking 20 A connected across the outside wires.

Solution: load = (60 + 60)/2 + 20 = 80 A. Substituting in Eq.
(15.1.129), cir mils = 21.6Id/e = 21.6 X 80 X 40/3 = 23,030 cir mils.

From Tables 15.1.19 and 15.1.21, no. 6 wire, which has a cross sec-
tion of 26,250 cir mils, is the next size larger. This size of wire would
satisfy the voltagedrop requirements, but rubber-insulated no. 6 has a
safe carrying capacity of but 55 A. The current in the circuit is 80 A.
Therefore, rubber-insulated wire no. 3, which has a carrying capacity
of 80 A, should be used. The neutral wire should be the same size as
the outside wires.

See also examples in the National Electrical Code 1984.

Wiring calculations for ac circuits require some consideration of
power factor, reactance, and skin effect. Skin effect becomes
pronounced only when very large conductors are used for alter-
nating current. For interior wiring, conductors larger than
700,000 cir mils should not be used, and many prefer not to
use conductors larger than 300,000 cir mils. Should the
required copper cross section exceed these values, a number of
conductors may be operated in parallel.

For voltages under 5,000 the effect of line capacitance may
be neglected. With ordinary single-phase. interior wiring,
where the effect of the line reactance may be neglected and
where the power factor of the load (incandescent lamps) is
nearly 100 percent, the calculations are made the same as for
dc circuits. Three~wire ac circuits of ordinary length with
incandescent lamp loads are also determined in the same man-
ner. When the load is other than incandescent lamps, it is nec-
essary to know the power factor of the load in order to make
calculations. When the exact power factor cannot be accu-
rately determined, the following approximate values may be
used: incandescent lamps, 0.95 to 1.00;-lamps and motors, 0.75
to 0.85; motors 0.5 to 0.80. Equation (15.1.131) gives the value
of current in a single—phase circuit. See‘al‘so Table 15.1.25.

1 = (P x 1,000)/(E, >< pf) (15.1.131)

where I = current, A; P = kW; E = load voltage; and pf =
power factor of the load. The size of conductor is then deter-

mined by substituting this value of I in Eq. (15.1.129) or
(15.1.130).

For three-phase three-wire ac circuits the current per wire

I = 1,000P/ \/3Epf = 580P/Epf (15.1432)

Computations are usually made of voltage drop per wire (see
Fig. 15.1.94). Hence, if reactance can be neglected, the con-

Three—phase

mains 360'
l“ ”‘1

 
 

230v —° '
230v 23‘ov —° 'o—L—-—J- -o -

Allowable lune drop
=4 volts 0's lighting lood

:lOkW’O.850/o of

Fig. 15.1.94 Three—phase lamp and induction motor load.

ductor cross section in cir mils is one-half that given by Eq.
(15.1.129). That is,

A = 10.81d/e cir mils (15.1.133)

where e in Eq. (15.1.133) is the voltage drop per wire. The volt—
age drop between any two wires is \/3e. The percent voltage
drop should be in terms of the voltage to neutral. That is, per—
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cent drop = [e/(E/\/5)]100 = [fie/EMOO (see Fig.
15.1.82).

EXAMPLE. In Fig. 15.1.94, load 10 kW; voltage of circuit 230;
power factor 0.35; distance 360 ft; allowable drop per wire 4 V. Substi-
tuting in Eq. (15.1.132) I = (580 X 10)/(230 X 0.85) = 29.7 A. Sub-
stituting in Eq. (15.1.133), A = 10.8 X 29.7 X 360/4 = 28,900 cir mils.

The next larger commercially available standard-size wire (see Table
15.1.19) is 41,700 cir mils corresponding to AWG no. 4. From Table
15.1.21 this will carry 70 A with rubber insulation, and is therefore
ample in section for 29.7 A. Three no. 4 wires would be used for this
circuit.

5 From Table 15.1.19 the resistance of 1,000 ft of no. 4 copper wire is
0.249 12. Hence, the voltage drop per conductor e = 29.7 X (360/
l,000)0.249 = 2.66 V. Percent voltage drop = V13- X 2.66/230 = 2.00
percent.

Where all the wires of a circuit, two wires for a single-phase
circuit, four wires for a four-phase circuit (see Fig. 15.1.32 and
Fig. 15.1.80c), and three wires for a three-phase circuit, are
carried in the same conduit or where the wires are separated
less than 1 in between centers, the effect of line (inductive)
reactance may ordinarily be neglected. Where circuit conduc-
tors are large and widely separated from one another and the
circuits are long, the inductive reactance may increase the volt—
age drop by a considerable amount over that due to resistance
alone. Such problems are treated using IR and [X phasors.
Line reactance decreases somewhat as the size of wire
increases and decreases as the distance between wires
decreases.

EXAMPLE. Determine the size of wire necessary for the branch to
the 50-hp, 60—Hz, 250-V singlephase induction motor of Fig. 15.1.95.

|+—————— sod—“ma.
g,_!____._

it‘ll 4" 1950019 250volts 6%o———;———-——— ._...
Singie~phose Single—phase motor
60<cycle supply 5011p, 195 amp.

Fig. 15.1.95 Single-phase induction motor load on branch circuit.

The name-plate rating of the motor is 195 A, and its full—load power
factor is 0.85. The Wires are run open and separated 4 in; length of
circuit, 600 ft. Assume the line drop must not exceed 7 percent, or 0.07
X 250 = 17.5 V. The point made by this example is emphasized by the
assumption of an outsize motor.

Solution. To ascertain approximately the size of conductor, substi-
tute in Eq. (15.1.129) giving cir mils = 21.6 X 195 X 600/175 =
144,400. Referring to Table 15.1.19, the next larger size wire is no. 000
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or 167,800 cir mils. This size would be ample if there were no line reac-
tance. In order to allow for reactance drop, a larger conductor is
selected and the corresponding voltage drop determined. Inasmuch as
this is a motor branch, the code rules require that the carrying capacity
be sufficient for a 25 percent overload. Therefore the conductor should
be capable of carrying 195 X 1.25 = 244 A. From Table 15.1.21, a
350,000-cir mil conductor rubber-insulated cable would be required to
carry 244 A. Resistance drop (see Table 15.1.19), [R = 195 X 0.061
X 0.6 = 7.14 V. 7.14/250 = 2.86 percent. From Table 15.1.19, X =
0.128 X 0.6 = 0.0768 12. [X = 195 X 0.768 .= 14.98 V. 14.98/250
= 5.99 percent. Using the Mershon diagram (Fig. 15.1.84), follow the
ordinate corresponding to power factor, 0.85, until it intersects the
smallest circle. From this point, lay ofi‘ horizontally the percentage
resistance drop, 2.86. From this last point, lay 011 vertically the per-
centage reactance drop 5.99. This last point lies about on the 6.0 percent
circle, showing that with 195 amp the difference between the sending-
end and receiving-end voltages is 0.06 X 250 = 15.0 V, which is within
the specified limits.

Also Eq. (15.1.127), may be used. cos 0 = 0.85; sin 6 = 0.527.

E, = {[(250 x 0.85) + 7.14]2 + [(250
x 0.527) + 14.98]2}‘/2 = 264.3V

264.3/250' = 105.7 percent

In the calculation of three-phase three-wire circuits where
line reactance must be considered, the method found above
under Power Transmission may be used. The system is consid-
ered as being three single-phase systems having a ground
return the resistance and inductance of which are zero and the

voltages are equal to the line voltages divided by \/5. When
the three conductors are spaced unequally, the value of GMD
given in Fig. 15.1.85 should be used in Tables 15.1.16 and
15.1.19. (When the value of resistance or reactance per 1,000
ft of conductor is desired, the values in Table 15.1.19 should be
divided by 2.)

