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Engine performance is more precisely defined by

1. The maximum power(or the maximum torque) available at each speed within
the useful engine operating range

2. The range of speed and power over which engine operation is satisfactory

The following performance definitions are commonly used:

Maximum rated power. The highest power an engine is allowed to develop
for short periods of operation.

Normal rated power. The highest power an engine is allowed to develop in
continuous operation.

Rated speed. The crankshaft rotational speed at which rated poweris devel-
oped.

2.2 GEOMETRICAL PROPERTIES OF
RECIPROCATING ENGINES

The following parameters define the basic geometry of a reciprocating engine (see
Fig. 2-1):

Compressionratio r,:

_ maximum cylinder volume _ Vj; + V,
 

= = 2.1
ve minimum cylinder volume V, (21)

where V, is the displaced or swept volumeand V, is the clearance volume.
Ratio of cylinder bore to piston stroke:

B
Ry. =~ 2.2‘bs L ( )

Ratio of connecting rod length to crank radius:

i
R=- (2.3)a

In addition, the stroke and crank radius are related by

L=2a

Typical values of these parameters are: r, = 8 to 12 for ST engines and r, = 12 to
24 for CI engines; B/L = 0.8 to 1.2 for small- and medium-size engines, decreas-
ing to about 0.5 for large slow-speed CI engines; R = 3 to 4 for small- and
medium-size engines, increasing to 5 to 9 for large slow-speed CI engines.

The cylinder volume V at any crank position@is
2

yaVt = +a—s) (2.4)

 
FORD Ex. 1125, page 18

IPR2020-00013

 



FORD Ex. 1125, page 19
                       IPR2020-00013

  
 
 

 
 
 
 

 
 

 
 
 
 

 

 
 
 
 
 

 

44 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

y—

FIGURE 2-1
Geometry of cylinder, piston.
and crankshaft where B= bore, = slroke,
}—connecting road length, a = crank radius,=
crank angle.

conmecting tod,
 

where s is the distance between the crank axis and the piston pin axis (Fig. 2-1),
andis given by

s=acos0+(2 —@ sin? 6)'/? (2.5)
The ungle 0, defined as shownin Fig. 2-1, is called the crank angle. Equation (2.4)
with the above definitions can be rearranged:

V 1+4(r, — DIR + 1 — cos @ —(R? — sin’ oy?) (2.6)
V,

The combustion chambersurface area Aatan
A= Ag t Ap + Bl + 2-5)

y crank position 0 is given by
(2.7)

surface area and A, is ile piston crown surfacewhere A,, is the eylinder head = nB?/4. Using Eq.(2.5), Eq. (2-7) can be rear-area, For flat-topped pistons, A,
ranged:

BLA=Ag t+ Apt 7 [R + 1 —cos 0 — (R? — sin? 6)""")} (2.8)
eed is the mean piston speed S,:

§, = 2LN
ankshaft. Mean piston speed is often a

An important characteristic sp
(2.9)

where N is the rotational speed of the er
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der, piston, connecting tod,
there B=bore, L= stroke,
length, a = crank radius, @ =

piston pin axis (Fig. 2-1),

2 (2.5)

crank angle. Equation (2.4)

— sin? 6)? (2.6)

rank position 0 is given by

s) (2.7)
is the piston crown surface
(2.5), Eq. (2-7) can be rear-

R? — sin? 6)*7] (2.8)

ston speed S,:
(2.9)

fean piston speed is often a
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a)ie   
FIGURE2-2

180 Instantaneous piston speed/mean piston speed
Crank angle, @ BC asa function of crank angle for R = 3.5.

more appropriate parameter than crank rotational speed for correlating engine
behavior as a function of speed. For example, gas-flow velocities in the intake
and the cylinderall scale with S,. The instantaneous piston velocity S, is obtained
from

ds

Soh (2.10)

The piston velocity is zero at the beginning of the stroke, reaches a maximum
near the middle of the stroke, and decreases to zero at the end of the stroke.
Differentiation of Eq. (2.5) and substitution gives

5S, _%.. cas @ |5s, 290° [ + (R? = sin? Gi)
Figure 2-2 shows how S, varies over each stroke for R = 3.5.

Resistance to gas flow into the engine or stresses due to the inertia of the
moving parts limit the maximum meanpiston speed to within the range 8 to 15
m/s (1500 to 3000 ft/min). Automobile engines operate at the higher end ofthis
range; the lower endis typical of large marine diesel engines.

2.3. BRAKE TORQUE AND POWER

Engine torque is normally measured with a dynamometer.’ The engine is
clamped on a test bed and the shaft is connected to the dynamometer rotor,
Figure 2-3 illustrates the operating principle of a dynamometer. The rotor is
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46 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

pare —
"Stator ™- Force F

©
— 7 cell

/

\ é FIGURE 2-3
f _ N » Schematic of principle of operation of dynamometer

coupled electromaynelically, hydraulically, or by mechanical fielian fo a stilor,
whieh is supported io low friction bearings. The stator is baluneed with the rotor
stationary, The torque exerted on the stator wilh the rotor lirhing is measured
by balancing the stator with weights, springs, or pueumatic means.

Using the notation in Fig, 2-3, if the torque exerted by the engine 1s 1
T = Fb (2.12)

The power P delivered by the engine and absorbed by the dynamometeris the
product of torque and angular speed:

P =2nNT (2.134)

where N is the crankshaft rotational speed. In SI units:

P(kW) = 2nN(rev/s)T(N +m) x 107? (2.135)
or in USS. units:

N(rev/min) T(1bf- ft)P(hp) = ;(hp) ar (2.130)
Note that torque is a measure of an engine’s ability to do work; poweris the rate
at which work is done.

The value of engine power measured as described above is called brake
power P,. This power is the usable power delivered by the engine to the load—in
this case, a “ brake.”

 2.4 INDICATED WORK PER CYCLE

Presstire data for the gas i the cylinder over (he opersbng eyele of the engine
van be used 10 calculate the work dransfer from the gag (9 the piston. The evlin-
der pressure and corresponding cylinder volume throughout the engine eyele can
be plotted on a pel’ chagram as shown in Fig, 2-4. The idicated work per eycle
Wt (per cylinder) is obtained by integrating wuround the curve to obtain the

+ The term indicated is used because such p-V diagrams used to be generated directly with a device

  
called an engine indicator.
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2-stroke 4-stroke 4-stroke

 
 

EVO4

      
 

2g v 2

8 8 dO 8 \Blowdown2 } .

Pye - ee Py.ersansion 5] Compression =, \
3 mn qz Igniior Pr : 3|Ivo SEa 3 EO 10 a C = Exhaust = eZ* 3B] B~ Sal : = Site aC
* ee — tir B Iyatkey VCi ; ' i eer genes

TC Vol. BC TC Compression Yo], BC Tc Eye Vol, BC

(a) (0) (c)

FIGURE 2-4
Examples of p-V diagrams for (a) a two-stroke cycle engine, (b) a four-stroke cycle engine; (c) a
four-stroke cycle spark-ignition engine exhaust and intake strokes (pumpingloop)at part load.

area enclosed on the diagram:

Wei = br dV (2.14)
With two-stroke cycles (Fig. 2-4a), the application of Eq. (2.14) is straightforward.
With the addition of inlet and exhaust strokes for the four-stroke cycle, some
ambiguity is introduced as two definitions of indicated output are in common
use. These will be defined as:

Gross indicated work per cycle Wig.
compression and expansionstrokes only.

Net indicated work per cycle W.,,,. Work delivered to the piston over the
entire four-stroke cycle.

Work delivered to the piston over the

In Fig. 2-4b and c, W,,, is (area A + area C) and W,,, is (area A + area C)
— (area B + area C), which equals (area A — area B), where each of these areas is
regarded as a positive quantity. Area B + area C is the work transfer between the
piston and the cylinder gases during the inlet and exhaust strokes and iscalled
the pumping work W, (see Chaps. 5 and 13), The pumping work transfer will be to
the cylinder gases if the pressure during the intake strokeis less than the pressure
during the exhaust stroke. This is the situation with naturally aspirated engines.
The pumping work transfer will be from the cylinder gases to the piston if the
exhaust stroke pressure is lower than the intake pressure, which is normally the
case with highly loaded turbocharged engines.t

 

t With some two-stroke engine concepts there is a piston pumping work term associated with com-
Pressing the scavenging air in the crankcase.  
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48 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

The power per cylinderis related to the indicated work per cycle by
WoOoN

p,- te (2.15)
Nr

 

where ny ts the mimber of crank revolutions for each power stroke per cylinder.
For four-stroke cycles, W, equals 2; for two-stroke cycles, 1, equals 1. This power
is the indicaled power; Le. the rate of work transfer from the gas within the
eylinder to Uie piston. I differs frou the brake power by the power absorbed in
overcomiug, copine inehoa, driving engine accessories, and (in the case of gross
indicated power) Lhe pumping power,

In discussing indicated quantities of the four-stroke cycle enmine, such as
work per cycle or power. the definition used for “indicated” (ie., ross OF net)
should always be explion!y stated. The wross mdicated output, the definition mast
commonly used, will be chosen where possible in this book tar Hie following
reasons. Indicated quantities ure nsed primarily to identify the mnypact of the cont
pression, combustion, and @Xpansiuy processes Ol engine performance, ets. The
gross indicated outpul 16 therefore, the most appropriate definition, Tt represents
the aum of the nseful work available at ihe shafl aad the work required to nver-
comeall the engine losses. Furthermore, the standard engine test codes* define
procedures for measuring brake power and Mnetion power (the friction power Lest
provides a close approximation to the total lost power in the enpine), The sim of
brake power and friction power provides an allernalive way of estimating mudi-
cated power; the valiic oblaned Is & close approximation to the gross indicated
power.

The terms bruke and indicated are used to describe other parameters sich
and specific emissions (seeas mean effective pressure, specific fuel Consumption,

i for work per cycle andthe following sections) im a manner similar to that sec
power.

2.5 MECHANICAL EFFICIENCY
indicuted Work per cycle Or POWET 1s used Lo

sh vhares. An additional portion ts used LO
pistons, and other mechanical componsnts

All of these power requirements

We have seen that part of the grass
expel exhaust gases and induct Ire
overcome the triction of the bearings,
of the etiging, aid to drive the eagime accessories.
are grouped together andcalled fricrion power P,.t Thus:

P,, =P, +P, (2.16)
ult to determine accurately, One common approach

ar motor whe engine with a dynamometer [1.6
asure the power whieh has to be

Friction power ts diffic
for ligh-speed ciigmes 1s 10 drive
operate Lhe engine without firing it) and me

+ The various components of friction power are examined in detail in Chap.13.
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supplied by the dynamometer to overcomeail these frictional losses. The engine
speed, throttle setting, oil and water temperatures, and ambient conditions are
kept the same in the motored test as under firing conditions. The major sources
of inaccuracy with this method are that gas pressure forces on the piston and
rings are lower in the motored test than when the engineis firing and that theoil
temperatures on the cylinder wall are also lower under motoring conditions.

The ratio of the brake (or useful) power delivered by the engine to the
indicated poweris called the mechanicalefficiency yy, :

= t=, -—f (2.17)iy ig

Since the friction power includes the power required to pumpgasinto and outof
the engine, mechanical efficiency depends on throttle position as well as engine
design and cngine speed. Typical values for a modern automotive engine at wide-
open or full throttle are 90 percent at speeds below about 30 to 40 rev/s (1800 to
2400 rev/min), decreasing to 75 percent at maximum rated speed. As the engineis
throttled, mechanicalefficiency decreases, eventually to zero at idle operation.

2.6 ROAD-LOAD POWER

A part-load powerlevel useful as a reference point for testing automobile engines
is the power required to drive a vehicle on a level road at a steady speed. Called
road-load power, this power overcomes the rolling resistance which arises from
the friction of the tires and the aerodynamic drag of the vehicle. Rolling resist-
ance and drag coefficients, Cp and Cy, respectively, are determined empirically.
An approximate formula for road-load powerP,is

P,=(CyMig + 3PaCp A, Sp)Sy (2.182)

where Cy = coefficient ofrolling resistance (0.012 < Cy < 0.015)?
M,, = massofvehicle [for passenger cars: curb mass plus passenger load of

68 kg (150 Ibm); in U.S. units W, = vehicle weight in Ibf]
g = acceleration due to gravity

Pp, = ambientair density
Cy = drag coefficient (for cars: 0.3 < Cy < 0.5)°
A, = frontal area of vehicle
S, = vehicle speed

With the quantities in the units indicated:

P(KW) = [2.73C, M,(kg) + 0.0126C,, A,(m2)S,(km/h)?]S,(km/h) x 1073

(2.18b)

[Cp W,(ibf) + 0.0025C, A,(fl *)8,(mi/h)* 18(mi/h)
er P(hp) = 375
 

(2.18c)
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 50 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

2.7 MEAN EFFECTIVE PRESSURE
eysure of a particular engine's ability to ilo work, at

ive engine performance measure is
linder volume displaced per

nit area and ig called the

While Lorque is it valicable ei
depends on engine size, A more usefial relat

tp cycle by the eyabtainea by dividiag the work pe
‘The parameter so obtuined has unrts of force per

pressure (mep). Since, from Eq.(2.15),
P

Work per cycle = —

eyole.
mean effective

where np is the number of crunk revolutians for eacts power stroke per cylinder
(two for four-stroke cycles; one for bwoestroke cycles), then

Png= 2.19mep=Fy (2.192)
For SI and U.S.units, respeutively,

Pic Wiig 2 LOPA (2.19)
meplkPa) = saoptkPa) (dia WN irew/ i}

. Phpx 396,000tb/in?) =eamep(lb/in")=“Yfin?)N(rev/min) (2.190)
Meaneffective pressure can also be expressed in terms of torque by using

Eq. (2.13):
6.28npT(N > mmep(kPa) = seer (2.202)

or mep(Ib/in?) = 75.amyTObEft) (2.20b)Vin")

ffeelive pressure Of BOO engine designs 15 well
wide range of engine sizes, Thus,

an be compared with (his
guer has used the engine's

The maximum brake mean ¢
established, and 15 easentially Conslanl over @
the actual bmep that a particular engine develops ©
norm, and the effectiveness with which the engine desid volume can be assessed, Also, for desier calculalions, the engine chis-

provide a jiven taraile oF power, ala specified speed, cinalacs for bmep for (hat particular appli-
displace
placemen| required to
he estimated by assummtny appropriate ¥
calonTypical values for bmep sre as follows. For naturally aspreited spark-valves are Jo the range 850 te 1050 kPa (~ (25 to

ed where maximum torque is ablained Wwboutl 4000
ted power. buiep values are 10 7 1S pereent lower,
¢ sparkagnition engines the maximum bmep is i

250 (h/in?) range. At the maximum raled power,
\b/in2) range, Per oaturally aspirated

900 kPa (100 to 1A0

ition eHgmes, maximun)
150 ibfin?) al the engine spe
rev/min), At the maximumra
For turbocharged automaltv
the L250 10 1700 kPa (180 Lo

> 900 to 1400 kPa (1 30 to 200bmep is in the
four-stroke diesels, (he maxima bmep is in the 700 to
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lb/in?) range, with the bmep at the maximum rated power of about 700 kPa (100
Ib/in?), Turbocharged four-stroke diesel maximum bmep values are typically in
the range 1000 to 1200 kPa (145 to 175 Ib/in’); for turbocharged aftercooled
engines this can rise to 1400 kPa. At maximum rated power, bmep is about 850
to 950 kPa (125 to 140 Ib/in*). Two-stroke cycle diesels have comparable per-
formance to four-stroke cycle engines. Large low-speed two-stroke cycle engines
enn achieve bmep values of about 1600) KPa,

An example of how the above engine performance parameters can be used
to initiate an engine design is given below.

Example. A four-cylinder automotive spark-ignition engine is being designed to
provide a maximum brake torque of 150 N-m (110 lbf- ft) in the mid-speed range
( ~ 3000 rev/min). Estimate the required engine displacement, bore and stroke, and
the maximum brake powerthe engine will deliver.

Equation (2.20a) relates torque and mep. Assume that 925 kPa is an appropri-
ate value for bmep at the maximum engine torque point. Equation (2.204) gives

V(dm3)
  6.28nyT,,,(N°m) 6.2% x24 LO

wn = 5 =2dm?(KPa) 9bmep
ine

For a four-cylinder engine, the displaced volume, bore, and strokeare related by

V,=4x : BL
Assume B = L; this gives B = L = 86 mm.

The maximum rated engine speed can be estimated from an appropriate value
for the maximum meanpiston speed, 15 m/s (see Sec. 2.2):

Spmax = 2LNmax > Nmax = 87 rev/s (5200 rev/min)

The maximum brake power can be estimated from the typical bmep value at
maximum power, 800 kPa (116 lb/in”), using Eq. (2.195):

bmep(kPa)V(dm?)N,,,,.(tev/s) 800 x 2 x 87kW) = =
PomastkW) Np x 102 2x 103
 

= 70 kW

2.8 SPECIFIC FUEL CONSUMPTION
AND EFFICIENCY

In engine tests, the fuel consumption is measured as a flow rate—mass flow per
unit time my. A more useful parameter is the specifie fuel consumption (sle}—the
fuel low rate per unit power output. It measures how efficiently an engine is
using the fuel supplied to produce work:

sfe = = (2.21)
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52 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

With units,

sfo(me/J) = aw) (2.224)
ye

or sfo(e/kW °h) = Sry = 608.3 sfc(Ibm/hp « h) (2.22b)
1 (Ibimlb)_5 644 x 10° sfo(g/kW h) (2.22c)

or sfe(lbm/hp +h) ==P(hp)

esiyable, For SI engines typical hest values of
about 75 pels = 270 ofkWeh = O47 lbm/
lower apd in large engines can Be belaw 55

Low values of sie are obviously 4
brake specilic fuel consumption are
hp-h, For Cl ougines, best values are
pg/d = 200 g/k Woh = 0.32 thm/hp-h.The specific fuel consumption has wots. A. dimensionless parameter thal
relates the desired engine output twork per eyele or power) 10 ihe cecessury input(fuel flow) would have more fundamental value. “Che ratio of the work producedper cycle to the amount af fuel energy supplied per cyele that can be released ip(he combustian process is commonly used for this parpose {i is a measure of the
engine's efficiency rhe fuel energy sopplied which cabe released by combustionis given: ly the mass af fuel supplied to the engine per uycle times (he heatingvalue of the fucl, The heating vale of a fuel, Qyyv, detines its energy cantent, It isdetermined 10 i standardized test procedure in which @ known muss ol fuel is
fully burned with arr, and the (hermal encrey releused by the ambustion processig absorbed by a calorimeter ay the combustion products coal down to their
original temperature.

This measure of an engine’s “ efficiency,”
version efficiency 1 + is given by

W. __(Png/N)__ = P (2.23)
1p =aa AG :f my Quy (ny Mr/N)Quv tay Quy

» which will be called the fuel con-

 

where m, is the mass of fuel inducted per cycle. Substitution for P/m, from Eq
(2.21) gives

1
= 2.24"Ms sfc Quy ( 4)
 

 

+ This empirically de een called thermal efficiency or enthalpyefficiency. The term fuel conversion efficiency is preferred because it describes this quantity moreprecisely, and distinguishes it clearly from other definitions of engine efficiency which will be devel-oped in Sec. 3.6. Note that there are several different definitions of heating value (see Sec. 3.5). TheIn this text, the lower
numerical values do not normally differ by more than a few percent, however.
heating value at constant pressure is used in evaluating the fuel conversion efficiency

fined engineefficiency has previously b
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or with units

1

"1 = Sfe(mg/NOuvMI/kg) (2.246)

, (2.240)
sfe(a/kW  h)Qyy(MI/kg)

ny = (2.244)~ sfe(lbm/hp - h)Q,,(Btu/lbm)

Typical heating values for the commercial hydrocarbon fuels used in
enginesare in the range 42 to 44 MJ/kg (18,000 to 19,000 Btu/lbm). Thus, specific
fuel consumption is inversely proportional to fuel conversion efficiency for
normal hydrocarbonfuels.

Note that the fuel energy supplied to the engine per cycle is not fully re-
leased as thermal energy in the combustion process because the actual com-
bustion process in incomplete. When enough air is present in the cylinder to
oxidize the fuel completely, almost all (more than about 96 percent) of this fuel
energy supplied is transferred as thermal energy to the working fluid. When insuf-
ficient air is present to oxidize the fuel completely, lack of oxygen prevents this
fuel energy supplied from being fully released. This topic is discussed in more
detail in Secs. 3.5 and 4.9.4.

2.9 AIR/FUEL AND FUEL/AIR RATIOS

In enginetesting, both the air mass flow rate m, and the fuel mass flow rate m,
are normally measured. The ratio of these flow rates is useful in defining engine
operating conditions:

Air/fucl ratio (4/F) =~" (2.25)
ip

Fuel/air ratio (F/A) = ” (2.26)a

The normal operating range for a conventional SI engine using gasoline fuelis
12< A/F < 18 (0.056 < F/A < 0.083); for CI engines with diesel fuel, it is
18 < A/F < 70 (0.014 < F/A < 0.056).

2.10 VOLUMETRIC EFFICIENCY

The intake system—the air filter, carburetor, and throttle plate (in a spark-
ignition engine), intake manifold, intake port, intake valve—restricts the amount
of air which an engine of given displacement can induct. The parameter used to
Measure the effectiveness of an engine’s induction process is the volumetric effi-
ciency 4. Volumetric efficiency is only used with four-stroke cycle engines which
have a distinct induction process. It is defined as the volumeflow rateofair into
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54 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

the intake system divided by the rate at which volumeis displaced by the piston:
2th,= SS 27Ne tha. v; N Q 2 a)

where p,, is the inlet air density. An alternative equivalent definition for volu-
metric efficiency is

 
ma (2.27h)y=

PaiMa

where m,is the imuss of air inducted into the eylinder per eyele.
The inlet density may eithey be taken ay atmosphere aiv desisity (1 which

case }), measures the pumptig performance ofthe entire inlet system) or may be
faken as (he air density iy the inlet manifold (in whieh case). meastires (he
pumping performance of the inlet port and valve coly) Typical maxinun values

aspirated engines are 1 the range $0 10 90 percent, Uhe valia-of y, for aaturally is ig somewhal higher than for 5] engines: Volummeiriemetric efficiency for diese
eficieney 8 discussed moze fully in See, 6.2.

2.11 ENGINE SPECIFIC WEIGHT AND
SPECIFIC VOLUME

Engine weight and bulk volume for a given rated power are important in many
applications. Two parameters useful for comparing these attributes from one
engine to anotherare

engine weizly (2.28)
Specific weight =P & rated power

engine volume (2.29)
Specific volume =peciie rated power

n engine compunsons, a consistent definitiwy)
included in the term “engine” must es
the effectiveness with which the engine

{ packaged the engine components.”