The National Electrical Code of 1984 specifies that the size
of conductors for branch circuits should be such that the volt-

age drop will not exceed 3 percent to the farthest outlet for
power, heating, lighting, or combination thereof, requiring fur-
ther that the total voltage drop for feeders and branch circuits
should not exceed 5 percent overall. For examples of calcula—
tions for interior wiring, see National Electrical Code of 1984
(Chap. 9).

INTERIOR WIRING

Interior wiring requirements are based, for the most part, on the
National Electrical Code (NEC), which has been adopted by the

Table 15.1.20 Wire Table for Standard Annealed Copper at 20°C in SI Units 

 
AWG Diameter,

size mm Kgf/km m/fl Area, mm2

14 1.628 18.50 120.7 2.08
12 2.053 29.42 191.9 3.31
10 2.588 46.77 305.1 5.261

8 3.264 74.37 485.2 8.367
6 4.115 118.2 771.5 13.30
4 5.189 188.0 1227 21.15
2 6.544 299.0 1951 33.62
1 7.348 377.0 2460 42.41
0 8.252 475.4 3102 53.49

00 9.266 599.5 3911 67.43
000 10.40 755.9 4932 85.01

0000 11.68 935.2 6219 107.2 
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National Fire Protection Association, American National
Standards Institute (ANSI), and the Occupational Safety and
Health Act (OSHA).

The Occupational Safety and Health Act of 1970 (OSHA)
made the National Electrical Code a national standard. Con—

formance with the NEC became a requirement in most com-
mercial, industrial, agricultural, etc., establishments in the
United States. Some localities may not accept NEC standards.
In those cases, local rules must be followed.

NBC authority starts at the point where the connections are
made to the conductor of the service drop (overhead) or lateral

(underground) from the electricity supply system. The service
equipment must have a rating not less than the load to be car-
ried (computed according to NBC methods). Service equip-
ment is defined as the necessary equipment, such as circuit
breakers or fused switches and accompanying accessories. This
equipment must be located near the point of entrance of supply
conductors to a building or other structure or an otherwise
defined area. Service equipment is intended to be the main con-
trol and means of cutoff of the supply.

Service-entrance conductors connect the electricity supply to
the service equipment. Service-entrance conductors running
along the exterior or entering a building or other structure may
be installed (1) as separate conductors, (2) in approved cables,
(3) as cable bus, or (4) enclosed in rigid conduit. Also, for voltt
ages less than 600 V, the conductors may be installed in elec-
trical metallic tubing, wireways, auxiliary gutters, or busways.
Service-entrance cables which are exposed to physical damage
from awnings, swinging signs, coal chutes, etc., must be of the
protected type or be protected by conduit, electrical metallic
tubing, etc. Service heads must be raintight. Thermoplastic or
rubber insulation is required in overhead services. A grounded
conductor may be bare. If exposed to the weather or embedded
in masonry, raceways must be raintight and arranged to drain.
Underground service raceway or duct entering from an under—
ground distribution system must be sealed with a suitable com-
pound (spare ducts, also).

NEC rules permit multiple services to a building for various
reasons, such as: (1) fire pumps, (2) emergency light and
power, (3) multiple occupancy, (4) when the calculated load is
greater than 3,000 A, (5) when the building extends over a
large area, and (6) where different voltages, frequencies, num—
ber of phases, or classes of use are required.

Ordinary service drops (overhead) and lateral (under-
ground) must be large enough to carry the load but not smaller
than no. 8 copper or no. 6 aluminum. As an exception, for
installations to supply only limited loads of a single branch cir-
cuit, such as small polyphase power, etc., service drops must
not be smaller than no. 12 hard-drawn copper or equivalent,
and service laterals must be not smaller than no, 12 copper or
no. 10 aluminum. '

The phrase large enough to carry the load requires elaboration.
The various conductors of public-utility electric—supply sys-
tems are sized according to the calculations and decisions of
the personnel of the specific public utility supplying the service
drop or lateral. At the load end of the drop or lateral, the NEC
rules apply, and from that point on into the consumer’s prem—
ises, NEC rules are the governing authority. There is a discon-
tinuity at this point in the calculation of combined load
demand for electricity and allowable current (ampacity) of
conductors, cables, etc. This discontinuity in calculations
results from the fact that the utility company operates locally,
whereas the NEC is a set of national standards and therefore

 

cannot readily allow for regional differences in electrical coin-
cident demand, ambient temperature, etc. The NEC’s aim is
the assurance of an electrically “safe” human environment.
This will be fostered by following the NEC rules.

Service—entrance cables are conductor assemblies which

bear the type codes SE (for overhead services) and USE (for
underground services). Under specified conditions, these cables
may also be used for interior feeder and branch-circuit wiring.

The service-entrance equipment must have the capability of
safely interrupting the current resulting from a short circuit at
its terminals. Available short-circuit current is the term given to

the maximum current that the power system can deliver
through a given circuit to any negligible-impedance short cir-
cuit applied at a given point. (This value can be in terms of
symmetrical or asymmetrical, momentary or clearing current,
as specified.)

In most instances, the available short—circuit current is lim-
ited by the impedance of the last transformer in the supply sys-
tem. Large power users, however, must become aware of changes
in the electricity supply system which, because of growth of
system capacity or any other reason, would increase the short—
circuit current available to their service—entrance equipment.
If this current is too great, explosive failure can result.

Kilowatthour and sometimes demand-metering equipment
are connected to the service-entrance conductors. Proceeding
toward the utilization equipment, the power-supply system
fans out into feeders and branch circuits (see Fig. 15.1.96).

AdditionalProtection Switch . .
brunch Cll’CUllS

l OFeeder or main
Service conductors

 
 

  

 

Motor

w
Branch-circuit

. conductors
wrres 1‘

Feeder-conductor Branch-circuit Motor-running
overcurrenl conductor overcurrent
protection protection protection

(often at a load center)

—i:}— Fuses, non—adjustable or adjustable circuit breakers
_\ The switches in the above diagrams are often 0 port

of the cirCUit breaker or fuse box.

Fig. 15.1.96 Motor and wiring protection.

Each of the feeders, i.e., a run of untapped conductor or cable,
is connected to the supply through a switch and fuses or a cir-
cuit breaker. At a point, usually near that portion of the elec-
trical loads which are to be supplied, a panel box or perhaps a
load-center assembly of switching and/or control equipment is
installed. From this panel box or load-center assembly, circuits
radiate; i.e., circuits are installed to extend into the area being
served to connect electrical machinery or devices or make
available electric receptacles connected to the source of electric
power.

Each feeder and each branch circuit will have its own over-

current protection and disconnect means in the form of a fuse and
switch combination or a circuit breaker.