For these parameters to be usefull j
of what components and audiliacies are
adhered to, These parameters Indicate
designer has used the engine materials ane

212 CORRECTION FACTORS FOR
POWER AND VOLUMETRIC EFFICIENCY
The pressare, humidity, and temperature of the ambient air inducted into an
engine, al ud given engine speed, alfect the air mass flow rate and the power
gutpul. Correction factors are used to adjust measined wide-open-throtie power
snd volumetric elfieieacy values To standard atmospheric conditions t provide a
more seeurate basis for compansons belweea cugines. Typreal standard smbient  
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conditions used are:

 Dry air pressure | Water vapour pressure | Temperature
736.6 mmHg 9.65 mmHg | 29.4°C
29.00 inHg 0.38 inHg 85°F

The basis for the correction factor is the equation for one-dimensional
steady compressible flow through an orifice or flow restriction ofeffective area A,
(sce App. C):

_ AgPa 2y ( p y (ey myen=I a 2.30V RT) — 1 L\Po Po (2.50)
In deriving this equation, it has been assumed that the fluid is an ideal gas with
gas constant R and that the ratio of specific heats (c,/c, = y) is a constant; po and
Ty are the total pressure and temperature upstream ofthe restriction and p is the
pressure at the throat of the restriction.

Tf, in the engine, p/p, is assumed constant at wide-open throttle, then for a
given intake system and engine, the massflow rate of dry air m, varies as

Po

JT
For mixtures containing the proper amountoffuel to use all the air avail-

able (and thus provide maximum power), the indicated powerat full throttle P;
will be proportional to 7,, the dry air flow rate. Thusif

P,,= CrP; (2.32)is F* iym

where the subscripts s and m denote values at the standard and measured condi-
tions, respectively, the correction factor C; is given by

mm 1/2

Cp = Pot (7) (2.33)Pm — Pom . I,

where p,, = standard dry-air absolute pressure
Pm = Measured ambient-air absolute pressure

Pom=Measured ambient—water vapourpartial pressure
T,, = Measured ambient temperature, K
T, = standard ambient temperature, K

 

Ting X (2.31)

The rated brake power is corrected by using Eq.(2.33) to correct the indi-
cated power and making the assumptionthatfriction power is unchanged. Thus

Py = CrPim ~~ Prim (2.34)

Volumetric efficiency is proportional to ri,/p, [see Eq. (2.27)]. Since p, is
Proportional to p/T, the correction factor for volumetric efficiency, Cp, is

n T. 1/2
Cra les ={28
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56 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

2.13 SPECIFIC EMISSIONS AND
EMISSIONS INDEX

Levels of emissions of oxides of nitrogen (nitric oxide, NO, and nitrogen dioxide,
NO,, usually grouped together as NO,), carbon monoxide (CO), unburned
hydrocarbons (HC), and particulates are important engine operating character-
istics.

The concentrations of gaseous emissions in the engine exhaust gases are
usually measured in parts per million or percent by volume (which corresponds
to the mole fraction multiplied by 10° or by 10°, respectively). Normalized indi-
catots of emissions levels are more useful, however, and two of these are in
commonuse.Specific emissions are the mass flow rate of pollutant per unit power
output:

sNO, = 3% (2.36a)P

sco = “ce (2,36b)P

sHC = “8S (2.36c)P

  
    
  
   
  
 

 
 

Moan
PsPart = (2.364)

Indicated and brake specific emissions can be defined. Units in common use are
ue/J, e/kW -h, and g/hp- bh.

Alternatively, emission rates can be normalized by the fuel flow rate. An
emission index (EI) is commonly used: e.g.

Hina, (2/5)
inKz/S) 2.37)

with similar expressions for CO, HC, and particulates.

Elno, =

2.14 RELATIONSHIPS BETWEEN
PERFORMANCE PARAMETERS

The importance of the parameters defined in Secs. 2.8 to 2.10 to engine per-
formance becomes evident when power, torque, and meaneffective pressure are
expressed in terms of these parameters. From the definitions of engine power
[Eq. (2.13)], meaneffective pressure Eq. (2.19)], fuel conversion efficiency [Eq.
(2.23)], fuel/air ratio [Eq. (2.26)], and volumetric efficiency [Eq. (2.27)], the fol-
lowing relationships between engine performance parameters can be developed.

  
      
  
  

  
For power P:

N F/A
p= Ny Ma fost /A) (2.38)R
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Units in common use are
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(2.37)
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Forfour-stroke cycle engines, volumetric efficiency can be introduced

yee NE Ony Pall) A)
= (2.39)

For torque T:

T= NytteMaQuyMad P/A) (2.40)dit

For meaneffective pressure:

mep = 115, Quy PaAF/A) (2.41)

The powerper unit piston area, often called the specific power, is a measure of the
engine designer’s success in using the available piston area regardless of cylinder
size. From Eq.(2.39), the specific poweris

P _ Meth NLOwyy pyAf/ A) 2.42
zt : (2.42)

Meanpiston speed can be introduced with Eq.(2.9) to give

P S,Ony py l/lPP fpth eMinv Buil (A) (2.43)
A, 4

Specific poweris thus proportional to the product of mean effective pressure and
mean piston speed.

These relationships illustrate the direct importance to engine performance
of:

1. High fuel conversionefficiency

2. High volumetric efficiency

3. Increasing the output of a given displacement engine by increasing theinlet air
density

4, Maximum fuel/air ratio that can be usefully burned in the engine

5. High mean piston speed

2.15 ENGINE DESIGN AND
PERFORMANCE DATA

Engine ratings usually indicate the highest power at which manufacturers expect
their products to give salisfactory economy, reliability, and durability under
service conditions. Maximum torque, and the speed at which it is achieved, is
usually given also. Since both of these quantities depend on displaced volume,for
comparative analyses between engines of different displacements in a given
engine category normalized performance parameters are more useful. The follow-
ing measures, at the operating points indicated, have most significance :*
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1. At maximum or normalrated point:

Mean piston speed. Measures comparative success in handling loads due
to inertia of the parts, resistance to air flow, and/or enginefriction.

Brake mean effective pressure. In naturally aspirated engines bmepis not
stress limited. It then reflects the product of volumetric efficiency (ability to
induct air), fuel/air ratio (effectiveness of air utilization in combustion), and
fuel conversion efficiency. In supercharged engines bmep indicates the degree
of success in handling higher gas pressures and thermal loading.

Power per unit piston area, Measures the effectiveness with which the
piston areais used, regardless of cylindersize.

Specific weight. Indicates relative economy with which materials are
used.

Specific volume. Indicates relative effectiveness with which engine space
has beenutilized.

2. At all speeds at which the engine will be used with full throttle or with
maximum fuel-pumpsetting:

Brake mean effective pressure. Measures ability to obtain/provide high air
flow and useit effectively over thefull range.

3. At all useful regimes of operation and particularly in those regimes where the
engine is run for long periods of time:

Brakespecificfuel consumption orfuel conversionefficiency.
Brake specific emissions.

Typical performance data for spark-ignition and diesel engines over the
normal production size range are summarized in Table 2.1.+ The four-stroke
cycle dominates exceptin the smallest and largest engine sizes. The larger engines
are turbocharged or supercharged. The maximum rated engine speed decreases as
engine size increases, maintaining the maximum mean piston speed in the range
of about 8 to 15 m/s. The maximum brake meaneffective pressure for turbo-
charged and supercharged engines is higher than for naturally aspirated engines.
Because the maximum fuel/air ratio for spark-ignition engines is higher than for
diesels, their naturally aspirated maximum bmeplevels are higher. As enginesize
increases, brake specific fuel consumption decreases and fuel conversion efficiency
increases, due to reduced importance of heat losses andfriction. For the largest
diesel engines, brake fuel conversionefficiencies of about 50 percent and indicated
fuel conversionefficiencies of over 55 percent can be obtained.

PROBLEMS

21. Explain why the brake mean effective pressure of a naturally aspirated diesel engine
is lower than that of a naturally aspirated spark-ignition engine. Explain why the
bmep is lower at the maximum rated power for a given engine than the bmep at(he
Maximum torque.
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2.2.

2.3.

2.4.

2.5.

2.6.

2.7.

2.8,

2.9,

2.10. In the reciprocating engine, during the power or expansion stroke, the oe

2.11. You are despming a four-stroke cycle diesel enyane (yy

INTERNAL COMBUSTION ENGINE FUNDAMENTALS

Describe the impact on air How, miuximuny torque, and phaximuxt power of changing
a spark-ignition engine cylinder hend inant 2 valves per cylinder to 4 yalves (2 inlet
and 2 exhaust) per cylinder.
Calculate the mean piston speed, bmep, and specific power of the spark-ignition
engines in Figs, 1-4, 1-9, and 1-12 at their wwaienim rated power.
Caleulate the mean piston speed, bmep, and specific power of the dissel engines in
Figs. 1-20, 1-21, 1-22, 1-23, and 1-24 at their Towxnmin ritect power. Ariefly explain
any significant differences.
Develop an equation for the power required to drive a vehicle at constant speed up a
Lill of angle oif terms of vetiicle spoed, muss, frontal anet, drag coulficienl, cocthi-
sient of rolling resistance, @, und acceleration due to yravity. Calculate this power
when the car mesg i 1500 ky. the hill anglo w | > deyrees, and (he velncle speed is
50 wni/h
The spark-ignition engine in Pub. 1-4 is operating at a mejPIXON sped of 10 m/s.

‘Tlie measured air Row is 60 p's Calculate the volumetric elTiciency based on atmo-
spheric candilions.
The diese) cnpine of Fig. 1-20 is operating with a mean piston speed of 8 m/s. Caleu-
late the air flow if the volumetric efficiency is 0.92. If (F/A) is 0.05 whatis the fuel
flow ruse, and the mays of (vel jnjoeted per cyliader per cycle’
fhe brake l\iel conversion efficiency of a spurk-iguition enylire is 0.3,

Caleulute the brake epecitie fuel consuinphen for isaoctine, gasoline,
wud varies little

with [hel type.
methanol, wid bydrewen (relevant data are in App. D)
Yuu are doing a preliminary desgu study of a turbocharged four-stroke diese!
efigine, The mesximun rated! power is limited by stress considerations fo a brake:
mean elective pressure of 1200 k PA and maximum value of (he mean piston speed of
12 m/s.
(a) Derive aur equalien relwting (he

fold at the Wirbochyreer compressor exit) to the
raled power operaliog porn Ofer reaproculing engine puruiaciers (eg, yolu-(irs cup atin

crgine Inlet pressure (pressure on the inlet mani-
fuel/air Talo Wt Udis austin

factric aificieacy, fuel conversran efficiency, Inne, te) appear mn
also.

(b) The maximurn rated brake pawer requirement for this engine is 400 kW. Est-
mate sensible values for number of cylinders. cylinder bore, stroke, and dejer-
mine the niastmuin rated speed afthis preliminary woogie desigh.

(c) Sf the pressure ralBeross (he compressar is Z, estimate the oyerall fuel/air and
air/fuel ratios at the maximum fied power, Asstime approgrmte values for any
other parameters YOu my need,

15 pressure

force acting on the piston is transmitted to the crankshalt via the connecting red
List the forces acling onWie piston during this part of the @perating cyele Show the
direction of the frrces acting an the piston on a sketch of the piston, eylinder, con-
necting rod, crank arrangement. Write out the force balance for the piston (a) along
the cylivider axis and (5) iramsverse to the eylindér axis in the plane eentaining the
connceting rod. (You are not tisked to manipulate or solve these myuafions )

wovide a brake power ot 300

dar i evaaimum rated spose, fissed on Typtcul Values forKW naturally aspirate estimate the
brake mean effective plessure and masimuany pico piston spew,
required engine displacermt, and the bore andstrokefor sensible cylindet geometry
and numberof engine cylinders. What is the maximum tated enpine speed (rev/min)
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ximum power of changing for your design? What would be the brake torque (N-m) and the fuel flow rate (g/h)
Jinder to 4 valves (2 inlet at this maximum speed? Assume a maximum meanpiston speed of 12 m/s is typical

y of good engine designs.
2.12. The power per unit piston area P/A, (often called the specific power) is a measure of

the designer’s success in using the available piston area regardless ofsize.
(a) Derive an expression for P/A, in terms of mean effective pressure and mean

piston speed for two-stroke and four-stroke engine cycles.
(b) Compute typical maximum values of P/A, for a spark-ignition engine(c.g, Fig.

jicle at constant speed up a 1-4), a turbocharged four-stroke cycle diesel engine (e.g., Fig. 1-22), and a large
rea, drag coefficient, coeffi- marine diesel (Fig. 1-24). Table 2-1 may be helpful. State your assumptions
avity. Calculate this power clearly.
es, and the vehicle speed is

wwer of the spark-ignition
power. ——
ver of the diesel engines in
ated power. Briefly explain

2.13. Several velocities, time, and length scales are useful in understanding what goes on
inside engines. Makeestimates of the following quantities for a 1.6-liter displacement
four-cylinder spark-ignition engine, operating at wide-open throttle at 2500 rev/min.
(a) The mean piston speed and the maximum piston speed.
(b) The maximum charge velocity in the intake port (the port area is about 20

percent of the piston area).
(c) The time occupied by one engine operating cycle, the intake process, the com-

pression process, the combustion process, the expansion process, and the exhaust
process. (Note: The wordprocess is used here not the word stroke.)

(d) The average velocity with which the flame travels across the combustion
chamber.

(e) The length of the intake system (the intake port, the manifold runner, etc.) which
is filled by one cylinder charge just before the intake valve opens and this charge
enters the cylinder (i.e., how far back from the intake valve, in centimeters, one
cylinder volume extendsin the intake system).

(f) The length of exhaust system filled by one cylinder charge after it exits the cylin-
der (assume an average exhaust gas temperature of 425°C).

You will have to make several appropriate geometric assumptions. The calculations
are straightforward, and only approximate answers are required.

1ean piston speed of 10 m/s.
ic efficiency based on atmo-

siston speed of 8 m/s. Calcu-
F/A) is 0.05 what is the fuel
ycle? 8
engineis 0.3, and varies little
ption for isooctane, gasoline,

jocharged four-stroke diesel
ss considerations to a brake
ie of the mean piston speed of

re (pressure in the inlet mani-
jel/air ratio at this maximum
engine parameters (€.8., volu-
etc.) appear in this equation

. 2.14. The values of mean effective pressure at rated speed, maximum meanpiston speed,
r this engine is 400 kW. Est- and maximum specific power (engine power/total piston area) ate essentially inde-
inder bore, stroke, and a pendent of cylinder size for naturally aspirated engines of a given type. If we also
engine design. : d assume that engine weight per unit displaced volumeis essentially constant, how will

stimate the overall fuel/air an the specific weight of an engine (engine weight/maximum rated power) at fixed total
ime appropriate values for any displaced volume vary with the number of cylinders? Assume the bore and stroke

are equal.
‘ansion stroke, the gas pressure
akshalt via the connecting rod.
if the operaung cycle, Show the . REFERENCES
tch of the piston, cylinder, con- 1. Obert, E.F.: Internal Combustion Engines and Air Pollution, chap. 2, Intext Educational Publishers,
balance for the piston (a) along New York, 1973,

axis in the plane containing the 2. SAE Standard: “ Engine Test Code—Spark Ignition and Diesel,” SAE J816b, SAE Handbook.
solve these equations.) 3. Bosch: Automotive Handbook, Ind English edition, Robert Bosch GmbH,Stuttgart, 1986.

» Taylor, C.E.: The Internal Combustion Engine in Theory and Practice, vol. I], MIT Press, Cam-i 300
-o provide a brake power of eeenTe
ed. Based on typical values for
zan piston speed, estimate the
ke for sensible cylinder geometry
iumrated engine speed (rev/min)  
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10.1 ESSENTIAL FEATURES OF PROCESS

The essential features of the compression-ignition or diesel engine combustion
process can be siimmarnized as follows. Fuel is injected by the fuel-injeetion
system into the engine cylinder toward the end of the compression Stroke, just
hefore the desired start of combustion. Figures 1-17, 1-18, and 1-19 illustrate the
miyar components of common diesel fuel-injection systems. The liquid fuel,
usually injected at high velocity as one or more jets through small orifices or
nozzles in the injector tip, atomizes into small drops and penetrates into the
combustion chamber. The fuel vaporizes and mixes with the high-temperature
higipressure cylinder air. Since the wir temperature and pressure are above the
luel’s ignition pnint. spontaneous ignition of partions of the ilready-mixed (uel
ind air occurs after a delayperiod of a few crank angle degrees. The cylinder
Pressure increases as combustion of the Sucl-wir mixture oveurs. The consequent
Compression of the unburned portion of the charge shariens the delay befere
iknition for the fuel and air which has mixed ta within combustible limits, which |then burns rapidly: Jt also reduces the evaporation time of the remaining liquid
fuel. Injection continues until the desired amountof fuel has entered the cylinder.
Atomization, vaporization, fuel-air mixing, and combustion continue until essen-
Nally all the fuel hag passed through cach process. In addition, mixing of the air
remaining jn whe cylinder with burning and already burned gases continues
(hroughout the combustion and expansion processes.

491

 
FORD Ex. 1125, page 37

IPR2020-00013



FORD Ex. 1125, page 38
                       IPR2020-00013

 
 
 
 
 
 
 
 

 

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

492 (NTERNAL COMBUSTION ENGINE FUNDAMENTALS

It will be clear from this summary that the compression-ignition com-
bustion process is extremely complex. The details of the process depend on the
characteristics of the fuel, on the design of the engine’s combustion chamber and
{uel-injection system, and on the engine's operating conditions. Ut is an unsteady,
heterogeneous, three-dimensional combustion process, While an adequate cou-
ceptual understanding of diesel engine combustion has been developed, to date
an ability to describe many of the critical individual processes in a quantitative
manneris lacking.

Some important consequences of this combustion process on engine oper-
ation are the following:

1. Since injection commences just before combustion starts, there is no knock
limit as in the spark-ignition engine resulting from spontaneous ignition of the
premixed fuel and air in the end-pas. Hence a higher engine compressionratio
can be used in the compression-ignilion engine, improving its fuel conversion
efficiency relative to the SI engine.

2. Since injection timing is used to control combustion timing, the delay period
between the start of injection and start of combustion must be kept short (and
reproducible). A short delay is also needed to hold the maximum cylinder gas
pressure below the maximum the engine can tolerate, Thus, the spontaneous
imition characteristics of (he fuel-air mixture must be held within a speeiied
range. This is done by requiring that diesel fuel have a celane number (a
measure of the case of ignition of that fuel ina Lypical diesel cnviranment, see
Sec. 10.6.2) above a certain value,

3. Since engine torque is varied by varying the amountof fuel injected per cycle
with the engine air flow essentially unchanged, the engine can be operated
unthrottled. Thus, pumping work requirements are low, improving part-load
mechanicalefficiency relative to the SI engine.

4. As the amount of fucl injected per cycle is increased, problems with air uti-
lization during combustion lead to the formation of excessive amaunis of soot
which cannot be burned up prior to exhaust. This excessive soot or black
smoke in the exhaust constrains the fuel/air ratio at maximum engine powcr
to values 20 percent (or more} lean of stoichiometric. Hence, the maximum
indicated meaneffective pressure(in a naturally aspirated engine) is lower than
values for an equivalent spark-ignition engine.

5, Because the diesel always operates with lean fuel/air ratios (and at part load
with very lean fuel/uir ratios), the effective yalue of y (=c,/e,) over the expriti-
sion process is higher than in a spark-ignition engine. This gives a highee ‘uel
conversion efficiency than the spark-ignition engine, for a given expansion
ratio (see Sec. 5.5.3).

The major problem in diesel combustion chamber design is achieving suffi-
ciently rapid mixing between the injected fuel and the air in the cylinder to com-
plete combustion in the appropriate crank angle interval close to top-center. The

FORD Ex.1125, page 38
IPR2020-00013



FORD Ex. 1125, page 39
                       IPR2020-00013

ompression-ignition com-
he process depend on the
combustion chamber and

iditions. It is an unsteady,
. While an adequate con-
s been developed, to date
srocesses in a quantitative

n process on engine oper-

starts, there is no knock
pontaneousignition of the
rt engine compression ratio
proving its fuel conversion

m timing, the delay period
yn must be kept short (and
the maximum cylinder gas
ite. Thus, the spontaneous
be held within a specified
have a cetane number (a
cal diesel environment; see

nt of fuel injected per cycle
ie engine can be operated
2 low, improving part-load

sed, problems with air uti-
f excessive amounts of soot
ris excessive soot or black

at maximum engine power
‘tric. Hence, the maximum
virated engine) is lower than

air ratios (and at part load
Fy (=c,/c,) over the eqns
ine. This gives a higlior fuel
‘ine, for a given expansion

yer design is achieving suffi-
+ air in the cylinder to com-
al close to top-center. The

 

COMBUSTION IN COMPRESSION-IGNITION ENGINES 493

forenming disevssein indicives (und prove detailed wiudlysis Will eomfirrma) that
THIN Cites control the fuel burning mate, Conunercial diesel chpines are rips
Willa very large rane of evlinder sizes, will cylinder bores varying from about
7 to 900 mm, The mean piston speed wl muximurn rated power 1S approximately
consla Over this size range (see Seu. 2.2), so the maximum rated ehijine speed
will be inversely proportigual Ww the <iroke [see Ey, (2.9)). For a liked crank
angle inferval for combustion (ol order 40 to 30” (o maintain ligzh fuel conversion
elliciency), the (ime available for combustion will, therefore, seale wilh (he strake
Thus, at the small end of the diesel enwine sive range, the mixing between the
injected Niel and the ai must take place on a time seale some LG limes shorter
Hin i engines al (he large enel of this ranye, tL would he expected, rherefare,
thal ibe design of the cupgtne combustion chamber (incliding the inlet port and
valve) and the fielingection sven would have te change sibstanually over this
sive Pahge bo provide ihe (el and are indlion inside (he cylinder required to
achieve (he desired Mel-uir MiNipale. AS enpine siazc decreases. more VIOUS
mr motion) 1s required while less fuel jet penetration i ieowssary. Tt is this lopic,
primurily, that leads fo the different diesel combustion chamber desizoy and
fiel injection systems found in practice over the hire sige ranpe of commercial
Hescl engines,

10.2 TYPES OF DIESEL COMBUSTION
SYSTEMS

Diesel engines are divided into two basic categories according to their com-
bustion chamber design: (1) direct-injection (DI) engines, which have a single open
combustion chamber into which fuel is injected directly; (2) indirect-injection
(IDI) engines, where the chamber is divided into two regions and the fuel is
injected into the “prechamber” which is connected to the main chamber
(situated above the piston crown) via a nozzle, or one or more orifices. IDI
engine designs are only used in the smallest engine sizes, Within each category
there are several different chamber geometry, air-flow, and fuel-injection arrange-ments.

10.2.1 Direct-Injection Systems

Tn the larwevi-sive cngines, Where mixing rate requirciments are least strinyexil,
quiescent direct-injoction sysiems of the type shown in Mig. 10-1a ape used. The
MOMONLUTH wil coerey ef (he injected fie) jets are sufficient to achieve ndeq sate
lict distribution and rates of mining with the ain Additional orpantzed air
MOON ie not required, The cumbuisuon chamber shape ts usually a shallow bowl
the vrawn of the piston, dnd a central mullihole tjector ts userl,

As enuineg sive decrenses, NeTeASINE ANTONOf airswirk are need Lo wehieve
Nister fuel-aiy TNs files. Air swirl is generated hy suilable desien of (he inlet
PON (see-Seo. 8.4): he swirl rate cam be increasedae (he pislon approaches TC by
(Oreine the ai foward the eybader axis, into a bowlin-pision type of cambusuon
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494 INTERNAL COMBUSTION FNGINE FUNDAMENTALS
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Fuel jets
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(.)qe)
Air swirl ee ->

(a) (6) (c)

FIGURE10-1

Common types of direct-injection compression-ignition or diesel engine combustion systems: (a)
quiescent chamber with multihole nozzle typical of larger engines; (b) bowl-in-piston chamber with
swirl and multihole nozzle; (c) bowl-in-piston chamber with swirl and single-hole nozzle. (b) and (c)
used in medium to small DI engine size range.

chamber. Figure 10-1b and c shows the two types of DI engine with swirl in
common use. Figure 10-1b shows a DI engine with swirl, with a centrally located
multihole injector nozzle. Here the design goal is to hold the amountofliquid
fuel which impinges on the piston cup walls to a minimum. Figure 10-1c shows
the M.A.N. “M system”with its single-hole fuel-injection nozzle, oriented so that
mostof the fuel is deposited on the piston bow! wails. These two types of designs
are used in medium-size (10- to 15-cm bore) diesels and, with increased swirl, in
small-size (8- to 10-cm bore) diesels.

10.2.2 Indirect-Injection Systems

Inlet generatedair swirl, despite amplification in the piston cup, has not provided
sufficiently high fuel-air mixing rates for small high-speed diesels such as those
used in automobiles. Indirect-injection or divided-chamber engine systems have
been used instead, where the vigorous charge motion required during fuel injec-
tion is generated during the compression stroke. Two broad classes of IDI
systems can be defined: (1) swirl chambersystems and (2) prechamber systems, as
iMustrated in Fig. 10-2a and , respectively, During compression, air is forced
from the main chamber above the piston into the auxiliary chamber, through the
nozzle ororifice (or set of orifices), Thus, toward the end of compression, a vigor
ous flow in the auxiliary chamberis set up; in swirl chamber systems the connect-
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(a) (b)

FIGURE10-2

Two commontypes of small indirect-injection diesel engine combustion system: (a) swirl prechamber;(b) turbulent prechamber.

ing passige and chamber are shaped so that this flow within the auxiliary
chamberrotates rapidly.

Fuel is usually injected into the atogliary chamber at lower injechon-system
pressure than is typical of D1 systems Mrougt a pintle nozzle as a siogle Sity, (us
shown i Fig, 1-18. Cambusiion starts in the auxiliary chamber: the pressure rise
associated with combustion foroes fluid back mia tbe main chamber where the jet
issuing [ow (he quzvle entratiy and mixes with the main chamberalr. The glow
plug shown on the reht of the prechaynberin Fig. 10-2 is a cold-starting aid, The
plug fy heated prior io starting {he engine to enstire ienilion of Quel early in the
eine crnking process,

10.2.3 Comparison of Different Combustion
Systems

Nhe number ofdifferent combustion chamber types propesed and ined since the
bogies of diesel eogime development is substantial. Over the years, however,
Hhrowel the process of evalution und the inereased lindersianding af (he physical
anid chemocal prevcesses involved, only a few designs based on a gound principle
have survived, ‘Che important chaructertstics of (hose chambers now most com-
monly used are summarized in Table 10.1. The numbers for dimensions and
Operalin characteristics are typical ranges for each different type of diesel engine
and combustion systeu.

The farpest, slowest specu, engines lor power generation or marine appilca-
SOUS lise open quiescent chambers which are essentially cise shaped; Ube motion
ef the fel jols 18 responsible for distributing and maxing the fuel. These are
UsUally LWo-stroke cycle engines. In the next size range, in large truck und loco-
MouWe ehemes, a quiescent chamber consistiog of a shallow dish or bowl in (he
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496 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TARLE 10.1

Characteristics of Common Diesel Combustion Systems 

Direct injection Indirect injection  

 
Medium High swirl High swirl Swirl Pre-

System Quiescent—swirl “M” multispray chamber chamber

Size Largest Medium Medium— Medium— Smallest Smallestsmaller small

Cycle 2-/ 4-stroke 4-stroke 4-stroke 4-stroke 4-stroke4-stroke

Turbocharged/ TCs TC/NA TC/NA NA/TC NA/TC NA/TC
supercharged/
naturally
aspirated

Maximum specd, 120-2100 1800-3500 2500-5000 3500-4300=3600-4800 4500
rev/min

Bore, mm 900-150=:150-100 130-80 100-80 95-70 95-70
Stroke/bore 3.5 1.2 1.3-1.0 1.2-0,9 1.1-0.9 1.1-0.9 1.1-09
Compression 12 15 15-16 16-18 16-22 20-24 22-24ratio

Chamber Open or Bowl-in- Deep bowl. Decp bowl- Swirl pre-  Single/
shallow piston in-piston in-piston chamber mullti-
dish orifice

pre-
chamber

Air-flow Quiescent Medium High swirl Highest Very high=Very turbu-
pattern swirl swirl swirl lent in pre-

in pre- chamber
chamber

Number of Multi Multi Single Multi Single Single
nozzle
holes

Injection Very high High Medium High Lowest Lowest
pressureeeUEEEEEE

piston crownis often used. Theair utilization in these engincsis low, bul they are
invariably supercharged or turbocharged to obtain high power density.

In the DI category, as engine size decreases arid maximum speedrises, swirl
is used increasingly fo obtain high-cnauyh fuel-air muxmg rales.The swirl ix gene
erated by suitably shaped inlet ports, and is amplified during compression by
forcing most of the air toward the cylinder axis into the deep bow! in-pision
combustion chamber. I about the samesize range, an alternative systemto thie
mullihole hozzle swirl system is the M.A.N. " M "system (or wall-welliig ayaterm)y
where most of the fiel from the single-hole pintle wozzle is placed on (he wall of
ihe spherigal bowl in the piston crown,

In the smallest enyine sizes, the [DI engine has traditionally been us
obtain the vigorous air motion required for bigh fielair mixing Files. Phere wee
several different geometries in use. ‘These eliher generate substantial

ed 10

ewirl in the  
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auxiliary chamber during the latter part of the compression stroke, using a nozzle
or connecting passage that enters the auxiliary chamber tangentially, or they
generate intense turbulence in the prechamber through use of several small ori-
fices and obstructions to the flow within the prechamber. The most common
design of swirl chamber is the Ricardo Comet design shown in Fig. 10-2¢. An
alternative IDI engine to the two typeslisted in Table 10-1 is the air cell system.
In that system the fuel is injected into the main chamber and not the auxiliary
“air cell.” The auxiliary chamber acts as a turbulence gencrator as gas flowsinto
and out of the cell.

10.3 PHENOMENOLOGICAL MODEL OF
COMPRESSION-IGNITION ENGINE
COMBUSTION

Studies of photographs of diesel engine combustion. vonitined with Abulyses Ot
chpine evlinder pressure daw, have led to a Widely accepied deseriptive model of
(he compression-ignition engine vonibustion process, The concept of hval-release
rae is imporiunt (o Understanding this model, Lt is defined as the rule at which
(he chemical energy of the fuel is released by the vambustion process, Lt can be
cileulated from cylinder pressure versus crank angle data, as the energy release
required to creae (he measured pressure, using the techniques descrihed in See.
(04, The combustion model defines four separate phases of diesel combustion,
each phase being controlled by different physiesl or chemical processes, Although
(ie relative importance of each phase does depend on the combustion systeir
used, ood engine operating conditions, these four phases are common to all diesel
engines.

10.3.1. Photographic Studies of Engine Combustion

iwhspeed photograply at several thousand frames per second has been used
exlensively (0 study diesel engine combusfion. Some of these studies have been
carricd Gut to combustion chambers very close to thase used in practice, under
Hoinal eagine operating conditions (ez, Reb. | and 2), Sequences of individual
Irmes from movies provide valusble ivformation on the natiire nf the oun
hustinn process in the ditferen| lypes ol diescl engines. Prgure LO-3 shows four
SON bNStoA chamber peometries that have heen studied pho(opriphically, These
are Wa quiescent chamber typicdl of diescl engines in the 3 to 20 din’ /eylinder
Hiiplicnent used for industrial, marine, and rail traction apphcations (only the
buirmne of a single fuel spray of (he muluspray combustion sysiem could be
iMidied*); (b) a smaller high-speed DI engine with swicl and four fuel jets centrally
injected, fo} an M\A\N. “M“ DI system: and (uv) a Ricardo Comet V swirl
chawiber (DI system!

The vombustion sequences were recorded on color film and show thefol-
lowing features:
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498 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

FIGURE1-3
Pour aliesel cornhuisien chambers ised to obtain phocopraphs 6 the gompression-igmlion Gum-
husiion proveay shown in (ij. 1D on colisr plates (a) quieseent 191 cliambar: (>) multihole nozzle DIchamber with switlsan p. 499) (cl) MAN, WM" DL ohamber! (d) Ricardo Comet {11 avdrl chamber"?

Fuel sprays). The fal droplets retlect light from spot lamps and define the
extent of the liquid fuel spray prior to complete vaporization.

Premixed flame. These regions are of tow low a luminosity 10 be reqorded
with the exposure level used. The addition of a copper additive dope W the fuel
gives these normally blue flames a green color bright enough to render (het
visible.

Diffusion flame. The burptag high-temperature carbon particles in this Tame
provide more than adequate liminosily and appear as yellow-white, As the flame
cools, the radiation from the particles changes colar through orange to red.

Over-rich mixture. The appearance of « brown region, usually gurrounded
by a white diffusion Rame, indicates an excessively rich muxuire remion wheresubstantial soot particle production tas occurred. Where this fuel-rich soot-tuden
cloud contacts unburned air there is 4 tint white diffusion flame.

Table 10.2 summarizes the characteristics of these dilferent regions, discernable in
ihe photographs shown in Fig. 10-4 on the color plate. 
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@)  
10.5°  

(e) (@)

Figure 10-4a shows a sequence of photographs from one combustion event
of the single spray, burning under conditions typical of a large quiescent DI
engine. The fuel spray is shown penetrating into the chamber. Ignition occurs at
—8° in the fuel-air mixture left behind on the edge of the spray not far from the
injector. The flame then spreads rapidly (— 7°) along the outside of the spray to
the spray tip. Here someof the fuel, which has had a long residence time in the
chamber, burns with a blue-green low-luminosity flame (colored green by the
copper fuel additive). The flame engulfing the remainder of the sprayis brilliant
white-yellow from the burning of the soot particles which have been formed in

    
 

20° 31°

FIGURE 10-4 (On ColorPlate, facing this page)
Sequence of photographs from high-speed movies taken in special visualization diesel engines shown
in Fig. 10-3: (a) combustion of single spray burning under large DI engine conditions; (b) combustion
of four sprays in DI engine with counterclockwise awirl: (c) combustion of single spray in M,A\N
“M" DL diesel, (a) combustion in prechamber (on left) and main chamber (on tight) in Ricardo
Comet 119) swirl chamber diesel, 1250 rev/min, imep = 827 KPa (120 Ib/in?)!:? (Courtesy Rioarde
Consulring Engineers.)

(@

FIGURE104 
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§00 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

. | TABLE 10.2\ Interpretation of diesel engine combustion color photographs’ 
Color Interpretation 

Grey Background; the gas (air in early
: stages, combustion productslater)

is transparent and not glowing

|| Green Early in combustion process; low
| | luminosity “ premixed ”-type flame,rendered visible by copper added to

fuel. Later; burned gas above
about 1800°C

White, and yellow-white Carbon particle burnup in diffusion
flame, 2000-2500°C

Yellow, orange-red Carbon burnupin diffusion flame
at lower temperatures; last visible
in film at 1000°C

| Brown Soot clouds from very fuel-rich
mixture regions. Where these meet
air (grey) there is always a white
fringe of hot flame

i eS

the fuel-rich spray core. At this stage (— 1°), about 60 percentof the fuel has been
injected. The remainderis injected into this enflamed region, producing a very
fuel-rich zone apparent as the dark brown cloud (11°). This soot cloud moves to
the outer region of the chamber (11° to 20°); white-yellow flame activity con-
tinues near the injector, probably due to combustion of ligaments of fuel which

| issued from the injector nozzle as the injector needle was seating. Combustion
continues well into the expansion stroke (31°C).

| This sequence shows that fuel distribution is always highly nonuniform
during the combustion process in this type of DI engine. Also the air which is| between the individual fuel sprays of the quiescent open-chamber diesel mixes
with each burning sprayrelatively slowly, contributing to the poorair utilization
with this type of combustion chamber,

Figure 10-4b shows a combtistion sequence from the DI engine with swirl
(the chamber shown in Fig. t0-3b). The innercirele corresponds to the deep bowl
in the piston crown, the outer cirele to the cyhoder liner, The fuel sprays (ot

iW which two are visible without obstruction from (he injector) first appear at ~ 13
i At —7° they have reached the wall of the bowl; the lips of the sprays have heen
Hi} deflected slighily hy the anticlockwise swirl, The frame at —3° shows Lhe first
i ignition, Bright luminous flame zones are visible, one on cach spray, Out by the

| bow! walls, where fel vapor has been blown around by fhe swirl. larger greenish
burning regions indicating the presence of premixed flame can be seen, The fuel
downstream of cach spray is next to ignite, burning yellow-while due Lo the saol 
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formed by the richer mixture. Flame propagation back to the injector follows
extremely rapidly and at TC the bowlis filled with flame. At 5° ATC the flame
spreads out over the piston crown toward the cylinder wall due to combustion-
produced gas expansion and the reverse squish flow (see Sec. 8.4). The brown
regions (13°) are soot-laden fuel-rich mixture originating from the fuel which
impinges on the wall. The last frame (30° ATC) showsthe gradual diminution of
the soot-particle-laden regions as they mix with the excess air and burn up. The
last dull-red flamevisible on thefilm is at about 75° ATC,well into the expansion
stroke.

Figure 10-4¢ shows the combustion sequence for the M.A.N. “M”-type DI
engine. In the version of the system used for these experiments, the fuel was
injected through a two-hole nozzle which produces a main jet directed tangen-
tially onto the walls of the spherical cup in the piston crown, and an auxiliary
spray which mixes a small fraction of the fuel directly with the switling air flow.
More recent “M”systems use a pintle nozzle with a single variable orifice.? At
—5° the fuel spray is about halfway round the bowl. Ignition has just occurred of
fuel adjacent to the wall which has mixed sufficiently with air to burn. The flame
spreads rapidly (— 2°, 1°) to envelop the fuel spray, and is convected round the
cup by the high swirl air flow. By shortly after TC the flame hasfilled the bowl
and is spreading out over the piston crown. A soot cloud is seen near the top
right of the picture at 5° ATC which spreads out around the circumference of the
enflamed region. There is always a rim of flame between the soot cloud and the
cylinderliner as excess air is mixed into the flame zone (10.5°). The flameis of the
carbon-burning type throughout; little premixed green flame is seen even at the
beginning of the combustion process.

Figure 10-4d shows the combustion sequence in a swirl chamber IDI engine
of the Ricardo Comet V design. The swirl chamber(on theleft) is seen in the view
of the lower drawing of Fig. 10-3d (with the connecting passageway entering the
swirl chamber tangentially at the bottom left to produce clockwise swirl), The
main chamberis seen in the plan view of the upper drawing of Fig. 10-34. Two
sprays emerge from the Pintaux nozzle after the start of injection at — 11°. The
smaller auxiliary spray which is radial is sharply deflected by the high swirl.
Frame 1 shows how the main spray follows the contour of the chamber: the
auxiliary spray has evaporated and can no longer beseen. Thefirst flame occurs
at —1° in the vaporized fuel from the auxiliary spray and is a green premixed
flame. The flame then spreads to the main spray (TC), becoming a yellow-white
carbon-particle-burning flame with a green fringe. At 4° ATC the swirl chamber
appears full of carbon-burning flame, which is being blown down the throat and
Into the recesses in the piston crown by the combustion generated pressurerise in
the prechamber. The flame Jet impinges on the piston recesses entraining the air
in the main chamber, leaving green patches whereall carbon is burned out (4°,
11°, 15°), A brown soot cloudis emerging from the throat. By 15° ATC this soot
cloud has spread around the cylinder, with a bright yellow-white flame atits
Periphery. This soot then finds excess air and burns up, while the yellow-white
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502  mrernac COMBUSTION ENGINE FUNDAMENTALS

flame becomes yellow and then orange-red as the gases cool on expansion. By
38° ATC mostofthe flame is burnt out.

Magnified color photographsof the flame arounda single fuel spray under
conditions typical of a direct-injection diesel engine, shown in Fig. 10-5 on the
color plate, provide additional insight into the compression-ignition and flame-
development processes. These photographs were obtained in a rapid compres-
sion machine: this device is a cylinder-piston apparatus in which air is rapidly
compressed by moving the piston to tempcratures and pressures similar to those
in the diesel engine combustion chamber at the time of injection. A single fuel
spray was then injected into the disc-shaped combustion chamber. The air flow
prior to compression was forced to swirl around the cylinder axis and much of
that swirl remains after compression.

Figure 10-Sa shows a portion of the liquid fuel spray (which appears black
due to back lighting) and the rapidly developing flame 0.4 ms after ignition
occurs. Ignition commencesin the fuel vapor—air mixture region, set up by thejet
motion and swirling air flow, away from the liquid core of the spray. In this
region the smaller fuel droplets have evaporated in the hot air atmosphere that
surrounds them and mixed with sufficient air for combustion to occur. Notice

that the fuel vapor concentration must be nonuniform; combustion apparently
occurs around small “lumps” of mixture of the appropriate composition and
temperature. Figure 10-5b shows the same flame at a later time, 3.2 ms after
ignition. The flame now surrounds most of the liquid spray core. Its irregular
boundaryreflects the turbulent character of the fuel spray and its color variation
indicates that the temperature and composition in the flame region are not
uniform,

Figure 10-5¢ shows a portion of this main flame region enlarged to showits
internal structure. A highly convoluted flame region is evident, which has a
similar appearance to a gaseous turbulent diffusion flame. The major portion of
the diesel engine flame has this character, indicative of the burning of fuel vapor-
air pockets or lumps or eddies of the appropriate composition. Only at the end of
the combustion process is there visible evidence of individual fuel droplets
burning with an envelope flame. Figure 10-5d shows the sameregion of the com-
bustion chamber as Fig. 10-5c, but at the end of the burning process well after
injection has been completed. A few large droplets are seen burning with individ-
ual droplet flames. It is presumed that such large drops were formed at the end of
the injection process as the injector nozzle wasclosing.

 

FIGURE10-5 (On Color Plate, facing page 498)
Photographs from high-speed movie of single fuel spray injected into a swirling air flow in a rapid-
compression machine. (a) Spray and flame 0.4 ms after ignition; scale on right in millimeters.
(b) Flame surrounding spray 3.2 msafter ignition. (c) Magnified photograph of main portion offlame.
(a) Individual droplet burning late in combustion process after injection completed. Air temperature
~ 500°C. 50 mg fuel injected.* (Courtesy Professor M. Ogasawara, Osaka University.)
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10.3.2 Combustion in Direct-Injection,
Multispray Systems

Figure 10-6 shows typical data for cylinder pressure (p), fuel-injector needle-lift,
and fuel pressure in the nozzle gallery through the compression and expansion
strokes of a direct-injection diesel. The engine had centralfuel injection through a
four-hole nozzle into a disc-shaped bowl-in-piston combustion chamber. Therate
of fuel injection can be obtained from the fuel-line pressure, cylinder pressure,
nozzle geometry, and needle-lift profiles by considering the injector as one or
more flow restrictions;it is similar in phasing and comparable in shape to the
needle-lift profile. There is a delay of 9° between the start of injection andstart of
combustion [identified by the change in slope ofthe p(9) curve]. The pressure
rises rapidly for a few crank angle degrees, then more slowly to a peak value
about 5° after TC. Injection continues after the start of combustion, A rate-of-
heat-release diagramt from the same study, corresponding to this rate of fuel
injection and cylinder pressure data, is shown in Fig. 10-7. The general shape of
the rate-of-heat-release curveis typical of this type of DI engine overits load and
speed range. The heat-release-rate diagram shows negligible heat release until
toward the end of compression whenaslight loss of heat during the delay period
(which is due to heat transfer to the walls and to fuel vaporization and heating)is

 

  
FIGURE10-6

dH fel | | L | | : aa: :
=30 -60 —40 220 TC 204060 Bo Cylinder pressure Py injector needle lift by and

injection-system fuel-line pressure p,, as functions of
Crank angle, deg crankangle for small DI diesel engine.‘

 

1 The teat-release pate plotted here is the met heat-relewse rate {see Sec, 10.4), Lis the sumof the
tinge of sensible iniernal energy of the cylinder gases and (he work done on the piston. Tt dillers
trom the rate af fuel energy released by combustion by the heal transferred to ibe combustion
Climber yetts, The heat loss to the walls is 10 to 25 percemi of the fuel healing value in vnaller
“igiies; | aw lewin larger engine ujzes. This net feat release can be used us un indicator ol actuail heat
Telense Winery the heat loss is small.
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504 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

evident. During the combustion process the burning proceeds in three distin-
guishable stages. In the first stage, the rate of burning is generally very high and
lasts for only a few crank angle degrees. It corresponds to the period of rapid
cylinder pressure rise. The second stage corresponds to a period of gradually
decreasing heat-release rate (thoughit initially may rise to a second, lower, peak
as in Fig. 10-7), This is the main heat-release period and lasts about 40°. Nor-
mally about 80 percentof the total fuel energy is released in the first two periods,
The third stage corresponds to the “tail” of the heat-release diagram in which a
small but distinguishable rate of heat release persists throughout much of the
expansion stroke, The heat release during this period usually amounts to about
20 percentof the total fuel energy.

From studies of rate-of-injection and heat-release diagrams such as those in
Fig. 10-7, over a range of engine loads, speeds, and injection timings, Lyn® devel-
oped the following summary observations. First, the total burning period is much
longer than the injection period. Second, the absolute burning rate increases pro-
portionally with increasing engine speed; thus on a crank angle basis, the
burning interval remainsessentially constant. Third, the magnitude of theinitial
peak of the burning-rate diagram depends on the ignition delay period, being
higher for longer delays. These considerations, coupled with engine combustion
photographicstudies, lead to the following model for diesel combustion.