There is a provision in the NEC 1984 rules for the following
types of feeder and branch circuit wiring:

1. Open Wiring on Insulators (NEC 1984, Art. 320). This
wiring method uses approved cleats, knobs, tubes, and flexible
tubing for the protection and support of insulated conductors
run on or in buildings and not concealed by the building struc-
ture. It is permitted only in industrial or agricultural
establishments.
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2. Concealed Knob-and-Tube Work (NEC 1984, Art.
324). Concealed knob-and-tube work may be used in the hol-
low spaces of walls and ceilings. It may be used only for the
extension of existing facilities. -

3. Flat Conductor Cable, Type FCC (NEC 1984, Art
328). Type FCC cable may be installed under carpet
squares. It may not be used outdoors or in wet locations, in
corrosive or hazardous areas, or in residential, school, or hos-
pital buildings. , ,

4. Mineral-Insulated Metal—Sheathed Cable, Type Ml (NEC
1984, Art. 330). Type MI Cable contains one or more elec-

trical conductors insulated With a highly compressed refractory
mineral insulation and Enclosed in a liquid- and gastight metal-
lic tube sheath. Appropriate approved fittings must be used
with it. It may be used for services, feeders, and branch circuits

either exposed or concealed and dry or wet. It may be used in
Class I, II, or III hazardous locations. It may be used for
under—plaster extensions and embedded in plaster finish or
brick or other masonry. It may be used where exposed to
weather or continuous moisture, for underground, runs and
embedded in masonry, concrete or fill, in buildings in the
course of construction or where exposed to oil, gasoline, or
other conditions. If the environment would cause destruction
of the sheath, it must be protected by suitable materials.

5. Power and Control Tray Cable (NEC 1984, Art
340). Type TC cable is a factory assembly of tv‘vo ‘or more
insulated conductors with or without associated bare or c6v-
cred-grounding conductors under a n0nmetallic sheath,
approved for installation in cable trays, in raceways, or where
supported by messenger wire. . -

6. Metal-Clad Cable, Type MC ‘and AC Series (NEC 1984,
Art. 333 and 334). These are metal—clad cables, l.e., an
assembly of insulated conductors in a flexible metal enclosure,

Type MC are power cables and in the range up to 600 V are
made in conductor sizes of no. 4 and larger for copper and no.
2 and larger for aluminum. Type AC are branch and feeder
cables with armor of flexible metal tape. All AC types except
ACL have an internal bonding strip of copper or aluminum in
intimate contact with the armor for its entire length. Metal-
clad branch circuit cable was formerly called 'BX. Metal-clad
cables may generally be installed where not subject to physical
damage, for feeders and branch circuits in exposed or con-
cealed work, with qualifications for wet locations, direct burial
in concrete, etc. The use of Type AC cable is prohibited (1) in
motion—picture studios, (2) in theaters and assembly halls, (3)
in hazardous locations, (4) where exposed to corrosive fumes
or vapors, (S) on cranes or hoists except where flexible connec-
tions to motOrs, etc, are required, (6) in storage-battery rooms,
(7) in hoistways or on elevators except (1') between risers and
limit switches, interlocks, operating buttons, and similar
devices in hoistways and in escalators and moving walkways
and (ii) short runs on elevator cars, where free from oil, and if
securely fastened in place, or (8) in commercial garages in haz-
ardous locations. Type ACL (lead-covered) shall not be used
for direct burial in the earth. . -

7. Nonmetallic—Sheathed Cable, Types NM and NMC (NEC
1984, Art. 336). These are assemblies of two more insulated
conductors (nos. 14 through 2, for copper, nos. 12 through 2 for
aluminum) . having an outer sheath of moisture—resistant,
flame—retardant, nonmetallic material. In addition to the insu-
lated conductors, the cable may have an approved size of unin—
sulated or bare conductor for grounding purposes only. The
outer covering of NMC cable is flame retardant and corrosion
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resistant. The use of this type of cable, commonly called
Nomex, is permitted in one— or two-family dwellings, multifam-
ily dwellings, and other structures provided that such struc—
tures do not exceed three floors above grade.

8. Shielded Nonmetallic-Sheathed Cable, Type SNM, (NEC
1984, Art. 337). Type SNM is a factory-assembled cable
consisting of t‘wo or more insulated conductors (nos, 14
through 2 copper and nos. 12 through 2 aluminum) in an
extruded core of moisture-resistant material, covered with an
overlapping spiral metal tape and wire shield and jacketed with
an extruded moisture, flame—, corrosion—, fungus—, and sun—
light—resistant material. This cable is to be used (1) under
appropriate ambient-temperature conditions and (2) in contin-
uous rigid-cable support or in raceways. It can be used in some
hazardous locations as defined by the NBC.

9. Service Entrance Cable, Types SE and USE (NEC 1984,
Art. 338). These cables, containing one or more individually
insulated conductors, are primarily used for electric services.

Type SE has a flame-retardant, moisture-resistant covering
and is not required to have built-in protection against mechan-
ical abuse. Type USE is recognized for iise underground. It has
a moisture-resistant covering, but not necessarily a flame-
retardant one. Like the SE cable, USE cable is not required to
have inherent protection against mechanical abuse. Under
specified conditions, SE and USE cables can be used for feed-
ers and branch circuits.

10. Underground Feeder and Branch-Circuit Cable, Type UF
(NEC 1984, Art. 339). This cable is made in sizes 14

through 4/0, and the insulated conductors are Types TW,
RHW, and others approved for the purpose. As in the NM
cable, the UP type may contain an approved size of uninsu-
lated or bare conductor fer grounding purposes only. The outer
jacket of this cable shall be flame-retardant, moisture-resis-
tant, fungus-resistant, cerrosive-resistant, and suitable for
direct burial in the ground.

11. Other Installation Practices. The NEC details rules for

nonmetallic circuit extensions and underplaster extensions. It
also provides detailed rules for installation of electrical wiring
in (a) rigid metal conduit (which may be used for all atmos-
pheric conditions and locations with due regard to corrosion
protection and choice of fittings), (b) rigid nonmetallic conduit
(which is essentially corrosion—proof), in electrical metallic

tubing (which is lighter-weight than rigid metal conduit), (c)
flexible metal conduit, (0’) liquidtight flexible metal conduit,
(e) surface raceways, ( f) underfloor raceways, (g) multioutlet
assembles, (h) cellular metal floor raceways, (i) structural
raceways, ( j) cellular concrete floor raceways. (k) wireways
(sheet—metal troughs with hinged or removable covers), (1)
flat, Type FC, cable assemblies installed in a surface metal

raceway (Type FC cable contains three or four no. 10 special
stranded copper wires), (m) busways, and (n) cable—bus. Bus-
way§ and cable-bus installations are permitted for exposed
work only.

In all inStallation work, only approved outlets, switch and
junction boxes, fittings, terminal strips, and dead-end caps
shallbe used, and they are to be used in an approved fashion
(see NEC 1984, Art. 370).

Table 15.1.21 lists the allowable ampacities of copper and
aluminum conductors. Table 15.1.22 lists various conductor
insulation systems approved by the 1984 NEC for conductors
used in interior wiring. Table 15.1.20 relates AWG wire sizes
to metric units. Dimensions and allowable fill of conduit and
tubing are listed in Table 15.1.23. Table 15.1.24 lists the cross-
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Table 15.1.21 Allowable Ampacilies of Insulated Conductors

 

(Not more than three conductors in conduit. Based on ambient air temperature of 40“C.)WWW

Temperature rating of insulation, “C  

 

  

 

  

 

Copper Aluminum

60 75 90 60 75 90

Conductor Types RH, RHW, Types SA, Types RH, RHW,
size: RUH, THW, AVB, FEP, RUH, THW, Types SA, AVB,

AWG or Types RUW, T, THWN, XHHW, FEPB, THHN, Types RUW, T, THWN, XHHW, THHN, RHH,
MCM TW, UF USE, ZW RHH, XHHW" TW, UF USE XHHW*

14 181 221 251' ——- ~ —
12 231 281‘ 32'? 181 221L 26]L
10 291 371 42‘1" 231‘ 291 341

8 ' 36 48 55 28 37 43

6 50 64 75 37 50 58
4 65 83 97 50 65 76
3 76 98 114 59 76 89
2 87 1 12 130 68 87 102
1 104 134 156 81 104 122

0 119 153 179 93 119 139
00 135 175 204 106 137 159

000 160 207 242 125 162 189
0000 184 238 278 144 186 217

250 210 271 317 165 213 249
300 232 300 351 183 236 276
350 254 328 384 201 259 303
400 274 354 415 218 281 329
500 314 407 477 252 326 381

600 345 448 525 280 362 424
700 376 489 574 308 399 467
750 392 509 598 322 417 488
800 403 524 616 334 432 506
900 426 555 653 357 463 542

1,000 499 585 689 380 493 578

3336322 For ambient temperatures other than 40"C, multiply the ampacities shown above by the appropriate factors shown below.