Figure 10-8 shows schematically the rate-of-injection and rate-of-burning
diagrams, where the injected fuel as it enters the combustion chamber has been
divided into a numberof elements. Thefirst element which enters mixes with air

and becomes “ready for burning”(i¢., mixes to within combustible limits), as
shown conceptually by the lowest triangle along the abscissa in the rate-of-
burning figure. While some of this fuel mixes rapidly with air, part of it will mix
much more slowly. The second and subsequent elements will mix with air in a
similar manner, and the total “ready-for-burning” diagram, enclosed by the
dashed line, is obtained. The total area of this diagram is equal to that of the
rate-of-injection diagram. Ignition does not occur until after the delay period is
over, however. At the ignition point, some of the fuel already injected has mixed
with enough air to be within the combustible limits. That “premixed” fuel-air
 

Pressure,MPa FIGURE10-7

Cylinder pressure p, rate of fuel
injection hy, and net heat
release rate Q, calculated from P
for small DI diesel engine,

—40 -20 TC 20 40 60 80 100 1000 rev/min, normal injection
timing, bmep = 620 kPa.

  
 

Crank angle, deg
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Rate ofinjection 
 

Injection Ignition Rate of burning 

   
Crank angle, deg

FIGURE10-8

Schematic of relationship between rate offuel injection and rate offuel burningor energyrelease.®

mixture (the shaded region in Fig. 10-8) is then added to the mixture which
becomes ready far burning afier the end of the delay pertod, producing ihe high
imal rate of burning as shown. Such a heat-release profile iy Benerally observed
wilh this type of naturallyaspirated D1 diesel engine, Plotugraphs (such as those
in Fig. 10-4da and bl show thal up to the heat-releasc-rate peak, flarne regions of
low green lummosity are apparent because the burning is predomingyatly of (he
premixed part of the spray, Alter the peak, as the amount ofpremixed mixture
available for burning decreases and the amount of fresh mixture mixed to be
“ready for burning” increases, the spray burnsessentially as a turbulent diffusion
flame with high yellow-white or orange luminosity due to the presence of carbon
particles.

To summarize, the following stages of the overall compression-ignition
divsel combustion process can be defined, Theyare identified on the typical beat-
Telease-rate clagram for 4 DI engine in Fig, 10-9,

Ignition delay (ab). The period between the start of fuel injection into the
combustion chamber aad the start of combusiion [determined fromthe change

slope on the p-4 diagram, or from a heat-release analysis of the p(@) data, or
from a luminosity detector]

Premixed or rapid combustion phase (he). In this phase, combustion of the
fuel which has mixed with air lo within the fammability limits during the in.
lian delay period oceues rapidly in a few crank anele degrees. When this burning
Mituce i udded lo the fuel which becomes ready for bunting and burns during
(his phase, the high hest-release rates characteristic of this phase resuli
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I] FIGURE10-9
Typical DI engine heat-release-rate diagram identifying different diesel combustion phases.

Mixing-controlled combustion phase (cd). Once the fuel and air which pre-
i mixed during the ignition delay have been consumed, the burningrate (or heat-

release rate) is controlled by the rate at which mixture becomes available for
burning. While several processes are involved—iquid fuel atomization, vapor-
ization, mixing of fuel vapor with air, preflame chemical reactions—therate of
burningis controlled in this phase primarily by the fuel vapor—air mixing process.
The heat-release rate may or may not reach a second (usually lower) peak in this
phase; it decreases as this phase progresses.

Late combustion phase (de). Heat release continues at a lower rate well into
the expansion stroke. There are several reasons for this, A small fraction of the

\\I fuel may not yet have burned. A fraction of the fuel energy is present in soot and
fuel-rich combustion products and can still be released. The cylinder chargeis
nonuniform and mixing during this period promotes more complete combustion

| | and less-dissociated product gases. The kinetics of the final burnout processesbecomeslower as the temperature of the cylinder gases fall during expansion.

10.3.3. Application of Model to Other
Combustion Systems

In thc M.AN. “M” DIengine system, and in IDI systems, the shapes of the
heat-release-rate curve are different from those of the quiescent or moderate swirl
DI shownin Fips. (0-7 and 10-9, With the "M™system, the initial heat-release
“gnikeis much less pronounced (in spite of (he fact thal a large fraction ofthe

| fuel is injected during the delay period) though the total buraiag period is about
the same. Lyn® has suggested thal the lowerinitial burning riteis due to the fact
that the smaller number of nozzle holes (one or two instead of about four of
more) and the directing of the main spray tangentially to the wall substantially
reduce (he free mixing surface area of the fuel jets, However, since the bur ang
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rates after ignition are relatively high, mixing must speed up. This occurs due to
the centrifugal forces set up in the swirling flow. Initially, the fuel is placed near
the wall, and mixing is inhibited by the effect of the high centrifugal forces on the
fuel vapor which is of higher density than the air and so tends to remain near the
wall. Once ignition occurs, the hot burning mixture expands, decreases in density,
and is then moved rapidly toward the center of the chamber. This strong radial
mixing is the rate-determining process. An additional delaying mechanism exists
if significant fuel is deposited on the wall. At compression air temperatures, the
heat transferred to the fuel film on the wall from the gases in the cylinder is too
small to account for the observed burningrates. Only after combustionstarts will
the gas temperature and heat-transfer rates be high enoughto evaporate the fuel
off the wall at an adequate rate.

In the swirl chamber IDI engine, wherethe air in the main chamberis not
tmediately availatle for mixing, again the rale-delermining processes are dill\'r-
ent." There is no initial spike on (he rate-of-leu(-release curve as was the case
with DIengines. The small size of the chamber, together with the high swirl rate
generated just before injection, results in considerable fuel impingement on the
walls. This and the fact that the ignition delay is usually shorter with the IDI
engine due to the higher compression ratio used account for the low initial
burningrate.

Based on the above discussion Lyn® proposed three basic injection, mixing,
and burning patterns important in diesel engines:

A. Fuel injection across the chamber with substantial momentum. Mixing pro-
weeds immediately as fuel enters the chamber ind is little afected by com-
bustion.

& Fuel depasition on the combustion chamber walls. Negligible mixing during
the delay period due jo Limited evaporwtion. After ignition, evaporation
becomes rapid and its rale is controlled by aceess of bot wases (o the surface,
radial ouxiny being induced by differential centrifugal forces, Burning is there-
fore delayed by the ignition lug.

C, Fuel distributed near the wall: mixing proceeds during the delay, but at a rate
smaller than in mechanism A. After ignition, mixing is accelerated by the
same mechayism as in mechanism B.,

Figure [0-10 shows, schematieally, the construction of the burning-rate or
heal-relewe-rate diagrams (from (he same injeclion-rale diagram) for the DI
diesel combustion system with a central mullihele wozele, for the “M "-type DI
diesel, and for the swirl chaniber (DL For the DI engine with multihole nozzle,
Mechanism A is predominant. For the DU engine with fuel sprayed tangentially te
the wall, mechanisms Band C prevail; the delayed mixing prevents excessively
high initial burning rates, Por the IDI swirl chamber engine, the shorter ignition
Uelay together with mixing process C during Ube delay period produces 4 pradiial
increase iy burning rate, as shown in Pig. 10-10¢
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FIGURE10-10

Schematic injection-rate and burning-rate diagrams in three different types of naturally aspirated
diesel combustion system: (a) DI engine with central multihole nozzle; (b) DI “M-type engine with
fuel injected on wall; (c) IDI swirl chamberengine. MechanismsA, B, and C defined in text.°

10.4 ANALYSIS OF CYLINDER
PRESSURE DATA

Cylinder pressure versus crank arule data over the compression and expansion
strokes of the engine operating cyéle can be used to obiqumoitolive colornis-
tion on the progress of combustion. Suilable methods of analysis which yield (he
rite of release of the fuel’s chemical energy (otlen called heat release), of rate of
fuel burning, through the ciesel engine combustion process will now be described,
The methods of analysis are sinlir to those described in Sec. 9.2.2 for spark-
ignition engines and stact wilh the first law of thermodynamics for an open
systems which is quasi static (ie, unifurm in pressure and temperature). The first
law for such a system (see Fig. 9-11) is

dQ dV . dU
at at » hh, = ti (10.1)

where dO/der is the heat-fransfer rate across the system boundary Minto the system,
pidVjdt) ie the mule of work transfer done by the systema due to system boundary
displacement, Mm, 18 the mass flow rate inlo the system across the system boundary
at location? (low out ofthe system would be negative), Ay 1s the enthalpy of Hux
entering of leaving (he system, und U is the energy of the material conttiied
inside the system boundary.

The following problems make the application of this equation to diesel
combustion difficult:

1. Fuel is injected into the cylinder, Liquid fuel is added to the eylinder which
vaporizes and mixes wilh air to produce a fuel/air ratte Jistribulion which is
nanuniform and varies with lime. The process is nO quasi static

2. The compusition of the burned gases (also nonuniform) is not known
3. The accuracy of available correlations for predicting heat transfer in diesel

engines is rot well defined (see Chap: 12), ‘
4. Crevice regions (such as the volumes between the piston, cings, and cylinder

wall) constitute 4 few percent of the clearance volume. The gas in (hese regions
ix cooled (o close to the wall temperature; increasing its densily and, therefore
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the relative importance of these crevices. Thus crevices increase heat transfer
and contain a nonnegligible fraction of the cylinder charge at conditions that
are different from the rest of the combustion chamber.

Due to difficulties in dealing with these problems, both sophisticated
methods of analysis and more simple methods give only approximate answers.

10.4.1 Combustion Efficiency

In both heat-release and fuel mass burned estimations, an importantfactoris the
completeness of combustion. Air utilization in diesels is limited by the onset of
black smoke in the exhaust. The smokeis soot particles which are mainly carbon.
While smoke and other incomplete combustion products such as unburned
hydrocarbons and carbon monoxide represent a combustion inefficiency, the
magnitude ofthatinefficiency is small. At full load conditions,if only 0.5 percent
of the fuel supplied is present in the exhaust as black smoke, the result would be
unacceptable. Hydrocarbon emissions are the order of or less than 1 percent of
the fuel. The fuel energy corresponding to the exhausted carbon monoxide is
about 0.5 percent. Thus, the combustion inefficiency [Eq. (4.69)] is usually less
than 2 percent; the combustionefficiency is usually greater than about 98 percent
(see Fig. 3-9). While these emissions are important in terms of their air-pollution
impact (see Chap. 11), from the point of view of energy conversion it is a good
approximation to regard combustion andheatrelease as essentially complete.

10.4.2. Direct-Injection Engines

Forthis type of engine, the cylinder contents are a single open system. The only
mass flows across the system boundary (while the intake and exhaust valves are
closed) are the fuel and the crevice flow. An approach which incorporates the
crevice flow has been described in Sec. 9.2.2; crevice flow effects will be omitted
here. Equation(10.1) therefore becomes

dQ dv... a
dea she =

Two common methods are used to obtain combustion information from

pressure data using Eq. (10.2). In both approaches, the cylinder contents are
assumed (o be at a uniform temperatiire at cach instant in time during the com-
bustion process, One method yields fucl energy- or heat-release rate, the other
Method yields a fuel mass burning rate. The term apparent is often used to
‘escribe these quantities since both are approximations to the real quantiles
Which cannol be determined exactly,

(10.2)

HEAT-RELEASE ANALYSIS.If U and hin Eq, (10.2) are taken to bethe sensible
iternal energy of the cylinder contents und the sensible enthalpy of the mjected
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§10 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

fuel, respectively,t then dQ/dt becomes the difference between the chemical
energy or heat released by combustion of the fuel (a positive quantity) and the
heat transfer from the system (in engines, the heat transfer is from the system and
by thermodynamic convention is a negative quantity). Since h, , + 0, Eq. (10.2)
becomes

dQ, _4Qen 4Qu _ dV dU,
dt dt da ak|dt (10.3)

The apparent net heat-release rate, dQ,/dt, which is the difference between the
apparent gross heat-release rate dQ,,/dt and the heat-transfer rate to the walls
dQ,,/dt, equals the rate at which work is done on the piston plus the rate of
changeof sensible internal energy of the cylinder contents.

If we further assume that the contents of the cylinder can be modeled as an
ideal gas, then Eq. (10.3) becomes

 

dQ, dV 4 dT 10.4een Se
at dt ” dt (10g

From the ideal gas law, pV = mRT,with R assumed constant, it follows that

dp dV dT4 2) 1
D + Vv T (10.5)

Equation (10.5) can be used to eliminate T from Eq. (10.4) to give

#00 (1 «) dv be 4 APdt

 

R)? dt , R_ dt

d0,__y_,¥,1 yd
dt y—-1 dt y-I1 ad

Hereyis the ratio of specific heats, c,/c,. An appropriate range for y for diesel
heat-release analysis is 1.3 to 1.35; Eq. (10.6) is often used with a constant value
of y within this range. More specifically, we would expect y for diesel engine
heat-release analysis to have values appropriate to air at end-of-compression-
stroke temperatures prior to combustion (+1.35) and to burned gases at the
overall equivalence ratio following combustion (~ 1.26-1.3). The appropriate
values for y during combustion which will give most accurate heat-rclease infor-
mation are not well defined.” ®

More complete methods of heat-release analysis based on Eq. (10.2) have
been proposed and used. These use more sophisticated models for the gas proper-
ties before, during, and after combustion, and for heat transfer and crevice
effects.® However, it is also necessary to deal with the additional issues of: (1)
mixture nonuniformity (fuel/air ratio nonuniformity and burned and unburned
gas nonuniformities); (2) accuracy of any heat-transfer model used (see Chap. 12);

or (10.6)

{ Thatis, U = U, = U(T) — U(298 K) and h, =h,, , = h,(T) — hy (298 K); see Sec. 5.5 for definition.
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80 Crevices

 Heatrelease,%fuelenergy
FIGURE10-11

Gross and net heat-release profile during com-
bustion, for a turbocharged DI diesel engine in mid-
load, mid-speed range, showing relative magnitude

—50 a 50 100 150 of heat transfer, crevice, and fuel vaporization and
Crank angle, deg ATC heatupeffects.

amd (4) the effects of the crevice resions, These additional Pleiomena must be
dealt wilh at un equivalen| level of aceupacy fur more complex heal-release
models to be worth while. Kor many enemecring applications, Bq. (10,6) i ade-
cate for diesel enyane combustion anul ysis.

Additional insight can be obtained by mneorporating a model for the largest
of the eects omitted from Bq, (h06), the heat iranster HO(de (see Chap, 12); we
ihcreby obtaina close approximation to (he yross heal-release rale. The integral
af the poss beal-release rate over ihe complete combustion process should then
equal (to within a few percent only, since the analysis is not exact) the mass of
fuel injected m, times the fuel lower heating value Orpy: ie.,

fend dQ.nQn = [ 7 dt = my Quny (10.7)i t

Of course, Eqs. (10.1) to (10.4), (10.4and (10.7) also hold with crank angle @ as
the independentvariable instead of time t.

Figure 10-11 illustrates (he relative magnitude of gross and net beat release,
Newt transler, erevice effects, und heat of vaporization and heating up ofthe fuel
fora turbocharged BL diesel engine operating in (be mid-load, mid-speed range
The wet heat release is the gross heat release due to combustion, less the heat
transfer to the walls crevice effects, aye the eflect of fuel vaportzation and heatuys
(whielk was omitted ahove by negleetiny the mass addivon tern In dl/fde), This
last term is sufficiently small to be neglected. The eathalpy of vaporization of
diesel fuel is less than { percent of its heating value: the encray change associated
With eating up Mel vapor from injection temperature to Wpical compression ai
lenperatures is about 3 percent of the fuel healing value, The hear transfer inte-
Etled aver the duration of the combustion period is 10 to 25 percent of the total
Hens teleased.

start

FUEL ASS BURNING RATE ANALYSIS.If the in ternal energies of the fuel, air,
and burned gases in Eq. (10,1) are evaluated relalive to a consistent datum (such
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§12 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

as that described in Sec. 4.5.2), then this equation can be used to obtain an appar-
ent fuel mass burning rate from cylinder pressure versus crank angle data. (With
such a species energy datum the “heat release” is properly accounted for in the
internal energy and enthalpy terms.) Following Krieger and Borman,° Eq.(10.2)
can be written as

dV dQ h dmd

a=?atat Se (10.8)
Here Q is the heat transfer to the gas within the combustion chamber(thatis,
Q = —Q,,), m is the mass within the combustion chamber, and dm/dt has been
substituted for my.

Since the properties of the gases in the cylinder during combustion
(assumed to be uniform and in chemical equilibrium at the pressure p and
average temperature T) are in general a function of p, T, and the equivalence
ratio @,

u=u(T,p, d) and R=R(T, p, 9)

Therefore

iu _ Qu dT, dudp,Ou db
di OT dt | Gp dt op dt (10.94)

aR _aRaT | Rap|OR dp asdt oT dt|Op dtd dt (1077
Also,

m 1+ (F/A)o=bot(- 1) oe 10.10= 90 (7 (F/A), 0g
PA

and dp _1+(F/A)o dm (10.11)
dt (F/A),my dt

(F/A)is the fuel/air ratio; the subscript 0 denotes the initial value prior to fuel
injection and the subscript s denotes the stoichiometric value. It then follows that

1 dm —(RT/V)(dV/dt) — (du/ép)\(dp/dt) + (1/m\(dQ/dt) — CB (10.12)
m dt u—h, + D(du/6o) — C1 + (D/R\OR/29)]

where

ldp 1@Rdp + id
“pdt Rdpdt V dt

7 T(du/dT)
~ 1 +(T/R\G6R/8T)

_ [+ (F/A)odm
(F/A), Mo
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Pressure,MPa FIGURE10-12

Cylinder pressure p and fuel mass
burning rate calculated from p, as
a function of crank angle, using

| | i 2 the Krieger and Borman method?
160 Tc 200 220 240 260 for DI diesel engine at 3200 rev/

Crank angle, deg min andfull load.

Fuelmassburningrate,mg/deg 
Equation (10.12) can be solved numerically for m(t) given my, o, p(t), and appro-
priate models for the working fluid properties (see Sec, 4.7) and for the heat-
transfer term dQ/dt (see Chap.12).

Figure 10-12 shows cylinder pressure data for an open chamber DI diesel
and fuel mass burning rate dm/d6 calculated from that data using the above
method. The heat-transfer model of Annand wasused(see Sec. 12.4.3), The result
obtained is an apparent fuel mass burning rate. It is best interpreted, after multi-
plying by the heating value of the fuel, as the fuel chemical-energy or heat-
release rate. The actual fuel burning rate is unknown because notall the fuel
“burns” with sufficient air available locally to produce products of complete
combustion. About 60 percentof the fuel has burnedin the first one-third of the
total combustion period. The integral of the fuel mass burning rate over the
combustion process should equal the total fuel mass burned; in this case it is 3
percent less than the total fuel mass injected. Note that chemical energy con-
tinues to be released well into the expansion process. The accuracy ofthis type of
calculation then decreases, however, since errors in estimating heat transfer sig-
nificantly affect the apparent fuel burningrate.

Krieger and Borman also carried out sensitivity analyses for the critical
assumptions and variables. They found that the effect of dissociation of the
product gases was negligible. This permits a substantial simplification of Eq.
(10.12). With no dissociation, u = u(T, ¢), and R = R/M can be taken as con-
stant, since the molecular weight M changeslittle. Then

dm_[1 + (c,/R)]p(dV/dt) + (c,/R)V(dp/dt) — (dQ/dt)
dt hy + (c,/R\(pV/m) — u — D(du/dd)

where Jas before, is [1 +: (F/4)y[en/[l F/A), my]. Given the uncertainties inherent
in the heat-transfer model and the neglect of nonuniformities and crevices, Eq.
(10.1.2) represents an adequate level uf sophistication,
} The othersensitivity variations studied by Krieger and Borman were: shilt-
ing of the phasing of the pressure data 2° forward and 2° backward; translating
the pressure data +34 kPa (5 lb/in*); changing (he heat transfer +50 percent:

 

(10.13)
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FIGURE10-13

Schematic defining variables in main chamber
(subscript 1) and prechamber (subscript 2) for IDI
engine heat-release analysis.

_—————————

ae
 
increasing the initial mass § percent The initial mass change had a negligible
effect on the fuel burning rate calculations. The heat-transier chines of +50
percent changed (lu: mass of fwel burned by about +5 percent. The change in
phasing of the pressure data was more sieniticant. IL needs to be stressed that
accurate (in Toagnitiide and phasing) pressure data are 4 most important require-
ment for useful heat-release or fuel muss burning rate analysis.

10.4.3 Indirect-Injection Engines

In JDI diesel engines, the pressures in each of the two chambers, main uod wux-
iliury, are nol the same during the combusbon process. Since combustion 4lans
in the auxiliary or prechamber, the fucl encryy release in the prechamber causes
the pressure there (o rise above Lhe main chamber pressure. Depending on com-
bustion chamber design and operatiog conditions, the prechamber pressure rises
to be 0.5 lo § atm above that in the main chamiber, This pressure difference
causes a flow of fuel, air, and burning and borned gases into the man chamber,
where additional cnevgy release new occurs, The analysis of the DI dievel tn the
previous seclion was based oa uniform presstire throughout the combustion
chamber. For ID1 engines the effect of the pressure differénce between the cham-
bers must usually be meluded,

Figure 10-13 shows an IDI combustion chamber divided. at the nozzle into
two open systems. Applying the first law [Eq, (10.1)] to the main chamber yields

do,_av, dm dU,a1, aes ll ee 10.14a dt + has dt dt (te
and to the auxiliary chamberyields

dO, dm. dm, dU;ez = le2 10.15)dt fa ut! dt dt (
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Here dm/dt is the mass flow rate between the chambers with positive flow from
the prechamber to the main chamber. If dm/dt > 0, hy, =h,; if dm/dt <0,
hy, = hy. If we define U, and U, as sensible internal energies and h, as the
sensible enthalpy of the fuel, then dQ,/dt and dQ,/d) represent the net heat-
release rates—the difference between the combustion energy-release rates and the
rates of heat transfer to the walls,

If we use an ideal gas model for the workingfluid in each chamber, with
Cy, Cy, and M constant, the relation p,V, = m,RT, and pV, = m, RT, can be
used to eliminate m and T from the dU/dt terms and, with the factthat he 5 =0,
can be used to write Eqs. (10.14) and (10.15) as

dQ; ? dV, 1 dp, dm
dt yo 1 Py dt y— 1 1 at Cp 2,1 dt (10. 16)

dQ, 1 dp, dm
2 wP2 T, |dt yn 2 ag + O88 Ge (10.17)

When Egg,(10.16) and (10.17) are added together, the term representing the en-
thalpy flux between the two chamberscancels out, and the following equation for
total net heat-release results:

4Q_42, 42, y a 1 dp..,dpa
dt dt dt ~y— 1 Pt dt + y-1 Y ata (10.18)

The comments made in the previous section regarding the interpretation of the
net heat release (it is the gross heat release due to combustion less the heat
transfer to the walls, and other smaller energy transfers due to crevices, fuel
vaporization, and heatup)also hold here.

In practice, Eq. (10.18) is dilficult to use since it requires experimental data
for both the main and auxiliary chamber pressures throughout the combustion
process. Access for two pressure transducers through the cylinder head is not
often available; even when access can be achieved, (he task of obtaining pressure
data from two different transducers under the demanding thermal loading candi-
ions found in IDI diesels, of sulficient accuracy such that the difference between
the pressures (of order 0.5 to 5 atm) at pressure levels of 60 to 80 atm can be
Wlerpreted, yequires extreme diligence in techwique,!’:'' Figure 10-I4a and b
shows apparent net heal-cclease rate profiles for an ID] diesel obtained using Bq.
(10.18) with » = 1.35."' Curves of dO/dt and dO/dé ave shown at three different
speeds and essentially constant [uel mass injected per eyele. While the absolute
heat-reledse rated increase With increasing speed, the relative rates are essentially
independent of speed, indicating that combustion rates, which depend on fiel-acr
Mixing rales, scale approximately wilh engine speed,

Equation (10.18) (or its equivalent) has been used assuming p. = p,; and
using either main chamber or auxiliary chamber pressure data alone, The error
associated with this approximation can be estimatedas follows. If we write Pp. =
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FIGURE10-14
Calculated net heat-release-rate profiles for IDI diesel engine at constant load (0.29 < @ < 0.32). (a)
Heat-relcase rate in kilowatts. (b) Heat-release rate in joules per degree.**

p, + Ap then Eq.(10.18) becomes

dQ y dV,
dt y—l?! at

If the last term is omitted, Eq. (10.19) is identical to Eq. (10.6) derived for the DI
diesel. Since the term V(dp,/dt)/(y — 1) is much larger than the first term on the
right-hand side of Eq.(10.19) during the early stages of the combustion process,
the error involved in omitting the last term is given to a good approximation by
[V/V + V2y]d(Ap)/dp,. In the initial stages of combustion this error can be quite
lures (of order 0.25 based on data in Ref, 10 close to TC). Later in the com-
bustion process it becomes negligible (of order a few percent after 20° ATC).°
Thus, neglecting Ap will lead to errors in predicting the initial heat-release rate.
The magnitude ofthe error will depend on the design of the combustion chamber
and on engine speed and load (with more restricted passageways, higher loads
and speeds, giving higher values of Ap and,therefore, greater error). Later in the
combustion process the erroris muchless, so /ntegrated heat-release data derived
ignoring Ap will show a smaller error.

A model analogous to the above, but using the approach of Krieger and
Borman? (see Sec. 10.4.2), for the TDI diesel has been developed and used by
Watson and Kamel.!° The energy conservation equation for an open system
developed in Sec. J4,2.2, with energy and enthalpy modeled using a consistent
dlatum(see Sec. 4.5.2), with appropriate models for convective and radiation heat
transfer and for gas properties, was applied to the main chamberandalso to the
prechamber. These equations were solved using accurately measured main
chamber and prechamber pressure data to determine the apparent rate of heat
release (here, the rate of fuel burning niultiplied by the fuel heating value) 10 the
main chamberand prechambersthrough the combustion process. The engine Was
a Ricardo Comet swirl chamber IDI design. Some results are shown in Fig:

V, + V, dpy V; (Ap)
y-1 dt y-1 di

(10.19)
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2 i
‘0.02 + 2

0 i |
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Crank angle, deg Crank angle, deg
(a) (6)FIGURE10-15

Calculated gross heat-release rates in IDI swirl-chamberdiesel engine at full load. 1 Prechamberheat
release. 2 Main chamber heat relenst. Top figures: integrated heat release. Bottom figures: heat-
release rate. (a) 1320 rev/min; (b) ZAK rew/min,!®

10-15. For this particular engine, at low engine speeds two-thirds of the heat
release occurs in the prechamber;at higher engine speeds about two-thirds of the
heat release occurs in the main chamber.

10.5 FUEL SPRAY BEHAVIOR

10.5.1 Fuel Injection a

The fue) is introduced into the cylinder of a diese! engine through a nozzle with a
large presaure differential across the nozzle orifice, The cylinder pressure at injec
lion is typically in the range 50 to 100 aun. Fuel injection pressures iw (he range
20) to 1700 atni are used depending on the engine size and type of combustion
System employed, These large pressure differences across the injector wozzle are
required so that the injected liquid fuel jet will enter the chamber at sufficrently
high velocity to (1) atomize into small-sized droplets to enable rapid evaporalion
and (2) traverse the combustion chamber in ihe time available and filly wtilize
the wir charge.

Examples of common diesel fuel-injection systems were described briefly in
Sec. 1.7 and illustrated in Figs, 1-17 to 1-19. (See also Refs. 12 and 13 far more
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518 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

extensive descriptions of diesel fuel-injection systems.) The task of the fuel-
injection system is to meter the appropriate quantity of fuel for the given engine
speed and load to each cylinder, each cycle, and inject that fuel at the appropriate
time in the cycle at the desired rate with the spray configuration required for the
particular combustion chamber employed.It is important that injection begin
and endcleanly, and avoid any secondary injections.

To accomplish this task, fuel is usually drawn from the fuel tank by a
supply pump, and forced through a filter to the injection pump. The injection
pumpsendsfuel under pressure to the nozzle pipes which carry fuel to the injec.
tor nozzles located in each cylinder head. Excess fuel goes back to the fuel tank,
Figures 1-17 and 1-19 show two common versions of fuel systems used with
multicylinder engines in the 20 to 100 kW per cylinder brake power range which
operate with injection pressures between about 300 and 1200 atm.

In-line injection pumps(Fig. 1-17) are used in engines in the 40 to 100 kw
per cylinder maximum power range. They contain a plunger and barrel assembly
for each engine cylinder. Each plunger is raised by a cam on the pump camshaft
and is forced back by the plunger return spring. The plunger strokeis fixed. The
plunger fits sufficiently accurately within the barrel to seal without additional
sealing elements, even at high pressures and low speeds. The amount of fuel
delivered is altered by varying the effective plunger stroke. This is achieved by
means of a control rod or rack, which moves in the pump housing and rotates
the plunger via a ring gear or linkage lever on the control sleeve. The plunger
chamber above the plunger is always connected with the chamber below the
plungerhelix by a vertical groove or bore in the plunger. Delivery ceases when
the plunger helix exposes the intake port (port opening), thus connecting the
plunger chamber with the suction gallery. When this takes place depends on the
rotational position of the plunger. In the case of a lowerhelix, delivery always
starts (port closing) at the same time, but ends soonerorlater depending on the
rotational position of the plunger. With a plunger with an upper helix, port
closing (start of delivery) not port opening is controlled by the helix and is varied
by rotating the plunger. Figure 1-18 illustrates how the plunger helix controls
fuel delivery.’*

Distributor-type fuel-injection pumps (such as that illustrated in Fig. 1-19)
are normally used in multicylinder engines with less than 30 kW per cylinder
maximum power with injection pressures up to 750 atm. These pumps have only
one plunger andbarrel. The pump plunger is made to describe a combined rotary
and stroke movementby the rotating cam plate. The fuel is accurately metered to
each injection nozzle in turn by this plunger which simultaneously acts as the
distributor. Such units are more compact and cheaper than in-line pumps but
cannot achieve such high injection pressures. The distributor-type fuel-injection
pump is combined with the automatic timing device, governor, and supply pump
to formasingle unit.

Single-barrel injection pumps are used on small one- and two-cylinder
diesel engines, as well as large engines with outputs of more than 100 kW per
cylinder. Figure 10-16 shows the layout of the injection system and a section
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Fuel-injection tubing 
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FIGURE10-16

Fuel-injection system with single-barrel pump. Left: system layout. Right; section through fuel-
injection pump. (Courtesy Robert Bosch GmbH and SAE")

Contro] rack

——- Plunger

— Plungerreturn spring
=~ — Control sleeve

~ Plunger control arm

~ Guide sleeve

through the fiel-inection pump.’Such pumps are driven by on duxiliary cam
on the erigme camshaft, Also used extensively on larger engines ure unit injectors
where the pump wd inctor noztle are combined mle a single wit, Aw example
ofUNL tijestor and its driving mecharism used on W linge tweestroke cycle
dicvel engine js shown in Fig, 10-17. Piel, supplied to the injector (hrowgh a
iol-distrthuling manifold, enters the vavity or plinger Chamber ahead of (he
plunger through a metering orifice. When fuel is to be injected, the cam via the
rocker arm pushes down the pliinger, closing the metering orilite and compres-
sing the fuel, causing it to flow through check valves and discharge into the
cylinder through the injector nozzles or orifices. The amountof fuel injected is
controlled by the rack, which controls the spill of fuel into the fuel drain manifold
by rotating the plunger with its helical relief section via the gear.

The most impertant part of the injection systum is the nozzle. Examples of
different fwiade Iypes and a nozzle lisller assembly are shown in Fig. 1-18. The
nozzles shown are fluid-controlled needle valves where the needle is forced
against the valve seat by a spring. The pressure of the fuel in (he pressure
chamber above the nozzle apertiire opens the nozzle by the axial force it exerts
on the conical surface of the nazale needle, Needle valves are used to prevenl
Jribble fram the sozales when injection is net ocewrrin. (Lis important to keep
the volore of fuct left between the needle and nozzle orifices (the sac: volume) as
Amal As possible to prevent any fuel Mowing into the evlinder aller injection is
Over, to control hydrocarbon emissions (see Sec. 11.4.4). Multihole nozzles are
Used with mos! direct-injection systems; the M.A.N. “M”system uses a single-
hole nove. Pinile nuzsles, where the needle prayests into and through the nozale
hole, ane yed in indirect-injection engine systems, The shape of the pin on the
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—— Plunger  
_- Spray tip

 
FIGURE10-17

Unit fuel injector and its driving mechanism, typically used in large diesel engines,15

end of the nozzle needle controls the spray pattern and fuel-delivery character-
istics. Auxiliary nozzle holes are sometimes used to produce an auxiliary smaller
spray to aid ignition and starting. Open nozzle orifices, without a needle, are also
used.

The technology for electronic control of injection is now available. In an
electronic injector, such as that shown in Fig, 10-18, a solenoid operated control
valve performs the injection timing and metering functions in a fashion analo-
gous to the ports and helices of the mechanical injector. Solenoid valve closure
initiates pressurization and injection, and opening causes injection pressure decay
and end of injection. Duration of valve closure determines the quantity of fuel
injected. The unit shown uses camshaft/rocker arm driven plungers to generate
the injection pressure, and employs needle-valve nozzles of conventional design.
Increasedflexibility in fuel metering and timing and simpler injector mechanical
design are important advantages.'°

Accurate predictions of fuel behavior within the injection system require
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FIGURE10-18

Electronically controlled unit fuel-injection system.*®

sophisticated hydraulic models: Hiroyasu'? provides an extensivereferencelist of
such models. However, approximate estimates of the injection rate through the
injector nozzles can be made asfollows. If the pressure upstream of the injector
nozzle(s) can be estimated or measured, and assuming the flow through each
nozzle is quasi steady, incompressible, and one dimensional, the mass flow rate of
fuel injected through the nozzle my is given by

thy = Cy dyn/2p, Ap (10.20)

Where A, is the nozzle minimum area, Cp the discharge coelfiaent, p, the fuel
density, and Ap the pressure drop across the nozale. If the pressure drop across
the uovele and the nazzle open area are essentially constant during the injection
Period, the massoffuel injected is then

AG

360.N

 

my = Cy A,,/2p, Ap (10.21)

Whine AM is (he nozzle Open pertod in erank angle degrees and N 1s engine speed.
Equations (10.20) und (J0.21) Hlusirate the dependence of injected wmouyts of fuel
On Injection ayslem and eninge parameters,
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FIGURE10-19

Schematicofdieselfuel spray defining ity major parameters.*®

10.5.2 Overall Spray Structure

The fuel is introduced into the combustion chamber of a diesel engine through
one or more nozzles or orifices with a large pressure differential between the fuel
supply line and the cylinder. Different designs of nozzle ure used (e.g., single-
orifice, multiorifice, throttle, or pintle; see Fig. 1-18), depending on the needs of
the combustion system employed. Standard diesel injectors usually operate with
fuel-injection pressures between 200 and 1700 atm, At Lime of injection, the air in
the cylinder has a pressure of 50 io 100 atm. temperature about 1000 K, and
dently between 15 and 25 kg/m*, Nozzle diameters cover the range 0.2 to | mm
diameter, with Jengih/Wameter ratios from 2 18. Typical distillate diese! fuel
properties are: relative specific gravity of (1.8, viseosily between Jand 10 kp/m-5
andl siirface tension about 3 = 10°? N/m (at 300 K). Figure 10-19 illustrates the
structure of a typical DI engine fuel spray. As the hyuidl jet leaves (he orale if
bevomes tuctbulent and spreads ont as it entrains and mixes withthe sucrounding
ii, The initial jet velocity is greater than 10? m/s. The outer surface of the jee
breaks up inte drops of order 10 xm diameter, close to the nozale exit. The Liquid
columm leaving the nozzle disinicyrates wilhin the cylinder @yer # finite lengtli
called the breakup length tate drops of different stzes, As one moves awty from
(he nozzle, the mass of air within the spray increases, the spray diverges, ils width
increases, and the velocity decreases. The fuel drops evaporate as (his alr
entrainment process proceeds, The tip of the spray penetrates further inte the
combustion chamberas injection procegds, but ata decreasing rae, Figure 10-0
shows photographs of a diesel fuel spray injected into quiescent air ny a rapid
compression machine which simulates diesel conditions,!* Two different phar
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2 3 3.3 3.5 ms FIGURE10-20

orm Shadowgraph and back-illuminated pho-
tographs of evaporating spray injected into
nitrogen at 3.4 MPa and 670K in rapid-
compression machine. Times in milliseconds
are after start of injection: injection duration
3.3ms. Top (shadowgraph) photographs
show full vapor and liquid region. Bottom
(back-illuminated) photographs only show
liquid-containingcore.'°

 
50

2 3 3.3 3,5 ms

tographic techniques, back lighting and shadowgraph,t have been used to
distinguish the liquid-containing core of the jet and the extent of the fuel vapor
region of the spray which surrounds theliquid core. The region ofthe jet closest
to the nozzle (until injection ceases at 3.3 ms) contains liquid drops andliga-
ments; the major region of the spray is a substantial vapor cloud around this
narrow core which containsliquid fuel.

Different spray configurations are used in the different diesel combustion
systems described earlier in this chapter. The simplest configuration involves
multiple sprays injected into quiescentair in the largest-size diesels (Fig. 10-1a).
Figures 10-19 and 10-20 illustrate the essential features of each spray under these
circumstances until interactions with the wall occur. Each liquid fuel jet atomizes
into drops and ligamentsat the exit from the nozzle orifice (or shortly thereafter).
The spray entrains air, spreads out, and slows down asthe massflow in the spray
increases. The droplets on the outer edge of the spray evaporatefirst, creating a
fuel vapor—air mixture sheath around the liquid-containing core. Thehighest
velocities are on the jet axis. The equivalence ratio is highest on the centerline
{and fuel-rich along most of the jet), decreasing to zero (unmixed air) at the spray
boundary, Once lhe sprays have penetrated (o the outer regions of the com-
bustion chamber, they interact with ihe chamber walls. The spray is then forced
to flow tangentially along the wall. Eventually the sprays from multihole nozzles

 

+ The back lighting identifies regions where sufficient liquid fuel (as ligaments or drops) is present to
‘ttenuiie the light, The shadowgraphtechnique responds to density gradients in the test section, so it
\denitities regions where fuel vaporexists.
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FIGURE10-21

Sketches of outer vapor boundary of diesel fuel spray
from 12 successive frames of rapid-compression-

machine high-speed shadowgraph movie showing  
 

chamber wall

  
 

-3 Td interaction of vaporizing spray with cylindrical walt of

| 0 \ 2 3 4 5 combustion chamber. Injection pressure 60 MPa.
I Radius, cm Time between frames 0.14 ms.?°I |

 
interact with one another. Figure 10-21 showsdiesel fuel sprays interacting with
the cylindrical outer wall of a disc-shaped combustion chamber in a rapid-
compression machine, under typical dicvel-injection conditions. The cylinder wall
causes the sprayto split with abouthalf flowing circumferentially in either direc-

ll tion. Adjacent sprays then interact forcing the flow radially inward toward the
chamberaxis.”°

Mostof the other combustion systemsin Figs. 10-1 and 10-2 use air swirl to
| increase fuel-air mixing rates. A schematic of the spray pattern which results

when a fuel jet is injected radially outward into a swirling flow is shownin Fig.
10-22. Because there is now relative motion in both radial and tangential direc-
tions between the initial jet and the air, the structure of the jet is more complex.
As the spray entrains air and slows down it becomesincreasingly bent toward the
swirl direction; for the same injection conditionsit will penetrate less with swirl
than without swirl. An important feature of the spray is the large vapor-

| containing region downstreamof the liquid-containing core. Figure 10-25 shows
1 schlieren photoxraphsof four tuel jets injected on the axis of an IDIdiesel cugine