21—35 1.32 1.20 1.14 1.32 1.20 1.14
26—30 1.22 1.13 1.10 1.22 . 1.13 1.10
31—35 1.12 1.07 1.05 1.12 1.07 1.05
36—40 1.00 1.00 1.00 1.00 1.00 1.00
41—45 0.87 0.93 0.95 0.87 0.93 0.95
46-50 0.71 0.85 0.89 0.71 0.85 0.89
51—55 0.50 0.76 0.84 0.50 0.76 0.84
56—60 —— 0.65 0.77 — 0.65 0.77
61—70 — 0.38 0.63 — 0.38 0.63
71—80 ——— —— 0.45 — —— 0.45

. ,

SOURCE: NEC89 1984, Table 310-23. Reprinted with permission from NFPA 70-1984, National Electrical Code®, Copyright© 1983, National Fire Protection Association,
Quincy, Massachusetts 02269. This reprinted material is not the complete and official position of the NFPA on the referenced subject, which is represented only by thestandard in its entirety.

*For dry locations only, rated 75'C for wet locations.
TOvereurrent protection shall not exceed 15 A for no. 14 copper and no. 12 aluminum. 20 A for no. 12 copper, 25 A for no. 10 aluminum, and 30 A for no. 10 copper.
NOTE: This is a general table. For other installation conditions, see NFPA 70 ~ 1984 National Electric Code®, Article 310. This table is effective January 1. 1987.

sectional area of various insulated conductors. For installations

not covered by the tables presented here, review the 1984
NEC. Estimated full-load currents of motors can be taken
from Table 15.1.25.

Switching Arrangements Small quick—break switches must
be set in or on a metal box or fitting and may be of the push,
tumbler, or rotary type. The following types of switches are
used to control lighting circuits: (1) single-pole, (2) double—

pole, (3) three-point or three-way, (4) four—way, in combina-
tion with three~way switches to control lights from three or
more stations, (5) electrolier.

In all metallic protecting systems. such as conduit, armored
cable, or metal racew'ays, joints and splices in conductors must
be made only in junction boxes or other proper fittings; there-
fore, these fittings can be located only in accessible places
and never concealed in partitions. Splices or joints in the wire
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Table 15.1.22 Conductor Type and Application 

Insulation, trade name (see NEC 1984 Art. 310, for Outer
Type letter complete information) Environment covering“ 

Max operating temperature = 60°C (140°F) 

RUW Moisture-resistant latex rubber Dry and wet 1
T Thermoplastic ‘ Dry None

‘ TW Moisture-resistant thermoplastic Dry and wet None
TF Thermoplastic-covered, solid or 7-strand “d None
TFF Thermoplastic—covered, flexible stranding 5’” None
MTW Moisture, heat-, and oil—resistant thermoplastic machine— Wet None or nylon

tool wiring (NFPA Stand 79, NBC 1975, Art. 670)
UF Moisture-resistant, underground feeder Dry and wet None 

Max operating temperature = 75“C (167T) 

 

 

 

 

 

 

 

RH Heat-resistant rubber Dry 1,2

RHW Moisture— and heat-resistant rubber” Dry and wet 1,2
RUH Heat—resistant latex rubber Dry 1
THW Moisture- and heat—resistant thermoplastic Dry and wet None

THWN Moisture- and heat-resistant thermoplastic Dry and wet Nylon
XHHW Moisture- and heat-resistant cross-linked polymer Wet None
RFH—l & Heat—resistant rubber—covered solid or 7-strand 5“! None

2

FFH—l & Heat-resistant rubber-covered flexible stranding “'1 None
2

UF Moisture-resistant and heat-resistant Dry and wet None
USE Heat- and moisture-resistant Dry and wet 4
ZW Modified ethylene tetrafluorethylene Wet None

Max operating temperature = 85'C (185°F)

MI Mineral—insulated (metal-sheathed) ' Dry and wet Copper

Max operating temperature = 90°C (194°F)

RHH Heat—resistant rubber Dry 1,2
THHN Heat-resistant thermoplastic Dry Nylon
THW Moisture- and heat—resistant thermoplastic / None
XHHW Moisture- and heat-resistant cross~linked synthetic polymer Dry None
FEP Fluorinated ethylene propylene Dry None
FEPB Fluorinated ethylene propylene Dry 3
TFN Heat-resistant thermoplastic covered, solid or 7—strand ”"1 Nylon
TFFN Heat-resistant thermplastic flexible stranding Nylon
MTW Moisture, heat—, and oil—resistant thermoplastic machine— Dry None or nylon

tool wiring (NFPA Stand. 79, NEC 1975, Art. 670)
SA Silicone asbestos Dry Asbestos or

Glass

Max operating temperature = 150°C (302°F)

Z, ZW Modified ethylene tetrafluorethylene Dry None

Max operating temperature = ZOO‘C (392°F)

FEP, FEPB Fluorinated ethylene propylene Dry None
Special applications ' 3 ‘

PF, PGF Fluorinated ethylene propylene "4 None or glass
" braid
PFA Perfluoroalkoxy Dry None ,
SF—2 Silicone rubber, solid or 7-strand c-d Nonmetallic 
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Table 15.1.22 Conductor Type and Application (Continued)W

 

 

Insulation, trade name (see NEC 1984 Art. 310, for Outer
Type letter complete information) Environment covering“

Max operating temperature = 250“C (482°F)

MI Mineral-insulated (metal-sheathed), for special applications Dry and wet Copper
TFE Extruded polytetrafluoroethylene, only for leads within Dry None

apparatus or within raceways connected to apparatus, or
as open wiring (silver or nickel-coated copper only)

PFAH Perfluoroalkoxy (special application) ' Dry None
PTF Extruded polytetrafluorethylene, solid or 7-strand (silver or M None

nickel-coated copper only) 

SOURCE: NEC 1984 Tables 310—1 3 and 402-3. Reprinted with permission from NFPA 70-1984, National Electrical Code®, Copyright® 1983.
National Fire Protection Association, Quincy, Massachusetts 02269. This reprinted material is not the complete and olficial position of the NFPA
on the referenced subject, which is represented only by the standard in its entirety.

“I: Moisture-resistant, fiame-retardent nonmetallic; 2: outer covering not required when rubber insulation has been specifically approved for the
purpose; 3: no. 14—8 glass braid, no. 6-2 asbestos braid; 4: moisture-resistant nonmetalllc.