— Nozzle hole

 
Core Upstream edge

~~~

Paes \
/ FIGURE 1-22

| / Schematic af (acl spray injected radially oubward
|| aA / J from the chamber axis inte swirling air How, Shape2 f  Airswirtl of equivalence rats (ib) distribution within jot Is 

Downstream edge .~ “ indicated. 
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- 
FIGURE10-23

Schlieren photographsof vaporizing sprays injected into swirling air flow in transparent prechamber
of special IDI diesel." Left: high sensitivity, showing boundaries of the vapor regions of spray. Right:
low sensitivity, showing liquid-containing core (dark) in relation to vaporregions (mottled).

prechamber with high clockwise swirl. The photograph on theleft, with high
sensitivity, shows the outer boundary of the fuel vapor region of the spray; the
low-sensitivity photograph on the right locates (he liquid phase vepgions of the
spray?! The interaction between the swirl and both liquid and yapor spray
regions 18 evident, as is Wie spray interaction with (he chamber wall,

Other spray flow patterns are used, The spray may enter the swirling air
flow tangentially as ia the M.A.N, ““M"system shown in Pig. 10-1¢. The spray
then interacts immediately with the combustion chamber walls

To couple the spray-development process with the ignition phase of the
combustion,it is important to know which regions of the spray contain the fuel
injected at the beginningof the injection process. These regions of the sprays are
likely lo autoignite first. Each spray develops as follows. At the start of injection
the liquid fuel enters the quiescent air charge. atomizes, moves outward tromthe
nozzle, and slows down rapidly as air is entrained into the spray andaccelerated.
This start-up process forms a vortex or “pull" at the head of the spray. The
injected fuel which follows encounters less resistance; thus drops from that fuel
overtake (he droys from first-injected fuel forcing Ubem ourwanl (oward the per-
Iphery of the spray. Al the Up of the unsteady speay the drops meet the highest
dcrodyiamic resistance and slaw duwn, but the spray continues to penetrate tbe
at charge beeanse droplets retarded at the tip are continually replaced by mew
ligbermoamentum later-injected drops’? Accordingly, droplets in ihe periphery
of ie spray and behind the tip af (he spray come (ram (he earliest injeeted fuel.2"
As Figs, 10-20 and 10-23 indicate, these drups evaporaie quickly:

10.5.3 Atomization

Underdiesel engine injection conditions, the fuel jet usually forms a cone-shaped
Spray iit che novvle exit. This type of belivior is classified as (he atomization
breskup repine, ard it produces droplets with sizes very much less than the
nozzle exit diameter, This behayior is different from other modes of liquid jet

 
FORD Ex. 1125, page 73

IPR2020-00013



FORD Ex. 1125, page 74
                       IPR2020-00013

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
  
  

 
 
 

 

    

526 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

breakup. At low jet velocity, in the Rayleigh regime, breakup is due to the
unstable growth of surface waves caused by surface tension and results in drops
larger than the jet diameter. As jet velocity is increased, forces due to the relative
motion of the jet and the surrounding air augment the surface tension force, and
lead to drop sizes of the order of the jet diameter. This is called the first wind-
induced breakup regime. A further increase in jet velocity results in breakup
characterized by divergence of the jet spray after an intact or undisturbed length
downstream of the nozzle. In this second wind-induced breakup regime, the

unstable growth of short-wavelength waves induced by the relative motion
between the liquid and surrounding air produces droplets whose averagesize is
muchless than the jet diameter. Further increases in jet velocity lead to breakup
in the atomization regime, where the breakup of the outer surface of the jet
occurs at, or before, the nozzle exit plane and results in droplets whose average
diameter is much smaller than the nozzle diameter. Aerodynamic interactions at
the liquid/gas interface appear to be one major component of the atomization
mechanism in this regime.??: 74

A sequence of very short time exposure photographs of the emergence of a
liquid jet from a nozzle of 0.34 mm diameter and L,/d, = 4 into high-pressure
nitrogen at ambient temperature is shown in Fig. 10-24. The figure shows how
the spray tip penetrates and the spray spreads during the early part of its
travel.25 Data such as these were used to examine the dependence of the spray
development on gas and liquid density, liquid viscosity, and nozzle
geometry.2*-?° The effects of the most significant variables, gas/liquid density
ratio and nozzle geometry, on initial jet spreading angle are shownin Fig. 10-25.
For a given geometry (cylindrical hole and length/diameter = 4), the initial jet
spreading or spray angle increases with increasing gas/liquid density ratio as
shown in Fig, 10-25a. Typical density ratios for diesel injection conditions are
between 15 x 107? and 30 x 1073. Of several different nozzle geometry param-
eters examined, the length/diameter ratio proved to be the most significant(see
Fig. 10-256).

Forjets in the atomization regime, the spray angle 9 was found to follow
the relationship

é@ 1 p. 12/3~=— 4,2) 10.22tana an(22) 5 ( )
where p, and p, are gas and liquid densities and A is a constant for a given nozale
veometry.t The data in Fig. 10-25a are fitted by 4 = 4.9, This behavior is
accord with the theory that aecodynamic interactions are largely responsible lor
jet breakup. Note that the data in Fig, 10-255 show a continuous trend as the jel
breakup regime makes a transition from second wind-induced breakup (solid

 

{ An empirical equation for A is A = 3.0 + 0.28 (L,/d,), where L,/d,is the length/diameter ratio of[lit
nozzle.?*
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Steady state
FIGURE10-24

Miologupls showin initial emorience and steady tate (bottom right) of high-pressure liquid spray.
Nine between Crimes 21 ws. tipi; water. Gas: nitrogen at 1380 kPa. Ap across j\v7it 11 MPa.
Novely diameter (44 wim.25

symbols) (0 atomization regune breakup (open symbals). The erowth of wero-
dynumic surkice waves is known to be responsible for jet breakup in the seeond
wit-iiduced breakup repime, Such a mechanism can explain the ubserved dala
trends in the atomization regime, if an additional mechanism is invoked to
explain nozzle geometry effects. Que possible additional mechanism is liquid
Savitation. A criterion for the onset of jet atomization at the nozzle exit plane was
developed. For (apMRey We)? > 1 (which is true for distillate fuel injection
applications) (he design criteriwn is

1/2
p(®) <k (10.23)Po
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| (b)FIGURE 10-25
| (a) Initial spray angle of atomizing jets versus density ratio (9,/2,= gas density/lquid density) [oF

fixed poze geometry shown Vanous fluids and guises al liquid pressures of 34-92 MPa. Noval
dianreters , = 0.254, 0.343, and 6.61 mm.” (b) Initial spray angle versus density ratio for 4 wide
range of nvzle geometries. L,/d, = nozzle length/diameter roto (RE = rounded inlet geometry). Soll

| symbols indicate jets which break up and diverge downstream of nozzle exit. Open sym pols inelicate
jet breakup at nozzle exit.?*
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wherek is itn ermpirical constant depending on nozzle geometryin the range 6 to
12 (k = 18.3/,/ A).

Jet breakup (rends can be summarized as follows, The initial jet divergence
angles increase with increasing gas density. Divergence begins progressively
closer to the nozzle as gas density increases wutil it reaches the nozzle exit. Jet
divergence angles increase with decreasing fuel viscosity; divergence begins at the
nozzle exit once the liquid viscosity is below a certain level. Nozzle design affects I
the onset of the jet atomization regime. Jet divergence angles decrease with
increasing nozzle length. For the same length, rounded inlet nozzles produceless |
divergent jets than sharp-edged inlet nozzles. Theinitial jet divergence angle and
intact spray length are quasi steady with respect to changes in operating condi-
tions which occur on time scales longer than about 20 ys.2° Note that while all |
these results were obtained under conditions where evaporation was not
occurring, the initial spray-development processes are not significantly affected
by evaporation (see Sec. 10.5.6).

  
,ay .

10.5.4 Spray Penetration

The speed and extent to which the fuel spray penetrates across the combustion
chamber has an important influence onair utilization and fuel-air mixing rates.
In some engine designs, where the walls are hot and high air swirl is present, fuel

. impingement on the walls is desired. However, in multispray DI diesel com- !
bustion systems, overpenetration gives impingement ofliquid fuel on cool sur-

| faces which,especially with little or no air swirl, lowers mixing rates and increases
emissions of unburned andpartially burned species. Yet underpenetration results

| in poorairutilization since the air on the periphery of the chamber does not then
contact the fuel. Thus, the penetration of liquid fuel sprays under conditions
typical of those found in diesel engines has been extensively studied.

Manycorrelations based on experimental data and turbulent gas jet theory
have been proposed for fuel spray penetration.’ These predict the penetration S$
of the fuel spray tip across the combustion chamberfor injection into quiescent
air, as occurs in larger DI engines, as a function of time. An evaluation of these
correlations”’ indicated that the formula developed by Dent,?® based on a gasjet
mixing model for the spray, best predicts the data:t

1/4 794 1/4S= 207(22) tay (10.24)Py I, y

Where Ap is the pressure drop across the iozzle,t is time after the start ofinjec-
hon, and d, is the nozzle diameter. All quantities are expressed in SI units: t in

=pas densily/liquid densily! for
pressures of 34-92 Ma Noazle
© versus density ratio far 4 wide
= younded inlet geometry): Solid _ 2 ___

ozzle exit, Open uymbols inlicals t For nozzles where 2< Ll, <4, and for t>0.5 ms. At exceptionally high chamber densities
{P > 100 wim) Eq. (10.24) overpredicts penctration.
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FIGURE10-26

Spraytip penetration as function of time at various ambient pressures (p,) and injection pressures (p,).
Fueljets injected into quiescent air at room temperature.”°

seconds, S and d, in meters, Ap in pascals, p, in kilograms per cubic meter, and T,
in kelvins.

Moredetailed studies have examined the spray tip location as a function of
time, following start of a diesel injection process in high-pressure bombs. Data
taken by Hiroyasu et al.,?? shown in Fig. 10-26, illustrate the sensitivity of the
spray tip position as a function of time to ambient gas state and injection pres-
sure for fuel jets injected into quiescent air at room temperature. These data show
that the initial spray tip penetration increases linearly with lime ¢ (ie., the spray
tip velocity is constant) and,following jet breakup, then increase as Jt. Injection
pressure has a more significant effect on the initial motion before breakup;
ambient gas density has its major impact on the motion after breakup. Hiroyasu
et al. correlated their data for spray tip penetration S(m) versus time as

2Ap\ 2t < threak: S= a39(42) tE
.25

Ap\"4 (10.25)t > tyreak S= 293{2?) (d, t)t!?Pg

where

29p,d,‘break = een (10.26)
(p, Ap}?

and Ap is the pressure drop across the nozzle (pascals), p, and p, are the liquid
and gas densities, respectively (in kilograms per cubic meter), d, is the nozzle
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FIGURE10-27

(a) Measured outer boundaryof sprays injected into swirling air flow. (6) Spray tip penetration as a
function oftime for different swirl rates. Solid lines show Eq.(10.27).7°

diameter (meters), and ¢ is time (seconds). The results of Reitz and Bracco? indi-
cate that the breakup or intact length depends on nozzle geometry details in
addition to the diameter (see Fig. 10-255). Note that under high injection pres-
sures and nozzle geometries with short length/diameter ratios, the intact or
breakup length becomes very short; breakup can occurat the nozzle exit plane.

The effect of combustion air swirl on spray penetration is shown in Fig.
10-27, Figure 10-27a shows how the spray shape and location changesas swirl is
increased; Fig. 10-27b shows howspraytip penetration varies with time and swirl
tate.2° These authors related their data on spray tip penetration with swirl, S,,
through a correlation factor to the equivalent penetration, S, without swirl given
by Eq.(10.25):

8, aR NS\7 4
= mu 10.5 (1+ 400, ) (10.27)

  

—
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532 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

where R,is the swirl ratio which equals the swirl rate in revolutions per minute
divided by the engine speed N (revolutions per minute), and v, is the initial fue]
jet velocity (meters per second). The curves in Fig. 10-27b correspond to Eq,
(10.27). Swirl both reduces the penetration ofthe spray and spreads out the spray
more rapidly.

10.5.5 Droplet Size Distribution

Previous sections in Sec. 10.5 have discussed the overall characteristics of the
diesel engine fuel spray—its spreading rate and penetration into the combustion
chamber. While the distribution of fuel via the spray trajectory throughout the
combustion chamber is important, atomization of the liquid fuel into a large
number of small drops is also necessary to create a large surface area across
which liquid fuel can evaporate. Here we review how the dropsize distribution in
the fuel spray depends on injection parameters and the air and fuel properties,
Since the measurement of droplet characteristics in an operating diesel engine is
extremely difficult, most results have come from studies of fuel injection into
constant-volume chambers filled with high-pressure quiescent air at room tem-
perature.

During the injection period, the injection conditions such as injection pres-
sure, nozzle orifice area, and injection rate may vary. Consequently, the droplet
size distribution at a given location in the spray may also change with time
during the injection period. In addition, since the details of the atomization
process are different in the spray core and at the spray edge, and the trajectories
of individual drops depend on their size, initial velocity, and location within the
spray, the drop size distribution will vary with position within the spray.?° None
of these variations has yet been adequately quantified.

The aerodynamic theory of jet breakup in the atomization regime sum-
marized in Sec. 10.5.3 (which is based on work by G. I. Taylor) leads to the
prediction that the initial average drop diameter D, is proportional to the length
of the most unstable surface waves :2?

ner ;
D,=C— 4* (10.28)

 

fy De

where a is the liquid-fuel surface tension, p, is the gas density, v, is the relative
velocity between the liquid and gas (taken as the meaninjection velocity v,), C is
a constant of order unity, and A* is the dimensionless wavelength of the fastest
growing wave. 1* is a function of the dimensionless number (p)/),)(Rey/We))
where the jet Reynolds and Weber numbers are given by Re, = pr, dy//4 and
We, = jjvzd,/o and d, is the nozzle orifice diameter. 2* goes to 3/2 as this
number increases above unity. Near the edge of the spray close to the nozzle, this
equation predicts observed drop size trends with respect to injection velocity, fuel
properties, nozzle L/d, and nozzle diameter, though measured mean drop sizes
are larger by factors of 2 to 3.3° However, within the dense early regionof the
spray, secondary atomization phenomena—coalescence and breakup-—occur
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FIGURE10-28

Droplet size distribution in diesel fuel spray injected through throttling pintle nozzle into quiescent
room-temperature air at 11 atm, Nozzle opening pressure 9.9 MPa. Pump speed 500 rev/min. Drop-
lets are sampled well downstream ofinjector at given radial distances from spray axis.>*

which will change the droplet size distribution and mean diameter. The down-
stream drop size in the solid-cone sprays used in diesel-injection systems is mark-
edly influenced by both drop coalescence and breakup. Eventually a balanceis
reached as coalescence decreases (due to the expansion of the spray) and breakup
ceases (due to the reduced relative velocity between the drops and the entrained
gas).3!

Measurements of droplet size distributions within a simulated diesel spray
indicate how size varies with location. Figure 10-28 shows the variation in drop
size distribution with radial distance from the spray axis, at a fixed axial location.
The drop sizes were measured with a liquid immersion technique where a sample
of dropsis collected in a small cell filled with an immiscible liquid. Size distribu-
tions can be expressed in terms of:

1, The incremental number of drops An within the size range D,; — AD,/2 <
D, < Dy + AD,/2

2. The incremental volume AV ofdropsin this size range
3, The cumulative number ofdrops n less than a given size D,
4. The cumulative volumeV ofdropsless than a given size D,

Since the drops are spherical:
dn 6 aV

dD, = D3 aD, (10.29)
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Droplet diameter <4Dn

FIGURE10-29

Normalized drop-size cumulative frequency distribution in spray injected into ambient-temperature
air for air pressures from 0.1 to 5 MPa, Throttling pintle nozzle with nozzle opening pressure of
9.9 MPa. Median drop diameter D,, = 1.224D.,,.>?

The distributions shown in the figure are frequency distributions of drop
volume.*? The peak in the distribution shifts to larger drop diameters as the
radial position decreases: on average, the drops are smaller at the periphery of
the spray.

To characterize the spray, expressions for drop size distribution and mean
diameter are desirable. An appropriate and commonly used mean diameteris the
Sauter mean diameter:

Dew = (fo in\/({ Di an) (10.30)
where dn is the number of drops with diameter D, in the range D, — dD,/2 <
D,< D,+ dD,/2. The integration is usually carried out by summing over an
appropriate number of drop size groups. The Sauter mean diameter is the diam-
eter of the droplet that has the same surface/volumeratio as that of the total
spray.

Various expressions for the distribution of drop sizes in liquid sprays have
been proposed. One proposed by Hiroyasu and Kadota?” based on the chi-
square statistical distribution fits the available experimental data. Figure 10-29
shows how the chi-square distribution with a degree of freedom equal to8fits
well to experimental measurements of the type shown in Fig, 10-28. Here D,, is
the median drop diameter which for this chi-square curve is 1.224D,,,. The non-
dimensional expression for drop size distribution in sprays injected through hole
nozzles, pintle nozzles, and throttling pintle nozzles given by the chi-square dis-
tribution is

V D,\> D. Dd = 134 “) exp| x( )ki “) (10.31)V Dew Dsy Dsuy
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FIGURE10-30

Effect of fuel-injection pressure and nozzle geometry and size on Sauter mean drop diameter. (a)
(fect of nozzle length/diameter ratio L,/d, and injection pressure. (b) Effect of nozzle diameter d, and
injection pressure.!®

An empirical expression for the Sauter mean diameter Dgy (in micrometers) for
typical diesel fuel properties given by Hiroyasu and Kadota*?is

Dsy = A(Ap) 9125p2-1? ye-132 (10.32)

where Ap is the mean pressure dropacross the nozzle in megapascals, p, is the air
density in kilograms per cubic meter, and V, is the amountoffuel delivered per
cycle per cylinder in cubic millimeters per stroke. A is a constant which equals
25.1 for pintle nozzles, 23.9 for hole nozzles, and 22.4 for throttling pintle nozzles.
Other expressions for predicting Dg, can be found in Ref. 17.

The effects of injection pressure, nozzle geometry and size, air conditions,
and fuel properties on Sauter mean diameter in sprays obtained with diesel fuel-
injection nozzles have been extensively studied. Various immersion, photo-
graphic, and optical techniques for making such measurements have been used.*”
Some of the major effects are illustrated in Figs. 10-30 and 10-31 which show
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a of (a) liquid viscosity v and (6) liquid siirface tension o on Sawier mean drop diameter as a
Unclion of injection pressure. Air conditions: 3 MPa and ambient temperature.'?
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536 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

average Sauter mean diameters determined optically from studies of steady diese]
fuel sprays in a pressurized vessel. Figure 10-30 shows that nozzle size affects the
mean drop size in the expected direction. Nozzle length/diameter ratio is also
shown to be important: an L,/d, = 4 gives the minimum mean dropsize at low
and intermediate injection pressures. This L,/d, also corresponds to the minimum
value of spray breakup length and to the maximum spray cone angle. Fuel vis-
cosity and surface tension also affect mean drop size as shownin Fig. 10-31, with
the effects being most significant at lower injection pressures.

10.5.6 Spray Evaporation

The injected liquid fuel, atomized into small drops near the nozzle exit to form a
spray, must evaporate before it can mix with air and burn. Figure 10-20 showed
the basic structure of an evaporating diesel spray under conditions typical of a
large direct-injection engine. Back illumination showed that a core exists along
the axis of the spray where the liquid fuel ligaments or drops are sufficiently
dense to attenuate the light beam. Once the start-up phase of the injection
process is over, the length of this core remains essentially constant until injection
ends. This core is surrounded by a much larger vapor-containing spray region
which continues to penetrate deeper into the combustion chamber: the core
extends only partway to the spray tip. Additional insight into the physical struc-
ture of evaporating sprays can be obtained from the schlieren photographs taken
just after the end of injection in a prechamber engine with air swirl, shownin Fig,
10-32. The lowest magnification picture (A) shows the overall structure of the
spray. The only liquid-containing region evident is that part of the core nearest
the nozzle which showsblack on the left of the photograph. The spreading vapor
region of the spray, carried around the chamberby the swirling air flow, appears
mottled due to local turbulent vapor concentration and temperature fluctuations.
The dark region within the spray vapor region is due to soot formed where the
fuel vapor concentration is sufficiently high. It is probable that, after the breakup
length, the dense black liquid core of the spray is composed of individual droplets
but the concentration is so high along the optical path that the light beamisfully
extinguished. However, the last part of the core close to the nozzle tip (B) dis-
perses sufficiently for individual features to be resolved. The small black dots are
liquid fuel drops in the size range 20 to 100 ym. Fuel drop vaportrails can be
observed in the highest magnification photo (C) corresponding to various stages
of evaporation. These range from drops showing little surrounding vapor to
vapor trails with little liquid remaining at the head. The vapor trails show
random orientations relative to the spray axis, presumably due to local air turbu-
lence. The process of droplet evaporation under normal engine operating condi-
tions appears to be rapid relative to the total combustion period.”!

Let us examine the drop evaporation process in more detail. Consider a
liquid drop at close to ambient temperature injected into air at typical end-of
compression engine conditions. Three phenomena will determine the history of
the drop under these conditions:
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FIGURE10-32

Shadowgraph photographs at three magnifications taken just after the end of injection ofdiesel-fuel
spray into swirling air flow in prechamber of special diesel engine Nozzle hole diameter = 0.25 mm.?!

1. Deceleration of the drop due to aerodynamic drag
2. Heattransfer to the drop from theair
3. Masstransfer of vaporized fuel away from the drop

      
 

FORD Ex. 1125, page 85
IPR2020-00013



FORD Ex. 1125, page 86
                       IPR2020-00013

 

 
 

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

  

538 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

 
 

Diameter

‘Tompearatire

 
Q from air

 
 

Time

 

FIGURE10-33

Schematic of variation of mass, diameter, tem-
perature, evaporation rate, heat-transfer rate from
air, and heat-transfer rate to liquid drop core as
function of time during evaporation process of
individual drop in diesel environment at the time
of injection.

As the droplet (emperuture increases due to heat transfer, the fuel vapor pressure
increases and the evaporation rate increases, Ax the mass transfer rate of Vapiar
away from the drop iereases, so the fraction ofthe heat transferred lo the drop
surface which is available (o increase further the drop temperature decreases, Ay
the drop velocity decreases, the convective heat-transfer coefficient between the
air and the drop decreases, The combination of these factors gives the behavior
shown in Fig. 10-33 where drop mass, temperature, velocity, vaporization rule,
and heat-transfer rate fromthe air are shown schematically as a function of time
following injection.°* Analysis of individual fuel drops 25 am in diameter,
injected into air at typical diesel conditions, indicates (hut evaporation limes are
usually less than 1 ms.**

Such an analysis is relevant to drops that are widely separated (e.g., at the
edge of the spray). In the spray core, where drop number densities are high, the
evaporation process has a significant effect on the temperature and fuel-vapor
concentration in the air within the spray. As fuel vaporizes, the local air tem-
perature will decrease and the local fuel vapor pressure will increase. Eventually
thermodynamic equilibrium would pertain: this is usually called adiabatic satura-
tion.? Calculated thermodynamic equilibrium temperatures for diesel spray con-
ditions are plotted in Fig. 10-34 as a function of the fuel/air mass ratio for
n-dodecane and n-heptane. The initial liquid fuel temperature was 300 K. The
ratio of fuel vapor to air mass at these equilibrium conditionsis also shown. To
the left of the peaks in the m,,/m, curves, only fuel vapor is present. To the right
of these peaks, liquid fuel is also present because the vapor phaseis saturated.*°
Liquid fuel vaporization causes substantial reductions in gas temperature. While
this equilibrium situation may not be reached within the spray, these results are
useful for understanding the temperature distribution within an evaporating
spray.

To quantify accurately the fuel vaporization rate within a diesel fuel spray
requires the solution of the coupled conservation equations for the liquid drop-
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Adinbatic-raruenion coniitions for equilibrium muxuives farmed by injecting A-dedeeane anal i
hepa initially liquid at 300 1K, into air at initial lemoperatire J, between G00 wu (200 K and inigat
density 6.5 kg/m? Equilibrium mixture temperature (7) and patio of fuel Vapor TMS 1),EO Ane riba
im,) show) ve function of mitia al (otal fuel mase m, (omy. Fel vapor only present tO left of peaks in
Hii, curves liquid fel also present to (ight of peaks,

lets and the air within the combustion chamber. Various phenomenological
models and computational fluid dynamic models have been developed for this
purpose (see Secs. 14.4.3 and 14.5.5). In the most sophisticated of these, the spray
is assumed to be composed of discrete computational particles each of which
Tepresents a group of droplets of similar size, temperature, etc. The distribution
functions in droplet size, velocity, temperature, etc., produced by the fuel injector
are statistically sampled and the resulting discrete particles are followed along