[’Limited to 300 v.
”No. 18 and no. 16 conductor for remote controls, low~energy power, low-voltage power, and signal circuits; NEC 1975 See. 725-I6, Sec. 760-16.
dFixutre wire no. 18-16.
eFor over 2.000 V, the insulation shall be ozonevresistant.
[Special applications within electric discharge lighting equipment. Limited to 1.000 V open-circuit volts or less.

must never be in the conduit piping, raceway, or metallic
tubing itself, for the splices may become a source of trouble
as a result of corrosion or grounding if water should enter the
conduit.

All conductors of an ac system must be placed in the same
metallic casing so that their resultant magnetic field is nearly
zero. If this is not done, eddy currents are set up causing heat-
ing and excessive loss. With single conductors in a casing, an
excessive reactance drop may result.

Service wires are the conductors that bring the electric power
into a building and should enter the building as near as possible
to the service switch, so that when the switch is open all the
electrical conductors and equipment inside the building will be

dead. The service wires must be rubber- or thermoplastic—cov-
ered from the point of support on the outside of the building to
the service switch or cutout and must be no. 6 wire or larger

except for installations consisting of two—wire branch circuits
where no. 8 wire may be permitted. A minimum of 100—A
three—wire service is recommended for all single—family
residences.

Generally, when the conductors from overhead lines enter a
building, the wires are encased in rigid conduit equipped with
a weather cap or a service entrance cable (type ASE armored
or SE type, unarmored) may be attached directly to the build-
ing wall. The inner end of the service enters a metal service
cabinet in which the service fuses and switch are located. Ser-

Table 15.1.23 Dimensions and Allowable Fill of Conduit and Tubing 

Allowable fill, in2 of conductors (not lead-covered)

 

Over two

Trade 1D, Area, One conductor, Two conductors, conductors,*
size, in in in2 53% fill 31% fill 40% fill

1/2 0.622 0.30 0.16 0.09 0.12
3/4 0.824 0.53 0.28 0.16 0.21

1 1.049 0.86 0.46 0.27 0.34
1V4 1.380 1.50 0.80 0.47 0.60
11/2 1.610 2.04 1.08 0.63 0.82
2 2.067 3.36 1.78 1.04 1.34
2V2 2.469 4.79 2.54 1.43 1.92
3 3.068 7.38 3.91 2.29 2.95
31/2 3.548 9.90 5.25 3.07 3.96
4 4.026 12.72 6.74 3.94 5.09
472 4.506 15.94 8.45 4.94 6.38
5 5.047 20.00 10.60 6.20 8.00
6 6.065 28.89 15.31 8.96 11.56

SOURCE: NFC [984, p. 704384. Reprinted with permission from NFPA 704984, National Electrical (lodc®, Copyv
right © 1983, National Fire Protection Association, Quincy, Massachusetts 02269. This reprinted material is not the come
pletc and official position at” the NFPA (m the referenced subject, which is represented only by the standard in its entirety.

*For conductor dcrating with more than three conductors sec NEC 1984, Art. 310.
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Table 15.1.24 Nominal Cross-Sectional Area of Rubber-Covered and Plastic-Covered Conductors 

 

 

  

 

 

 

 

 

 

 

 

Size, AWG
18 16 14 12 10 8

Type Cross-sectional area, in2

RFH-Z 0.0167 0.0196 (fixture wire)
SF—2 0.0167 0.0196 0.0230 (fixture wire)
RH 0.0230 0.0278 0.0460 0.0854
RHH, RHW 0.0327 0.0384 0.0460 0.0854
RHH, RHW (without
outer covering) 0.0206 0.0251 0.0311 0.0598

THW 0.0206 0.0251 0.0311 00598
T, TW, RUH, RUW . . . . . . 0.0135 0.0172 0.0224 0.0471
TF 0.0088 0.0109 ... . .. ... ...
THWN, THHN . . . . . . 0.0087 0.0117 0.0184 0.0373
TFN 0.0064 0.0079 . . . . . . . . . . . .
FEPB, Z, ZF, ZFF 0.0087 0.0115 0.0159 0.0272
FEP, TFE . . . . . . 0.0087 0.0115 0.0159 0.0333
PTF 0.0052 0.0066 0.0087 . . . . . . . . .
XHHW 0.0131 0.0167 0.0216 0.0456

Size, AWG

6 4 3 2 1 1/0 2/0 3/0 4/0

Cross-sectional area, in2

RH, RHH,* RHW* 0.1238 0.1605 0.1817 0.2067 0.2715 0.3107 0.3578 0.4151 0.4840
RUH, RUW 0.0819 0.1087 0.1263 0.1473
TW, T, THW 0.0819 0.1087 0.1263 0.1473 0.2027 0.2367 0.2781 0.3288 0.3904
TFE 0.0467 0.0669 0.0803 0.0973 0.1385 0.1676 0.1974 0.2436 0.2999
FEPB, ZF, ZFF 0.0716 0.0962 0.1122 0.1316
FEP 0.0467 0.0669 0.0803 0.0973 . . . . . . . . . . . . . . .
THHN, THWN 0.0519 0.0845 0.0995 0.1182 0.1590 0.1893 0.2265 0.2715 0.3278
XHHW 0.0625 0.0845 0.0995 0.1182 0.1590 0.1893 0.2265 0.2715 0.3278
Z 0.0716 0.0962 0.1122 0.1320 0.1385 0.1676 0.1948 0.2463 0.3000

Size, MCM
250 500 750 1000 1500 2000

Cross-sectional area, in2

RH, RHH,* RHW* 0.5917 0.9834 1.4082 1.7531 2.5475 3.2079
TW, T, THW 0.4877 0.8316 1.2252 1.5482 2.2748 2.9013
THHN, THWN 0.4026 0.7163 1.0623 1.3623 . . . . . .
XHHW 0.4026 0.7163 1.0936 1.3893 2.0612 2.6590 

SOURCE: NEC 1984. p. 70-686. Reprinted with permission from NFPA 70-1984, National Electrical Codc®, Copyright© 1983, National Fire
Protection Association, Quincy, Massachusetts 02269. This reprinted material is not the complete and official position of the NFPA on the refer-
enced subject. which is represented only by the standard in its entirety.

NOTE: For general branch and feeder circuits the minimum conductor size is 14. Sizes 14 to 8 are siold wire, Sizes 6 and larger are stranded.
*RHH and RHW without covering have the same dimension as THW.

vice conductors may also terminate at an air-break or oil-
immersed switch in a metal case or on a panel board which is
accessible to qualified persons only.

All underground service wires must be connected to the inte-
rior wiring through a blade of the service switch or circuit
breaker and be fused or automatically interrupted at the ser—
vice switch. A service switch controlling a three-wire dc, a sin—
gle-phase or four-wire three-phase system having a grounded
neutral wire does not need to open that conductor.

The single-line diagram, Fig. 15.1.96, indicates a simplified
interior arrangement of Circuits and the necessary protection
of the conductors and terminal load. Where a reduction is

made in the wire size a protective device shall be installed to
limit the conductor current to a safe value. Large motors and
other terminal loads should also have overcurrent protection.

The maximum permissible fuse ratings and the setting of the
protective devices for starting and for running protection of
motors are given in Table 15.1.26.

Grounding of direct— and alternating-current systems of 300
V and less is usually required. Inside a building the grounded
conductor (one of the two conductors in two-wire system and
the neutral conductor in a three-wire or a four-wire system)
should have a white or natural gray covering throughout to distinv
guish it from the ungrounded conductors. This identified
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Table 15.1.25 Approximate Full—Load Currents of Motors: A
(See NEC 1984 for more complete information.) 

Three—phase ac motors, squirrel-
cage and wound—rotor induction Synchronous type, unity power Single-phase ac 

 
types factor motors DC motors'l’

hp 230 V 460 V 575 V 2,300 V 230 V 460 V 575 V 2,300 V 115 V1 230 V1: 120 V 240 V

V2 2 1 0.8 9.8 4.9 5.4 2.7
% 2.8 1.4 1.1 13.8 6.9 7.6 3.8

1 3.6 1.8 1.4 16 8 9.5 4.7
1% 5.2 2.6 2.1 20 10 13.2 6.6
2 6.8 3.4 2.7 24 12 17 8.5
3 9.6 4.8 3.9 34 17 25 12.2

5 15.2 7.6 6.1 56 28 40 20
7% 22 ll 9 80 40 58 29

10 28 14 11 100 50 76 38
15 42 21 17 55
20 54 27 22 72
25 68 34 27 53 26 21 89

30 80 40 32 63 32 26 106
40 104 52 41 83 41 33 140
50 130 65 52 .,. 104. 52 42 . .. 173
60 154 77 62 16 123 61 49 12 206
75 192 96 77 20 155 78 62 15 255

100 248 124 99 26 202 101 81 20 341

125 312 156 125 31 253 126 101 25 425
150 360 180 144 37 302 151 121 30 506
200 480 240 192 49 400 201 161 40 675 

*The values of current are for motors running at speeds customary for belted motors and motors having normal torque characteristics. Use name-
plate data for low-speed, high-torque, or multispeed motors. For synchronous motors of 0.8 pf multiply the above amperes by 1.25, at 0.9 pf by 1.1.
The motor voltages listed are rated voltages. Respective nominal system voltages would be 220 to 240, 440 to 480, and 550 to 600 V. For fulHoad
currents of 208-V motors, multiply the above amperes by 1.10; for 200-V motors, multiply by 1.15.

TAmperc values are for motors running at base speed.
iRated voltage. Nominal system voltages are 120 and 240.

grounded conductor must not be fused or be opened unless the
other conductors are opened simultaneously. Green wires only
shall be used for grounding electrical equipment, such as
motors, as well as conduits, armor, boxes, and such metallic
enclosures. Four—wire circuits have black, white, red, and blue
conductors or alphanumeric identification.

DC systems need be grounded only at the generating sta-
tions because the grounded wire is electrically connected to one
of the conductors in all the circuits throughout the system. In
ac systems, since one section can be insulated from the other
by a transformer, each section of 300 V or under is grounded
at the individual services. The conductor grounding the ac sys-
tem should not be less than no. 8 copper wire and must be with-
out a joint or a splice and run from the supply side of the ser-
vice switch,

The service conduit that protects the service wires on the
outside of the building must be grounded by a wire at least as
large as no. 8, run directly to ground.

The entire metallic system surrounding the conductors must
be at ground potential. It is only necessary to ground the
metallic system, including motors and other equipment, at one
point, provided that each section makes a good electrical con-
nection with the next.

Since January 1, 1973, ground-fault circuit interrupters have
been required by the NEC in some areas for personnel protec—
tion from line-to—ground electrical shock. Such circuit inter-
rupters are required by the 1984 NEC in branch circuits sup-

plying certain areas in residences, hotels and motels, health-
care facilities, marinas and boat yards, mobile homes and rec—
reational vehicles, swimming pools, and construction sites. The
1984 or subsequent code should be carefully reviewed for exact
requirements.

Ground-fault circuit protection may be used at other loca-
tions and, if so used, will provide additional protection against
line-to—ground shock hazard.

Ground fault—circuit interrupters monitor the current in the
two conductors of a circuit. These two currents should be

equal. If they are not equal, some current is leaking to ground,
indicating a line to ground fault. If the difference between the
two currents is 5 mA or more, the ground-fault circuit inter-
rupter will automatically disconnect the faulted circuit in
about 0.025 s.

Overload Protection A fuse or circuit breaker must be pro-
vided in all ungrounded conductors. Induction motors are usu-
ally protected by overload or thermal relays operating as auto-
matic circuit breakers. To protect wiring properly, an
automatic cutout must be installed at every point where a
change is made in the size of the wire. Fuses or circuit breakers
should not be placed either in a grounded line or in a ground
wire. (See Fig. 15.1.96.)

Fuses, cutout bases, and switches are manufactured and change
sizes, as follows: Edison plug (125 V only), 0 to 30 A; spring—
clip cartridge (ferrule contact), 0 to 30, 31 to 60 A; knife—blade
cartridge type, 61 to 100, 101 to 200, 201 to 400, 401 to 600
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Table 15.1.26 Maximum Rating or Setting of Motor Branch-Circuit Protective Devices and
Starting-lnrush Code Letters

 

  

  
———-————————~—-W-——~—————_—_~.T___—_______

Percent of full—load current

Dual-
element

Non—time (time delay) Instantaneous Time—limit Code kVA/hp with
Type of motor delay fuse fuse breaker breaker letter locked rotor

Single-phase, all types, A 0 — 3. 14
no Code letter 300 175 700 250 B 3.15 — 3.54

C 3.5 5 — 3.99

AC motors: single- D 4.0 — 4.49
phase, polyphase E 4.5 — 4.99
squirrel-cage, or F 5.0 — 5.59
synchronous with G 5.6 - 6.29
full-voltage, resistor, H 6.3 -— 7.09
or reactor starting: J 7.1 — 7.99
No code letter 300 175 700 250 K 8.0 — 8.99
F—V 300 175 700 250 L 9.0 — 9.99
3—13 250 175 700 200 M 10.0 ~ 11.19
A 150 150 700 150 N 11.2 —12.49

P 12.5 — 13.99

AC squirreLcage or
Synchronous motors R 14.0 — 15.99
with autotransformer S 16.0 — 1799

starting: T 18.0 — 19.99 _
Not more than 30 A
No code letter 250 175 700 200 U 20.0 — 22.39

More than 30 A V 22.4 and upNo code letter 200 175 700 200
F~V 250 175 700 200
8—12 200 175 700 200
A 150 150 700 ' 150

High reactance
squirrel—cage:
Not more than 30 A
No code letter 250 175 700 250
More than 30 A
No code letter 200 175 700 200

Wound rotor, no code
letter - 150 150 700 150

DC motors:

No more than 50 hp
No code letter ISO 150 250 150

More than 50 hp
No code letter 150 150 175 150

Low-torque, low—speed
(450 r/min or lower)
synchronous motors
which start unloaded 200 200 200 200

  
SOURCE: NEC 1984, Tables 430—l 52 and 4304(5). Reprinted with permission from NFPA 70-1984, National Electrical Code®, CopyA

right© 1983, National Fire Protection Association, Quincy, Massachusetts 02269. This reprinted material is not the complete and official
position of the NFPA on the referenced subject, which is represented only by the standard in its entirety.

A; for 601 A and larger, knife—blade cartridge type with equal- are larger than the current-carrying capacities given by Table
size fuses in parallel may be used except for the protection of 15.1.21.
a branch motor circuit where a circuit breaker can be installed. Demand Calculations for Building Feeder Sizes The demand

Since the rating of a fuse is only about 90 percent of the factor or demand is the ratio of maximum demand to the total
current that it will carry indefinitely, and since it may also take connected load. This depends on the type of building, whether
a few minutes before the heat due to slightly excessive current hotel, theater, factory, etc. The demand factor for any partic-
would be sufficient to melt the fuse wire and hence open the ular class of installation decreases as the floor area increases.
circuit, insulation may be permanently damaged if the fuses Values of demand factors are found in the 1984 NEC Art. 220.
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Load centers are panels or cabinets which act as distribution

centers and which are supplied by feeder or main conductors,
and from which the current to several branch circuits is taken.