lagrangian trajectories as they interact and exchange mass, momentum, and
energy with the surrounding gas, Drops interact directly with each other via
collisions andindirectly via evaporation by modifying the ambient vapor concen-
tration and gas temperature. Studies with such models indicate that, under
normal diesel engine conditions, 70 to 95 percent of the injected fuel is in the
vapor phase at the start of combustion. Evaporation is more than 90 percent
complete after 1 ms. However, only 10 to 35 pereent of (he vaporized fuel has
mixed to within flaminability limits in a typical Inedium-speed DI diesel engine.
Thus combustionis largely mixing-limited, rather than evaporation-limited.°* Of
course, under cold-starting conditions, evaporation becomes a major constraint.

10.6 IGNITION DELAY

10.6.1 Definition and Discussion

The ignition delay in a diesel engine was defined as the time (or crank urigle)
terval tretween the start of injection and the start of combustion. The start of
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injection is usually taken as the time when the injector needle lifts off its seat
(determined by a needle-lift indicator). The start of combustion is more difficult
to determine precisely. It is best identified from the change in slope of the heat-
release rate, determined from cylinder pressure data using the techniques
described in Sec. 10.4, which occurs at ignition. Depending on the character of
the combustion process, the pressure data alone may indicate when pressure
change due to combustion first occurs; in DI engines under normal conditions

ignition is well defined, but in IDI engines the ignition point is harderto identify,
Flame luminosity detectors are also used to determine the first appearance ofthe
flame. Experience has shown that under normal conditions, the point of appear.
ance of the flame is later than the point of pressure rise and results in greater
uncertainty or error in determining the ignition point.

Both physical and chemical processes must take place before a significant
fraction of the chemical energy of the injected liquid fuel is released. The physical
processes are: the atomization of the liquid fuel jet; the vaporization of the fuel
droplets; the mixing of fuel vapor with air. The chemical processes are the pre-
combustion reactions of the fuel, air, residual gas mixture which lead to autoigni-
tion. These processes are affected by engine design and operating variables, and
fuel characteristics, as follows.

Good atomization requires high fuel-injection pressure, small injector hole
diameter, optimum fuel viscosity, and high cylinder air pressure at the time of
injection (see Sec. 10.5.3). The rate of vaporization of the fuel droplets depends on
the size of the droplets, their distribution, and their velocity, the pressure and
temperature inside the chamber, and the volatility of the fuel. The rate of fuel-air
mixing is controlled largely by injector and combustion chamber design. Some
combustion chamber and piston head shapes are designed to amplify swirl and
create turbulence in the air charge during compression. Some engine designs use
a prechamberor swirl chamber to create the vigorous air motion necessary for
rapid fuel-air mixing (see Sec. 10.2). Also, injector design features such as the
number and spatial arrangement of the injector holes determine the fuel spray
pattern. The details of each nozzle hole affect the spray cone angle. The penetra-
tion of the spray depends on the size of the fuel droplets, the injection pressure,
the air density, and the air-flow characteristics. The arrangement of the sprays,
the spray cone angle, the extent of spray penetration, and the air flow all affect
the rate of air entrainment into the spray. These physical aspects offuel-injection
andfuel-spray behavior are reviewed in Sec. 10.5.

The chemical componentof the ignition delay is controlled by the precom-
bustion reactions of the fuel. A fundamental discussion of autoignition or sponta-
neous hydrocarbon oxidation in premixed fuel-air mixtures is given in Sec. 9.6.2.
Since the diesel engine combustion process is heterogeneous, its spontaneous
ignition process is even more complex. Though ignition occurs in vapor phase
regions, oxidation reactions can proceed in the liquid phase as well betweeo the
fuel molecules and the oxygen dissolved in the fuel droplets. Also, cracking of
large hydrocarbon molecules to smaller molecules is occurring. These chemical
processes depend on the composition of the fuel and the cylinder charge tem-
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perature and pressure, as well as the physical processes described above which
govern the distribution of fuel throughout theair charge.

Since the tgnilion characteristics of the foe! affect the igmtion delay, tils
property ofa fel is very Iitiportant in determining diesel engine operating char-
welensti¢s such as fucl conversion efficiency, amoothness of operatiag, mistire,
SInGKE emussions, woise, and case of starting. The ignition quality of a fuel is
defined by jts celane number. Cetane number is determined by comparing the
ignition delay of the fuel with that of primary reference fue) mixtures in w stan-
dardized engine test (see below). For low cetane fuels with tao long an iaLlien
delay, most of the fuet is mjected before ignition occurs. which results in very
rapid burming rates once combustion starts with high rates of pressure rise and
high peak pressures. Under extreme conditions, when autoignition of most of the
injected fuel occurs, this produces an audible knocking sound,often referred to as
“diesel knock.” For fuels with very low cetane numbers, will an exceptionally
lon delay, ignition may occursufficiently Jate in the expansion process for the
burning process to be quenched, resulting in incomplete combustion, reduced
power output, and poor fuel conversion efficiency. For higher cetane number
fuels, with shorter ignition delays, ignition occurs before most of the fuel is
injected. The rates of heat release and pressure rise are then controlled primarily
by the rate of injection and fuel-air nuxing, and smoother envine operition
results.

10.6.2 Fuel Ignition Quality

The ignition quality of a diesel fuel is defined by its cetane number. The method
used to determine the ignition quality in terms of cetane numberis analogous to
that used for determining the antiknock quality of gasoline in terms of octane
number. The cetane numberscale is defined by blends of two pure hydrocarbon
reference fuels. Cetane (n-hexadecane, C,,H44), a hydrocarbon with high ignition
quality, represents the top of the scale with a cetane numberof 100. Anisocetane,
heyiatmethylnonane (HMN), which has a very low ignition yualily, represents the
bottom of the scale with a cetane number of 15.¢ Thus, cetane numbel (CN)is
given by

CN = percent n-cetane + 0.15 x percent HMN (10.33)

The ening used in celane number determination is a standardized Siniele-
cylinder, variable compression ralio engine with special loading and accessory
SWpMicol and instrumentation, The engine, the operadny conditions, and the
Teil procedure are specified by ASTM Method DOI3,"” The operdling require
Mens ineludes engine speed —900 rev/min: coclayt temperature— 00°C; intake
air temperature—65.6°C (150°F); injection timing—13° BTC; injection

 

 

T In the origial procedure wmethylnapihalene (Cy, Fy.) with a catine number of zero represented
the bottom of the scale. Heptumetliytnouune, a more stable compoulid, fis repliced it.
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542 INTERNAL COMBUSTION ENGINE. FUNDAMENTALS

pressure 10.3 MPa (1500 lb/in’). With the engine operating under these condi-
tions, on the fuel whose cetane numberis to be determined, the compression ratio
is varied until combustion starts at TC: Le. an ignition delay period of 13°
(2.4 ms at 900 rev/min) is produced. The above procedure is then repeated using
reference fuel blends. Each time a reference fuel is tried, the compression ratio is
adjusted to give the same 13" ignition delay. When the compression ratio
required by the actual fuel is bracketed by the values required by two reference
blendsdiffering by less than five cetane numbers, the cetane numberofthe fuelis
determined by interpolation between the compression ratios required by the two
reference blends.

Because of the expense of the cetane number test, many correlations which
predict ignition quality based on the physical properties of diesel fuels have been
developed.**: °° A calculated cetane index (CCI)is often used to estimate ignition
quality of diesel fuels (ASTM 1D976*°). It is based on API gravity and the mid-
boiling point (temperature 50 percent evaporated), It is applicable to straight-run
fuels, catalytically cracked stocks, and blends of the two. Its use is suitable for
most diesel fuels and gives numbers that correspond quite closely to cetane
number. A diesel index is also used. It is based on thefact that ignition quality is
linked to hydrocarbon composition: n-paraffins have high ignition quality, and
aromatic and napthenic compounds have low ignition quality. The aniline point
(ASTM D6114’—the lowest temperature at which equal volumesofthe fuel and
aniline become just miscible) is used, together with the API gravity, to give the
diesel index:

Diesel index = aniline point (°F) x SPaoe (10.34)
The diesel index depends on the fact that aromatic hydrocarbons mix completely
with aniline at comparatively low temperatures, whereas paraffins require con-
siderably higher temperatures before they are completely miscible. Similarly, a
high API gravity denotes low specific gravity and high paraffinicity, and, again,
good ignition quality. The diesel index usually gives values slightly above the
cetanc number. It provides a reasonable indication of ignition quality in many
(butnot all) cases,

10.6.3 Autoignition Fundamentals

Basic studies in constant-volume bombs, in steady-flow reactors, and in rapid-
compression machines have been used to study the autoignition characteristics of
fuel-air mixtures under controlled conditions. In some of these studies the fuel
and air were premixed; in some, fuel injection was used. Studies with fuel injec-

 

1 API gravity is based on specific gravity and is calculated from: API gravity, deg = (141.5/specific
gravity at 60°F) — 131.5.
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FIGURE10-35

(a) Ignition delay as function of reciprocal air temperature for light oil spray injected into constant-
valiume combustion bomb; Injection presware 9.8 MPa (100 atm). Air pressures lunicated.*? (6) Umi
lial) delay x (pressure) measured in stawdy-Mow reactor for No. 2 ullusel fuel as (unation of reciproual
temperature. Fuel/air equivalence ratio # varied from 0.3 to 1.0.43

tion into constant-temperature and pressure environments have shown that the
temperature and pressure ofthe air are the most important variables for a given
fuel composition. Ignition delay data from these experiments have usually been
correlated by equations of the form:

tq = Ap” exp (#4) (10.35)
where t,, is the ignition delay (the time between the start of injection and the
sticl of detectahlé heat release), E, is an apparent activation energy for the fuel
Miloignition process, R is the universal gas constant, and A and n are constants
dependent on the fuel (and, to some extent, the injection and_air-flow
characteristics),

Figure 10-35a shows ignition delay data obtained by injecting liquid fuel
sprays into a high-pressure heated constant-volume bomb.** Figure 10-354
shows ignition delay data froima Sleady-flow high-pressure reaeror where vapor-
ived Tue] was mixed rapidly with the heated aie seam? The match between the
form af Eq, (10.35) and the datais clear, Pigure L0-35h also shows an equivalence
Mlio dependence of the igtition delay, Representative values for A, a, and Ey for
ha: (10.35), taken from these and other studies, are given in Table 10.3. Ignition
delay times caleulated with these formulas for various diesel engines are given in
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544 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 103

Constants for Arrhenius equation for ignition delay:*¢
Tymis) = Ap-" exp [E,/(RT)]
 

 

Conditions Parameters

Investigator Apparatus Fuel p, atm TK n 4 ER, K

Spadaccini Steady No.2 diesel 10-30 650-9002 2.43 x 107? 20,926and TeVelde** flow
No. t

Spadaseim Steady No.2 diescl 10-30 650-900 1 4.00 x LO-!° 20,080and TeVelde*? flow
No. 2

Stringer Steady Diesel 30-60 770-980 0.757 ~=—-0,0405 5,473et al.** flow 45-50 cetane
number

Wolfer*® Constant- Fuel with 8-48 590-782 1.19 0.44 4,650volume cetane number
bomb > 50

Hiroyasu Constant- Kerosene 1-30 673-973 1.23 0.0276 7,280et al?® volume
bomb
a

Table 10.4. Air pressiires and temperatures at TC piston position were estimated
from measured evlinder pressure data, Measured ignition delay limes in these
types of cngines are; 0.6 (0 3 ms for low-compression-ratio DI diesel engines over
a wide range of operating condilions; 0.4 to L ms for high-compression-ratio and
turbocharged D1 diesel engines; 0.6.10 1,5 ms for IDI diesel engines.**

The variation in the caleulated delay Gmes can be attributed to several
factors:

1. In some cases the correlations are being extrapolated outside their original
range of operating conditions.

2. The methodsused to detect the start of combustion, and hence the duration of
the delay, are not identical.

3, The experimental apparatus and the method of fuel-air mixture preparation
are different.

The third factor is probably the most significant. As hus been explained, the
phenomenon of autoignition of a fuel spray consists of sequences of physical and
ehemical processes of substantial complexity. The relative importance of each
process depends on the ambient condiions, on fuc] properties, and on how Lhe
fuel-air mixture is prepared. For example, fuel evaporation times are signilicant
in cold engines, but not underfally warmed-up conditions. Thus, an equation ot
the simple form of Bq, (10.45) can only fit the date over a limited range of condi
lions. The corcelations of Spadaccini and feVelde™? have much higher activation
energies. Normally, lower values of £,/R imply that physical processes such as
vaporization and mixing are important and relevant to chemical processes. THUS
fucl preparation. mixture inhomogeneity. heat loss, and nonuniform flow patierts
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TABLE 10.4

Calculated ignition delay times**  

Conditions Tas ms  

Spadaccini and
  

    

TeVelde*?

Speed, Ps TY = Stringer Hiroyasu
Engine rev/min atm==K No. 1 No. 2 et al95 Wolfer*®—et al.??
IDI Diesel

1. Low swirl 600 45.6 690 17.3 382 6.26 3.94 9.60
1200 49.3 747 1.47 383 3.22 2.15 3.90
1800 52.5 758 0.86 244 2.76 1.82 3.13

2. High swirl 600 45.2 674 363 769 7.60 4.68 12.5
1200 48.4 721 4.18 103 4.25 2.75 5.67
1800 51.8 744 1.47 407 3,19 2.08 3.82

DI Diesel

1. Low compression 42.8 781 0.57 1.37 2.60 1.92 2.39ratio

2, High compression 1500 58.8 975 0.0015 0.0060 0 508 0.407 0.322ratio
  

affect the ignition delay. While the work of Spadaccini and TeVelde probably
describes the chemical ignition delay more accurately, since great care was taken
to obtain a uniform mixture and flow, the experiments in constant-volume bombs
with diesel-type fuel injectors are more relevant to the diesel engine compression-
ignition combustion process because they include the appropriate physical and
chemical processes. The available engine ignition delay data suggest that for
delays less than about 1 ms, the rate of decrease in delay with increasing tem-
perature becomes muchless than that indicated by the data in Fig, 10-35. This is
due to the increasing relative importance of physical processes relative to chemi-
cal processes during the delay period. Thusrelations of the form of Eq. (10.35)
should be used with caution.

In general, t;4 is a function of mixture temperature, pressure, equivalence
ratia, and fuel properties (though no accepted form for the variation with equiva-
lenvc ratio is yet established). In the above referenced studivs, the fuel was

injected into a uniform air environment where the pressure and lernperature ooly
changed due to the cooling effect of the fuel-vaporization and fuel-heating pro-
cesses. In an engine, pressure and temperature change during the delay period
due to the compression resulting from piston molion, To account for the effect of
changing conditions on the delay the following empirical integral relation is usu-
ally used:

tit tid (7[ (2) dt =1 (10.36)tsi 7

Where z,, is the time of start of injection, t,4 is the ignition delay period, and t is
the ignition delay at the conditions pertaining at time t. Whether the variation in
conditions is significant depends on the amountof injection advance before TC
that is used and the length ofthe delay.
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10.6.4 Physical Factors Affecting Delay

The physical factors that affect the development of the fuel spray and the air
charge state (its pressure, temperature, and velocity) will influence the ignition
delay. These quantities depend on the design of the fuel-injection system and
combustion chamber, and the engine operating conditions. The injection system
variables affecting the fuel-spray development are injection timing, quantity,
velocity, rate, drop size, and spray form or type. The relevant charge conditions
depend on the combustion system employed, the details of the combustion
chamberdesign, inlet air pressure and temperature, compression ratio, injection
timing, the residual gas conditions, coolant and oil temperature, and engine
speed. Data on these interactions are available for different types of diesel
engines. The trends observed with the different diesel combustion systems are
generally similar, though some of the details are different. In this section the
ignition delay trends during normal(fully warmed-up) engine operation are con-
sidered. The dependence of the ignition delay on engine design and operating
variables during engine starting and warm-upis also very important, and may be
different from fully warmed-up behavior due to lower air temperature and pres-
sure.

INJECTION TIMING. At norma! engine conditions (low to medium speed,fully
warmed engine) the minimum delay occurs with the start of injection at about 10
to 15° BTC.*7 The increase in the delay with earlier or later injection timing
occurs because the air temperature and pressure changesignificantly close to TC.
If injection starts earlier, the initial air temperature and pressure are lower so the
delay will increase. If injection starts later (closer to TC) the temperature and
pressure are initially slightly higher but then decrease as the delay proceeds. The
most favorable conditionsfor ignition lie in between.

INJECTION QUANTITY OR LOAD.Figure 10-36 showsthe effect of increasing
injection quantity or engine load on ignition delay. The delay decreases approx-
imately linearly with increasing load for this DI engine. As load is increased, the
residual gas temperature and the wall temperature increase. This results in higher
charge temperature(andalso, to a lesser extent, charge pressure) at injection, thus
shortening the ignition delay. When adjustment is made for this increasing tem-
perature, it is found that increasing the quantity of fuel injected has no significant
effect on the delay period under normal operating conditions. Under enginestart-
ing conditions, however, the delay increases due to the larger drop in mixture
temperature associated with evaporating and heating the increased amount of
fuel.*”? This latter result should be expected sinceit is the first part of the injected
fuel which ignites first; subsequent injected fuel (above the minimum required to
maintain the fuel-air mixture within the flammability limits during the delay)
does not influence the delay.

DROP SIZE, INJECTION VELOCITY, AND RATE. These quantities are detef-
mined by injection pressure, injector nozzle hole size, nozzle type, and geometry.
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| b—hae)oe) i| Ignition delays measured in a small four-stroke cycle
0 100 200 300 400 500 600 DI diesel engine with r, = 16.5 as a function ofload at

bmep, kPa 1980 rev/min. Fuel cetane numbers 30, 39, and 52,48

Experiments by Lyn and Valdmanis*’ have shown that noneof these factors has
a sianiticant effect on the delay. At normal operating conditions, increamng injec-
Hon presstirs produces only modest devreases in the delay, Doubling the nogele
hole diameter at constant injection pressiire lo increase the fuel flow rate (by a
hierar of about 4) and meresse the drop size (by about 30 percent) bad ne signi
cad effet on the delay, Studies of different nozale hole geometries shawedthat
the length/diameter rau of the nuzsle was not significant; nor did changes in
nozalé type (multihole, pintle, pintaux) cause any substantial variation in delay at
normal engine conditions,

INTAKE AIR TEMPERATURE AND PRESSURE. Figure 10-48 showed values of
ignition delay for diesel fuels plotied aguinst the reclproval of charge lem perature
for several charge pressures at (he time of wyection The intake air temporature
ind pressure will affect the delay vid their effect on charge conditions Wiring Lhe
delay period, Figure 10-37 shows the effects of inlet air pressure and lemperarupe
48 Ninchon of engine load, The fundamental ignition dala available show a
sirong dependence of ignition delay on change temperatures below abour 1000 K.
Mthe Gne of injection, Above about 1000 K, the data sugges! (hat the charge
(perine is no longer se significant, Through (his temperature ranve there 1s
i ecHeet of pressure at the ime of injection on delay: the higher the pressure the
Shorter (he delay, with (he effect deereusing as chirge temperatures increase and
elay decreases. Since wir temperature anil pressure during ihe delay period are
suet inportint Vunables, other engine variables that affeet the relation hel ween
the thlet gir state and the charge state at the time of injection Will lifluence the
Helay, Tuas, at increase in (he vompression ratio will decrease: the lunition delay,
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§ &
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se rselOla}at
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bmep, kPa bmep, kPa
(a) (6)

FIGURE10-37

Effect of inlet air pressure and temperature on ignition delay over load range of small DI diesel at
1980 rev/min. (a) Engine naturally aspirated and with 1 atm boost; inlet air temperature T= 25°C;
50 cetane numberfuel. (b) Engine naturally aspirated; 7, = 25 and 66°C; 34 and 50 cetane number
fuel.*®

and injection timingwill affect the delay (as was discussed earlier), largely due to
the changes in charge temperature and pressureat the time of injection.

ENGINE SPEED. Increases in engine speed at constant load result in a slight
decrease in ignition delay when measured in milliseconds; in terms of crank angle
degrees, the delay increases almost linearly.*® A change in engine speed changes
the temperature/time and pressure/time relationships. Also, as speed increases,
injection pressure increases. The peak compression lemperature increases with
increasing speed due to smaller heat loss dhiring the compression stroke.*’

COMBUSTION CHAMBER WALL EFFECTS. The impingement of the spray on
the combustion chamber wall obviously affects the fuel evaporation and mixing
processes: Impingement of the fuel jet on the wall occurs, lo some cate in
almost all of the smaller, higher speed engines. With the “M" system. tins
impingement is desired to obtain a smooth pressure nse. The ignition delay with
the "M™ system is longer than in conventional DI engine designs.“ Engine and
combustion bomb experiments have been carried oul lo examine the efleel of
wall impingement on the ignition delay. Figure 10-38 shows the effeet of jet wall
impingement on ignition delay measured in a constant-volume combustion
homb, for a range of air pressures and temperatures, and wall temperatures?
The wall was perpendicular to the spray und was pliced LOO mm tram thy nowale
tip, The data shows that the presence of the wall reduces the delay at the lower
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FIGURE10-38

Effect of spray impingement on wall 100 mm from nozzle on ignition delay from combustion bomb
studies. (a) Effect of air temperature as a function of air pressure; 7, = 7;,,. (b) Effect of wall tem-
perature at 440°C air temperature”?

pressures and temperaturesstudied, but has no significant effect at the high pres-
sures and temperatures more typical of normal diesel operation. Engine experi-
ments where the delay was measured while the jet impingement process was
varied showed analogous trends. The jet impingement angle (the angle between
the fuel jet axis and the wall) was varied from almostzero (jet and wall close to
parullel) to perpendicular, The delay showed a tendency to become longer as the
Inpingenient atgle decreased. The most imporiunt result is not so much the
Mheclest change in delay but the difference in the initial rate of burning that results
{rom(be differences in fuel evaporation and fuel-air mixing rates.

SWIRL WATE. Changes in swirl rate change the fuel evaporation and fuel-air
THLAing processes, They also affect wall heat transtee during compression and,
hese, (ho charge temperature at injection. Only limited engine studies of the
eflect of swirl rate variations en ignition delay have been made At normal oper-
4ling ening speeds, the efleet af swirl rate changes on the delay are small, Under
engine starting conditions (low engine speeds and compression femperutures) the
effecl is much more importants” due presumably to the higher rates of evapo
TAtan and mixing obtained wih swirl,

ONYGEN CONCENTRATION. The oxygen concentrition in the charge inte
Which (he fuel is injected would be expected to influence the delay. The oxygen
Concentration is changed, for example, Whee exhaust gas is recyeled to the intake
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5 5
- 0 p varied, £9, constant FIGURE10-39

gL & Xo, varied, p constant sos Effect of oxygen density in gas on ignition delay in
single-cylinder DI engine of 1.3-dm? displacement
with r,=15 at 1800 rev/min, Oxygen density

0 0 changed by recycling exhaust gas at constant inlet
0 0.5 \ 1.5 density and by varying inlet pressure from 0.5 to

Relative oxygen density 3 atm with air.*°

for the control of oxides of nitrogen emissions (see Chap. 11). Results of a study
carried out in a single-cylinder DI engine operated at a constant air/fuel ratio
(30: 1), manifold temperature, injection timing, and speed (1800 rev/min), where
the oxygen concentration was varied by recirculating known amounts of cooled
exhaust, are shown in Fig. 10-39.4° Oxygen density is normalized by the natu-
rally aspirated no-recirculation test value. As oxygen concentration is decreased,
ignition delay increases.

10.6.5 Effect of Fuel Properties

Since both physical and chemical processes take place during the ignition delay,
the effects of changes in the physical and chemical properties of fuels on the delay
period have been studied. The chemical characteristics of the fuel are much the
more important. The ignition quality of the fuel, defined by its cetane number,
will obviously affect the delay. The dependence of cetane number on fuel molccu-
lar structure is as follows. Straight-chain paraffinic compounds (normal alkanes)
have the highest ignition quality, which improves as the chain length increases.
Aromatic compounds have poor ignition quality as do the alcohols (hence, the
difficulties associated with using methanol! and ethanol, possible alternative fuels,
in compression-ignition engines). Figure 10-40 illustrates these effects. A base fuel
was blended with pure paraffinic (normal, iso-, and cycloalkanes), aromatic, and
olefinic hydrovarbons of various carbon numbers, by up to 20 percent by volume:
The base fuel, a blend of 25 percent m-hexadecane and 74 percent isooctiine, had
a celane numberof38.3, The figure shows thatthe resultingignition delays corre:
late well as a function of cetane number at constant compression ratio and engine