In each branch circuit there is usually a small combined switch
and circuit breaker. Load centers for widely different types of
circuits such as single-phase two—wire, single-phase three-wire,
and three-phase are readily obtainable from several man-
ufacturers.

RESISTOR MATERIALS

For use in rheostats, electric furnaces, ovens, heaters, and
many electrical appliances, a resistor material with high melt-
ing point and high resistivity which does not disintegrate or
corrode at high temperatures is necessary. These requirements
are met by the nickel-chromium and nickel-chromium«iron

alloys. For electrical instruments and measuring apparatus,
the resistor material should have high resistivity, low temper—
ature coefficient, and, for many 'uses, low thermoelectric power
against copper. The properties of resistor materials are given
in Table 15.1.27. Most of these materials are available in rib-
bon as well as in wire form. Cast-iron and steel wire are effi-

cient and economical resistor materials for many uses, such as
power-absorbing rheostats and motor starters and controllers.
(See also See. 6.)

Advance has a low temperature coefficient and is useful in

many types of measuring instrument and precision equipment.
Because of its high thermoelectric power to copper, it is valu-
able for thermoelements and pyrometers. It is noncorrosive and
is used to a large extent in industrial and radio rheostats.

Hytemco is a nickel-iron alloy characterized by a high temper-
ature coefficient and is used advantageously where self—regu-
lation is required as in immersion heaters and heater pads.

 

Magno is a manganese-nickel alloy used in the manufacture of

incandescent lamps and radio tubes. Manganin is a copper—man-
ganese-nickel alloy which, because of its very low temperature
coefficient and its low thermal emf with respect to copper, is
very valuable for high-precision electrical measuring appara-
tus. It is used for the resistance units in bridges, for shunts,
multipliers, and similar measuring devices. Nichrome V is a
nickel-chromium alloy free from iron, is noncorrosive, non-
magnetic, withstands high temperatures, and has high resistiv-
ity. It is recommended as material for heating elements in elec-
tric furnaces, hot~water heaters, ranges, radiant heaters, and
high-grade electrical appliances. Kanthal is used for heating
applications where higher operating temperatures are required
than for Nichrome. Mechanically, it is less workable than
Nichrome. Platinum is used in specialized heating applications
where very high temperatures are required. Tungsten may be
used in very high temperature ovens with an inert atmosphere.
Pure nickel is used to satisfy the high requirements in the fab-
rication of radio tubes, such as the elimination of all gases and
impurities in the metal parts. It also has other uses such as in

incandescent lamps, for combustion boats, laboratory acces-
sories, and resistance thermometers.

Carbon withstands high temperatures and has high resis—
tance; its temperature coefficient is negative; it will safely carry
about 125 A/inz. Amorphous carbon has a resistivity of 3,800
and 4,100 uQ‘cm, retort carbon about 720 uSZ-cm, and graph-
ite about 812 nil-cm. The properties of any particular kind of
carbon depend on the temperature at which it was fired. Car-

bon for rheostats may best be used in the form of compression
rheostats. Silicon carbide is used to manufacture heating rods
that will safely operate at 1,650°C (3,000°F) surface temper-
ature. It has a negative coefficient of resistance up to 650°C,
after which it is positive. It must be mechanically protected
because of inherent brittleness.

Table 15.1.27 Properties of Metals, Alloys, and Resistor Materials
 

 

Resistivity

.. a a ‘3. a
“‘ d: 3 o ~“e’ 3 2°
5 :‘i g‘5 w o" 8 U E U'7’ E a. 0 en 3 v
a a a E a a2 3" E 2?
J; 3 Z a g a U. s "3.

E» a o g G e s a a E a:
Material Composition (2‘ 2 8 O 8 E2 § 13 E 3 <1 8,

Advance Cu 0.55; Ni 0.45 8.9 48.4 294 i0.00002 20—100 500 1210
Comet Ni 0.30; Cr 0.05; Fe 0.65 8.15 95 570 0.00088 20—500 600 1480
Bronze, commercial Cu; Zn 8.7 4.2 25 0.0020 0—100 . . . 1040
Hytcmco—Balco Ni 0.50; Fe 0.50 8.46 20 120 0.0045 20—100 600 1425
Kanthal A A1 0055; Cr 0.22; C0

0055; Fe 0.72 7.1 145 870 0.00002 0—500 1330 1510
Magno Ni 0.955; Mn 0.045 8.75 20 120 0.0036 20—100 400 1435
Manganin Cu 0.84; Mn 0.12; Ni 0.04 8.19 48.2 290 i0.000015 15—35 100 1020
Monel metal Ni 0.67; Cu 0.28 8.9 42.6 256 0.0001 0—100 425 1350
Nichrome Ni 0.60; Fe 0.25; Cr 0.15 8.247 112 675 0.00017 20-100 930 1350
Nichrome V Ni 0.80; Cr 0.20 8.412 108 6.50 0.00013 20—100 1100 1400
Nickel, pure Ni 0.99 8.9 10 60 0.0050 0—100 400 1450
Platinum Pt 21.45 10.616 63.80 0.003 0—100 1200 1773
Silver Ag 10.5 1.622 9.755 .0036] 0—«100 650 960
Tungsten W 19.3 5.523 33.22 0.0045 ...... “ 3410

*Tungsten subject to rapid oxidation in air above 150“C.
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MAGNETS .
All the Alnicos can be made by the sand or the precision—

A permanent magnet is one that retains a considerable amount casting (lost-wax) process, but the most satisfactory method is
of magnetism indefinitely. Permanent magnets are used in by the sintering process.
electrical instruments, telephone receivers, loudspeakers, mag- If the alloys are held in a magnetic field during heat—treat-
netos, tachometers, magnetic chucks, motors, and for many ment, a magnet grain is established and the magnetic properties
purposes where a constant magnetic field or a constant source in the direction of the field are greatly increased. The alloys
of magnetism is desired. The magnetic material should have are hard, can be formed only by casting or sintering, and can-
high retentivity, a high remanence, and a high coercive force not be machined except by grinding.
(see Fig. 15.1.8). These properties are usually found with hard- The curves in the right half of Fig. 15.1.97 are “external
ened steel and its alloys and also in ceramic permanent magnet energy” curves and give the product of B and H. The optimum
materials. point of operation is at the point of maximum energy as is indi-

Since permanent magnets must operate on the molecular cated at A, on curve 5.
mmf imparted to them when magnetized, they must necessar- Considering curve 5, ifthe magnetic circuit remained closed,
ily operate on the portion CDO of the hysteresis loop ,(see Fig. the magnet would operate at point B. To utilize the flux, an air
15.1.8). The area C00 is proportional to the stored energy gap must be introduced, The air gap acts as a demagnetizing
within the magnet and is a criterion of its usefulness as a per- force, H, (= B,A,), and the magnet operates at point A, on
manent-magnetic material. In the left half of Fig. 15.1.97 are the HB curve. The line 0A, is called the air—gap line and its

1. Tungsten magnet steel 

 

 

2. Chrome magnet steel 1 T i
3. Cobalt magnet steel

4. Alnico 5 _ -,
5' Alnico 6 B kloqoussesI
6. Alnico I2 4 '2
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Fig. 15.1.97 Characteristics of permanent magnet materials.

given the 8—H characteristics of several permanent-magnetic slope is given by tan 0, = B,/H, where H, = 8313/1," and B,/
materials; these include 5 to 6 percent tungsten steel (curve 1); B3 = Ag/Am, where Bg = flux density in gap, T; lg = length
3% percent chrome magnet steel (curve 2); cobalt magnet steel, of gap, in; [m ='1ength of magnet, m; Ag, Am = areas of the
containing 16 to 36 percent cobalt and 5 to 9 percent chro- gap and magnet, m2.

mium and in some alloys tungsten (curve 3); and the carbon- If the air gap is lengthened, the magnet will operate at A2
.free aluminum—nickel-cobalt-steel alloys called Alnico. There corresponding to a lesser flux density 83 and the new air~gap
are many grades of Alnico; the characteristics of three of them line is 0A2. If the gap is now closed to its original value, the
are shown by curves 4, 5, 6. Their composition is as follows: magnet will not return to operation at point A, but will operate

at some point C on the line 0A,. If the air gap is varied
between the two foregoing values, the magnet will operateComposition, percent 

 
Alnico _ , _ along the minor hysteresis loop AZC. Return to point A, can be

CUIVC n0~ M M C0 Cu Ti Fe accomplished only by remagnetizing and coming back down
”' ’ ‘ _- _ ‘ ''''' ' the curve from B to A,. ,

4 5 8 H 24 3 . - ; 5’ Alnico magnets corresponding to curves 4 and 5 are best '3
g 1‘; 8 14 24 3 ['2’ 49‘” adapted to operation with short air gaps, since the introduction6 18 35 ... 8.0 33 

of a long air gap will demagnetize the magnet materially. On
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the other hand, a magnet with a long air gap will operate most
satisfactorily on curve 6 on account of the high coercive force
Hz. With change in the length of the air gap, the operation will
be essentially along that curve and the magnet will lose little
of its original magnetization

There are several other grades of Alnico with characteristics
between curves 4, 5, and 6. Ceramic PM materials have a very
large coercive force.

The steels for permanent magnets are cut in strips, heated
to a red—hot temperature, and forged into shape, usually in a
“bulldozer.” If they are to be machined, they are cooled in
mica dust to prevent air hardening. They are then ground,
tumbled, and tempered. Alnico and ceramic types are cast and
then finish-ground.

Permanent magnets are magnetized either by placing them
over a bus bar carrying a large direct current, by placing them
across the poles of a powerful electromagnet, or by an ampere-
turn pulse.

Unless permanent magnets are subjected to artificial aging,
they gradually weaken until after a long period they become
stabilized usually at from 85 to 90 percent of their initial
strength. With magnets for electrical instruments, where a
constant field strength is imperative, artificial aging is accom-

plished by mechanical vibration or by immersion in oil at
250°F for a period of a few hours.

In an electromagnet the magnetic field is produced by an elec-
tric current. The core is usually made of soft iron 0r mild steel
because, the permeability being higher, a stronger magnetic
field may be obtained. Also since the retentivity is low, there is
little trouble due to the sticking of armatures when the circuit

is opened. Electromagnets may have the form of simple sole-
noids, iron-clad solenoids, plunger electromagnets, electromag-
nets with external armatures, and lifting magnets, which are
circular in form with a flat holding surface.

A solenoid is a winding of insulated conductor and is wound
helically; the direction of winding may be either right or left.
A portative electromagnet is one designed only for holding mate—
rial brought in contact with it. A tractive electromagnet is one
designed to exert a force on the load through some distance
and thus do work. The range of an electromagnet is the distance

through which the plunger will perform work when the wind-
ing is energized. For long range of operation, the plunger type
of tractive magnet is best suited, for the length of core is gov—
erned practically by the range of action desired, and the area
of the core is determined by the pull. Solenoid and plunger is a
solenoid provided with a movable iron rod or bar called a
plunger. When the coil is energized, the iron rod becomes mag—
netized and the mutual action of the field in the solenoid on the

 

poles created on the plunger causes the plunger to move within
the solenoid. This force becomes zero only when the magnetic
centers of the plunger and solenoid coincide. If the load is
attached to the plunger, work will be done until the force to be
overcome is equal to the force that the solenoid exerts on the
plunger. When the iron of the plunger is not saturated, the
strength of magnetic field in the solenoid and the induced poles
are both proporti0nal to the exciting current, so that the pull
varies as the current squared. When the plunger becomes highly
saturated, the pull varies almost directly with the current.

The maximum uniform pull occurs when the end of the plunger
is at the center of the solenoid and is equal to

F = CAnI/llb (15.1.134)

where A = cross—sectional area of plunger, inz; n = number
of turns; I = current, A; l = length of the solenoid, in; and C

= pull, (1b/in2)/(A-turn/in). C depends on the proportions of
the coil, the degree of saturation, the length, and the physical
and chemical purity of the plunger. Table 15.1.28 gives values
of C for several different solenoids.

Curve 1, Fig. 15.1.98, shows the characteristic pull of an
open—magnetic circuit solenoid, 12 in long, having 10,000 A-
turns or 833 A—turns/in.

When a strong pull is desired at the end of the stroke, a stop
may be used as shown in Fig. 15.1.99. Curve 2, Fig. 15.1.98,
shows the pull obtained by adding a stop to the plunger. It will
be noted that, except when the end of the plunger is near the
stop, the stop adds little to the solenoid pull. The pull is made
up of two components: one due to the attraction between
plunger and winding, the other to the attraction between
plunger and stop. The equation for the pull is

P = AIn[(In/I§Cf) + (C/l)]

where A = area of the core, inz; n = number of turns; l,, =

length of gap between core and stop; and C, C1 = constants.
At the beginning of the stroke the second member of the equa—
tion is predominant, and at the end of the stroke the first mem—
ber represents practically the entire pull. Approximate values
of C and CI are C1 = 2,660 (for [greater than 10d), C =
0.0096, where d is the diameter of the plunger, in. In SI units

2.54 1 C

n +—) N (15.1.135a)

(15.1.135)

 
P =1.7512A I" (1m 1

where A is in cmz, land I, in cm, and the pull P in N. All other
quantities are unchanged.

The range of uniform pull can be extended by the use of con-
ical ends of stop and plunger, as shown in Fig. 15.1.100. A

Table 15.1.28 Maximum Pull per Sq. In. of Core for Solenoids with Open Magnetic Circuit 

 

 

‘8 :1 "5 t: 8 g, :1 Q ‘8 :3 '6 I»: 5 ,3 a, a 9
a:- afo a; _gn= 3'5 X e:- s‘é’n 2'; gm in XM.':: ”a ‘1’ 5“ EX x 9‘ Mr‘ M c: v m E E X >< D‘F‘no Gad ‘5‘ ‘55: aa- § =5 :35 k~ E: 53“ g
’30 39.... O“! Pavia 2&4 H. 13° 39..” 8‘11 fiauN‘ 2‘14 H.

6 Long 10 15.900 22.4 9.0 12 Long 1.0 11,200 8.75 9.4
9 Long 1.0 11.330 11.5 9.1 12 Long 1.0 20,500 16.75 9.3
9 Long 1.0 14.200 14.6 9.2 13 36 1.0 10,200 9.8 9.7

10 10 2.70 40.000 40.2 10.0 18 36 1.0 41,000 22.5 9.8
10 10 2.76 60.000 61.6 10.3 10 10 1.0 10,200 9.3 9.7
10 10 2.76 00.000 80.8 10.1 18 1a 1.0 41,000 22.5 9.8W

SOURCE: From data by Undcrhill, 11'1”. World, 45, l906, pp. 796, 881.
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