operating conditions. Addition of normal alkanes (excluding n-pentane and lower
carbon number alkanes) improvethe ignition quality. As the chain length of the
added paraffin gets longer (higher carbon number) the cetane number improve-
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FIGURE10-40

Effect of type of hydrocarbonstructure on ignition quality of fuels in DI diesel combustion Process at
constant compression ratio and engine operating conditions.5°

ment increases, Isoalkanes, depending on the degree of branching, degrade igni-
tion quality (unless the branching is concentrated at one end of the molecule,
when these types of isoalkanes improve ignition quality). Cycloalkanes and aro-
matics generally reduce the cetane number, unless they have a long n-alkane
chuin wttuched to the ring. The cetane number ofa fuel (a measureofits ability to
auloignite) generally varies inversely with its octane number (a meusure of its
abilily lo resist wuloignition: see Fig. 9-09 for the effect of hydrocarbonstructure
on knock). The cetane number of commercial diesel fuel is normally in the range
40 to 55.

Engine ignition delay data with diesel fuels of different cetane number, at
various constant loads and speeds, shown in Fig. 10-41, demonstrate similar
trends, Within the normaldiesel fuel cetane number range of 40 to 55, an approx-
imately linear variation is evident. However, decreasing fuel cetane number below
about 38 mayresult in a more rapid increase in ignition delay.

Cetane number is controlled by the source of crude oil, by the refining
Process, and by additives or ignition accelerators. Just as it is possible to rediice
(he tendeney to knock or auloignile in spark-ignition engine fuels by adding
untiknock sigents, so Lhere are additives that improve the ignition quality of
“SMipression-igniion engine fuels. Generally, substances thal imerease the (en-
dleney lo knock enliauce ignition, and view versa lenilion-accelerating additives
Include organic peroxides, nitrates, nitrites, and Various sulfur compounds, The
Most iiipartint of these commercially are the alkyl nitrates (isopropyl nitrate,
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FIGURE10-41

Effect of fuel cetane numberonignition delay over the load and speed range of 6.2-dm? eight-cylinder
IDI swirl-chamber diesel engine. Top curve indicates typical fit between data and least-squares
straight line over this cetane number range.*!

ih | primary amyl nitrates, primary hexyl nitrates, octyl nitrate).5? Typically, about
0.5 percent of these additives by volumeinadistillate fuel gives about a 10 cetane
number increase in a fuel’s ignition quality, though their effectiveness may

} depend on the composition of the base fuel. The incrementaleffect of increasing
| amounts of ignition-accelerating additives on cetane number decreases.**
} Usually, the ignition delay obtained with cetane improved blends are found to be

Wi equivalent to those obtained with natural diesel fuels of the same cetane number.
Two potential practical uses for ignition accelerators are in upgrading the igni-
tion characteristics of poorer quality diesel fuel and (in much larger amounts)
making possible the use of alcohols in compression-ignition engines.

| The physical characteristics of diesel fuel do not significantly affect the igni-
tion delay in fully or partially warmed-up engines. Tests with fuels of different

WW front-end volatility (over the cetane number range 38 to 53), and with substan-
tially different front-end ignition quality for the same average cetane number,
showed no discernible differences. Fuel viscosity variations over a factor of 2.5
werealso tested and showed nosignificanteffect.4® Thus, in a warmed-up engine,

| variations in fuel atomization, spray penetration, and vaporization rate over rea-
sonable ranges do not appear to influence the durationof the delay perivd sipnifi-
cantly (see also Sec. 10.5.6 on fuel vaporization).
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10.6.6 Correlations for Ignition Delay in Engines

Manycorrelations have been proposed for predicting ignition delay as a function
of engine and air charge variables. These usually have the form of Eq. (10.35) and
have been based on data from more fundamental experiments in combustion
bombsandflow reactors. An importantfactorin assessing the appropriateness of
any correlation is how it is to be used to predict the magnitudeof the delay. If an
equationfor predicting the complete delay process (including all the physical and
chemical processes from injection to combustion) is required, then the data show
that such a simple form for the equation is unlikely to be adequate for thefull
range of engine conditions (see Table 10.4). However, if a modelfor the autoigni-
tion process of a premixed fuel-air mixture during the delay period is required,
for use in conjunction with models for the physical processes of fuel evaporation
and fuel-air mixing, then correlations such as those listed in Table 10.3 may be
sufficiently accurate.

An empirical formula, developed by Hardenberg and Hase®? for predicting
the duration of the ignition delay period in DI engines, has been shownto give
good apreement with experimental data over a wicle range of engine conditions
{see Fig, 10-42).5* This formula gives the ignition delay (in crank angle degrees) in
terms of charge temperature T (kelvins) and pressure p (bars) during the delay
(taken as TC conditions) as

= 1 1 BF 0.63tia(CA) = (0.36 + 0.225.) exp [ede am3) | (10.37)
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FIGURE10-43

Exponent n for polytropic model of compression process in Eq. (10.39) and corresponding end-of-
compression air temperature at TC. Warm and cold DIdiesel engine with 130 mm stroke.**

where S, is the mean piston speed (meters per second) and R is the universal gas
constant (8.3143 J/mol:K). E, Goules per mole) is the apparent activation
energy, and is given by

618,840
=a 10.

4 CN 4+ 25 (10.38)

where CN is the fuel cetane number. The apparcnt activation energy decreases
with increasing fuel cetane number. The delay in milliseconds is given by

_ ta(CA)
Tial™5) = 0OOGN

where N, engine speed, is in revolutions per minute. Values for T’ and p can be
estimated using a polytropic model for the compression process:

Tro = Tir * Pre = Bilt (10.39a,b)

where n is the polytropic exponent(see Sec. 9.2.2), r, is the compression ratio, and
the subscript / denotes intake manifold conditions. Valucs of the polytropic expo-
nent are given in Fig. 10-43 for u direet-injection diesel under warm and colt49,53
engine operating conditions,
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10.7 MIXING-CONTROLLED COMBUSTION

10.7.1 Background

Parlicr sections of ihis chupter have developed our current understaccding of ihe
dividual processes which (agether make up ihe lotul Njection-mAiNg-birning
AcqUeNce—lOMizatian, Vaporizauen, fuel spray development, sir entrainment,
ignition, and combustion. While the phenomenological model Jeveloped by Lain"
provider sulislactary lopiea! links between Lhese processes, quantitative links are
sil lacking. Especially difficult to quantity ave the relations between Poel spray
behavior, fame structure, and tuel burning mite the ares of focus ofthis section,
The color photographs ofthe compression-ignition combustron process in differ-
ent Lypes Of chesel engines in Figs. 10:4 and 10-5 (sae color plate between 498 and
499) show how the Name immediately following ignition spreads rapidly and
enyelops the spray. Depending on the spray confipuration, the visible Name may
then fill almost the couire combustion chamber, The fame anil spray geometries
dre closely related. Mixing processes are alsa critcal during the ignition delay
period: while the duration of the délayperiod is nol influencedin a mayor way by
(he rates of 4ppay processes which together vontrol * mixing,” Lhe amount of ford
mixed With air to within convbustible limits diiring the delay (which affeers the
rile Of pressure cise once ignilion has occurred) obviously ts directly related to
fixing rates. Thus substantial observational evidence supports the THIKI ng
controlled churacter of diesel engine combustion,

However, while it is well accepted (hat diesel combustionis normally con.
trolled by the fuelaur mixing rate, fundamentally based quaniiialively avourwte
models for this coupled mixing avd combustion process wre nol vel available
The diMicullies are twofold, First, the spray geometryim real diesel cambuastion
systems is extremely complex. Second, the phenomena which must be described
land especially Ute wosteady turbulent diffusion diesel engine flame) are inade-
Witchy understood. Current capabilites for modeling these phenomena are
reviewed wy Chup. 14, Thermodynamic-based models of the diesel combustion
proves. with atomization, vaporization, and spray development deserihed by
empirical or tirbilent-jel-based submodels have been developed and used to
Predict bimiing rates. These are deseribed in Secs: 14.4.3 and J44.4, and show
redaenable fut not precise agreement with data Fluidsmechanic-based models of
ar flow, fuel spray behavior, and combustion are under active development (see
neo. 14.5), While realistic aicfow predictions are now feasible predictions of
Spray Belavior are less well developed and combustion-rale predictions are still
eX plors len y.

In the followin sections, the evidence linking spray characteristics to flame
Structure and burning rates is summarized

10.7.2 Spray and FlameStructure

The structure of each fuel spray is that of a nurrow liquithwontaining core
(densely filled with drops of order 20 zm in diameter) stirrounded by a much
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A. 147 ms after SO1
  
B. 0 13 ms after A C. 0.65 ms after A

 

~

F. 5.6 msafter A  
 
 

D, 2.6 msafter A E. 3.1 ms after A

Cc|)oo LC
Air or fuel-air mixture—Liquid fuel Luminous flame Combustion products
FIGURE10-44

Tracings of outer boundary of liquid fuel spray and flame from high-speed movies of diescl com-
bustion taken in a rapid-compression machine, looking down on piston through transparent head,
First occurrence of luminous flameat A, 1.17 msafter start of injection. Endofinjection at D.*’

 
  

larger gaseous-jet region containing fuel vapor (see Fig. 10-20). The fuel concen-
tration in the core is extremely high: local fuel/air equivalence ratios near the
nozzle of order 10 have been measured during the injection period. Fuel concen-
trations within the spray decrease with increasing radial and axial position at any
given time, and with time at a fixed location once injection has ended.** The fuel
distribution within the spray is controlled largely by turbulent-jet mixing pro-
cesses. Fuel vapor concentration contours determined from interferometric
studies of unsteady vaporizing diesel-like sprays, presented by Lakshminarayan
and Dent,°® confirm this gaseous turbulent-jet-like structure of the spray, with its
central liquid-containing core which evaporates relatively quickly once fuel injec-
tion ends.

The location of the autoignition sites and subsequent spreading of the
enflamed region in relation to the fucl distribution in the spray provides further
evidence of the mixing-controlled character of combustion. Figure 10-44 shows
how this process occurs under conditions typical of direct-injection quiescent-
chamber diesel engines. It shows tracings of the liquid fuel spray and flame
boundaries taken from high-speed movies of the injection and combustion pro-
cesses with central injection of five fuel jets into a disc-shaped chamber in 4
rapid-compression machine.*’ These and other similar studies show that autoig-
nition first occurs toward the edge of the spray, between the spray tip (which may
by then have interacted with the combustion chamber walls, and which contains
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FIGURE10-45

Cantons at consi) OOted oO. ceyieentradion in a phone Hlanw the sory axix aieuloie) (ron eas
vompasilion (Litt obitined with & rapidetctine sampling valve wa large 30 S-crm- here DE Guiesoeni-
chamber diesel coming with 1 = 12.85 operated at S00 revyniin, (njection staeig 17" BTC, ‘pi tienneue 8 ATC, injeetion ede SF ATO"

later-injected fuel as explained in Sec. 10.5.2) and the injector nozzle. Experiments
whereair/(uel ratia coniours for a gaseousfueljet injected into a swirling air law
in a rig simulaied the fuel-air mixing process in open-chamber dies¢ls,5®> under
conditions chosen to match a set of diescl combustion rapid-compression-
Indchine experiments Where the autoigaiiion siles and subsequent Name develop-
ment Were recorded on movies*" showed that auloigniion oceorrs! in a
eoocentrapon band betyern the equivalence ratios of 1 and 1.5, Subsequent
fame development, along mixture coniours close to stoichiometric, occurs
nipidly, as indicated m Fig. [0-44Tnidally, this is thought to be due to spants-
neous ipnition of regions close to (he first ignition site die to the temperature rise
kavcidfert with the sirong pressure wave which emanates from each imnition site
dis Lo foeal capid chemical energy release. Also, spontancous ignition at adddi-
Hionnl sites on the same spray, well separated [rom the original ignition locaton,
cay occur, Tarbuleat mixing provides another fame-sapreading mechanism. From
‘his port fame development is rapid, and the gas expansion whieh occurs on
burning deforms (he original spray form. These processes take place in cach fuel
aay 6 i closely comparable though not vecessarily identical manner. Com-
bistion movies such as those in Figs. 104 and |sd4 showthat flame capidly
envelops cach spray once sporlaneous ignition occurs.

Gas-sampling data indicate that the burned gases within (he fame-
enveloped spray are only partally reacted and may be fuel-rich. Figure 10-45
stows CO and CQ, canceniration contours determined from rapid-weting
Sample wilve meisurements from the combustion chamber of a large quiescent-
chamber two-stroke cycle diesel engine.’" The contour maps sbown correspond
{6 the centerline of one of the five injected fuel sprays Lyjeetion commenced at
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§58 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

17° BTC and ended about 5° ATC; ignition occurred at 8° BTC. The contours at
3° BTC show high CO concentrations in the burned gases which now occupy
most of the spray region, indicating locally very fuel-rich conditions. Later, at 12°
ATC,fuel injection has ceased, this rich core has moved outward to the piston-
bow! wall, and combustion within the expanded spray region is much more com-
plete. This oxidation of CO,asair is entrained into the spray region, mixes, and
burns, releases substantial additional chemical cnergy.

The role of air swirl in promoting much more rapid fuel-air mixing in
medium-size and smaller dicsel engines is evident from similar gas-sampling
studies in engines with these different combustion systems. The variation of gas
species and unburned hydrocarbon concentrations within critical regions of the
combustion chamber have been mapped out by a numberofinvestigators.°'~®
These data show that during the early stages of injection and combustion, the
boundaries of the individual sprays can be identified as they are convected
around the combustion chamber bowl by the swirl. The fuel distribution within
the combustion chamberis highly nonuniform. However, within each spray, suffi-
cient air has mixed into the spray to bring the peak fuel/air equivalence ratios
within the spray, in the outer regions of the chamber, to close to stoichiometric
values.°? This substantially different character of the spray with swirl is clear
from the data in Fig. 10-46. Figure 10-46a shows equivalence ratio values deter-
mined from gas sampling, versus crank angle, from several studies with different
designs of combustion chamber. While the local values obviously depend on the
relation of the sample valve location to spray position at any given crank angle,
the much lower values of equivalence ratio with swirl relative to quiescent cham-
bers, during injection and the early stages of combustion, clearly indicate that
swirl enhances mixing rates substantially. As combustion ends, these data indi-
cate relatively uniform fuel distribution within the combustion chamber,atleast
on a gross geometric scale. However, early in the combustion process the high
CO levels, found in all these combustion systems as shown in Fig. 10-465, indi-
cate that the burned gases are only partially reacted. With quiescent chambers
this is largely due to lack of oxygen. With swirl, however, substantial oxygen is
present. Whether the high CO with swirl is due to kinetic limitations or to
smaller-scale mixture nonhomogeneities is unclear.

10.7.3 Fuel-Air Mixing and Burning Rates

The model of diesel combustion obtained from heat-release analyses of cylinder
pressure data identifies two main stages of combustion (see Fig, 10-9), The first is
the premixed-combustion phase, when the fuel which has mixed sulliciently with
air fo form an ignitable mixture during the delay period is consumed, The second
is the mixing-controlled combustion phase, where rates of burning (at least 1
natutally aspirated engines) are lower. Experimental evidence from heal-release
analysis indicates that (he majority of the fuel (usually more than 75 percent)
burns during the second mixing-controlled phase. Such evidence forms the basis
for the heat-release models usedin diesel engine cycle simulations. For examples
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FIGURE 10-46

Time and space-resolved gas-composition data obtained from rapid-acting sampling valves from
within the combustion chambers of quiescent and high-swirl bowl-in-piston DI diesel engines. (a)
art equivalence ratios on spray centerline and periphery with quiescent chamber, edge of
ae awith swirl, and within a shallow bowl with swirl, three-quarters of the way out to the bowlq ‘wo injection timings (—22° and —27°). (6) CO concentration on spray centerline with
quiescent chamber, edge of deep bowl, and within shallow bowl with swirl.6!-®*
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560 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

the fraction of the fuel # which burns in the premixed phase has been correlated
by Watsonet al. (see Sec. 14.4.3) by the relation

a &
c
 

p=ol- (10.40)Tia

where ¢ is the fuel/air equivalence ratio, ty the ignition delay (in milliseconds),
and a= 0.9, 60.35, and c= 0.4 are constants depending on engine design.
Equation (10.40) shows the expected trends for the premixed fraction, with
changes in the overall equivalence ratio ¢ (increasing injection duration as load jg
increased) and changes in the ignition delay.

That the fuel-burning or heat-release rate is predominantly mixing con-
trolled is supported by the following types of evidence. Estimates of the rate at
which fuel-air mixture with composition within the combustible limits is produc.
ed in diesel sprays under typical engine conditions, based on a variety of
turbulent-jet models of the spray (e.g., see Refs. 29, 36, and 59 and also Sec,
14.4.3), show that mixing rates and burning rates are comparable in magnitude,
Estimates of characteristic times for the turbulent-jet mixing processes in diesel
combustion chambers show these to be comparable to the duration of the heat-
release process, and much longer than characteristic times for evaporation and
the combustion chemical kinetics.?**¢

Then, measured diesel-combustion heat-release profiles show trends with
engine design and operating parameter changes that correspond to fuel-air
mixing being the primary controlling factor. Examples of heat-release profiles
measured in rapid-compression-machine studies of diesel combustion, shown in
Fig. 10-47, illustrate this clearly. The rapid-compression machine had a disc-
shaped chamber of 10 cm diameter with a 3.1 cm clearance height at the end of a
compression process through a volumeratio of 15.4; a five-hole centrally located
fuet-injector nozzle was used. Figure 10-47a shows the heat-release profiles for
different initial air temperatures which produce different ignition delays. Longer
delays allow more fuel to mix to within combustible limits during the delay, so
the peak premixed heat-release rate increases. However, the mixing-controlled-
phase heat-release-rate magnitudes are essentially the same because the spray-
mixing processes are little affected by these changes in air temperature. Figure
10-47b and c shows that heat-release rates throughout the combustion process
are increased by increased fuel-injection rate (achieved by increasing the fuel-
injection pressure) and by swirl. Both these changes increase the fuel-air mixing
rates within the fuel spray and therefore increase the heat-release rate during the
mixing-controlled combustion phase.

Diese] engine heat-release rate trends, as design and operating variables are
changed, can be related to mixing rates in analogous fashion. Table 10.5 sum-
marizes the trends that have been investigated. The directional effects of changes
in engine parameters on the ignition delay period and the fuel-air mixing rate are
all consistent with the measured changes in premixed and mixing-controlled
heat-release rates. The controlling role of fuel-air mixing in the diesel engine fuel
spray on combustionis clear.
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562 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 10.5

I Effects of engine design and operating variables on heat-
release rates 

| Effect on ||

| | Reference Parameter varied Ta yy Q, On
5, 64 Injection rate T hl t tT t
65 Turbacharger boost fT 1 * 1 *
66 Compression ratio | tT * Tt *
66 Numberofinjector holes 7 * tT tT tT
67, 68 Injection advance f tT * T *
67, 68 Swirl f * tT t tT
67 Intake-air temperature | t * tT *
68, 69 Injection pressure f 2 t tT t
11, 69 Speed f iS tT tT t 

tig, ignition delay; m,, = (dmn/dt),,, fuel-air mixing rate; 0, = (dQ/dt),, heat-release
rate during premixed-combustion phase; @,, = (dQ/dt),,, heat-release rate during
mixing-controlled-combustion phase. t increase; | decrease; * minoreffect.
Source: From Plee and Ahmad.**

PROBLEMS

10.1. Describe the sequence of processes which must occur before the liquid fuel in the
injection system in a direct-injection compression-ignition engineis fully burned,

10.2. Small high-swirl direct-injection CI engines have fuel conversionefficiencies which
are about 10 percent higher than values typical of equivalent indirect-injection
engines. (IDI engines are used because they achieve higher bmep.) What
combustion-system-related differences contribute to this higherefficiency?

i) 10.3. In a diesel engine, because the fuel distribution is nonuniform the burned gas tem-
| perature is nonuniform. Consider small fuel-air mixture elementsinitially at 1000 K
| and 6.5 MPaat top-center with a range of equivalence ratios. Each element burns

at essentially constant pressure. Calculate (using the charts in Chap. 4, or an appro-
| priate chemical equilibrium thermodynamic computer code) the burned gas tem-

|| perature for mixture equivalenceratios of0.4, 0.6, 0.8, 1.0, 1.2. Assume the fuelis
1) isooctane,

10.4. The levels of combustible species in the exhaust of a direct-injection dicsel engine
are: HC, 0.8 g/kW-h; CO, 3 g/kW-h; particulates, 0.7 g/kW-h.If the specific fuel
consumption is 210 g/kW -h calculate the combustionefficiency.

10.5. Consider the naturally aspirated direct-injection diesel engine in Fig. 1-23 operating
| | at 2300 rev/min and an equivalenceratio of0.7. Estimate the following:
i (a) Massofair in each cylinder per cycle, mass, and volume(asliquid) of diesel fuel

injected per cylinder per cycle.
(b) Estimate the average dropsize [e.g., use Eq. (10.32)]. The cylinder pressure at

| time of injection (close to TC) is 50 atm; the fuel injection pressure is 500 atm.
(c) Assuming all fuel droplets are the same size as the average drop, how many

drops are produced per injection? If these drops are uniformly distributed
throughout the air charge at TC, what is the approximate distance between

I drops? (Neither of these assumptionsis correct; however, the calculations illus
trate the difficulty of the fuel-air mixing process.) 
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10.6. Estimate the following quantities for a typical direct-injection diesel fuel spray. The
injection pressure is 500 atm; the cylinder pressure during injection is 50 atm.
(a) Assuming that the flow through the nozzle orifice is incompressible and quasi

steady, estimate the liquid fuel velocity at the orifice exit. At this velocity, how
long would the fuel take to reach the cylinder wall? The bore is 125 mm.

(b) Each nozzle orifice diameter d, is 0.34 mm and L,/d, = 4. Determine the spray
angle and plot spray tip penetration versus time.

(c) Use Eg. (10.32) to estimate the initial average drop size assuming that the injec-
tion process in (a) above continues for 1 millisecond and the injector nozzle has
fourorifices.

10.7. Diesel fuel is injected as a liquid at room temperature into air at 50 atm and 800 K,
close to TC at the end of compression. If the overall equivalence ratio is 0.7, esti-
mate the reduction in average air temperature which would occur when the fuel is
fully vaporized and uniformly mixed. Assume such mixing takes place at constant
volumeprior to any combustion.

10.8. Using Eq. (10.37) estimate the ignition delay in milliseconds and crank angle
degrees for these operating conditions in Table 10.4: low swirl IDI diesel 600 and
1800 rev/min; high swirl IDI diesel 1800 rev/min; DI diesel low and high compres-
sion ratio. The fuel cetane numberis 45; stroke = 0.1 m. Discuss whether the pre-
dicted trends with speed, swirl, and compression ratio are consistent with Sec.
10.6.4.

10.9. The compression ratio of truck diesel engines must be set at about 18 so that the
engine will start when cold. Using Eqs.(10.37) to (10.39) develop a graph of t,, Gin
degrees) as a function of compression ratio for r, = 12 to 20. Assume p, = 1 atm,
T, = 255 K, n = 1.13, speed = 100 rev/min, bore = stroke = 120 mm, fuel cetane
number = 45,If the ignition delay must be less than 20° CA for satisfactory start-
ing, what compressionratio is required?

10.10. Equation (10.40) predicts the fraction f of the fuel injected into a direct-injection
diesel engine which burns in the premixed phase. Plot 8 as a function of 1,4 for
¢ = 0.4. Show that for turbocharged DI diesel engines where 1,is 0.4 to 1 ms, the
premixed combustion phase is muchless important than it normally is for naturally
aspirated engines where 1, is between 0.7 and 3 ms.
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1.1 NATURE AND EXTENT OF |
PROBLEM

Spark-ignition and diesel engines are a major source of urban air pollution. The
spark-ignition engine exhaust gases contain oxides of nitrogen (nitric oxide, NO,

snd small amounts of nitrogen dioxide, NO,—collectively known as NO,),
atbon monoxide (CO), and organic compoundswhich are unburned or partially
lirned hydrocarbons (HC). Therelative amounts depend on engine design and

Upenating conditions but are of order: NO, 500 to 1000 ppm or 20 g/kg fuel:
CO, 1 to 2 percent or 200 g/kg fuel; and HC, 3000 ppm (as C,) or 25 g/ke fuel.

ton blowby gases, and fuel evaporation and release to the atmosphere through
MS im the fuel tank and carburetorafter engine shut-down,are also sources of

Maburned hydrocarbons. However, in most modern engines these nonexhaust
ees are effectively controlled by returning the blowby gases from the crank-

*{o the engine intake system and by venting the fuel tank and carburetorfloat
Vl through a vapor-absorbing carbon cannister which is purged by some of
thgine intake air during normal engine operation. In diesel engine exhaust, i

Hrations of NO, are comparable to those from SI engines, Diesel hydro- |
oa €Missions are significant though exhaust concentrations are lower by

@ factor of 5 than typical SI enginelevels. The hydrocarbonsin the exhaust

|

    
HY also condense to form white smoke during engine starting and warm-up.

567
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568 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

Specific hydrocarbon compounds in the exhaust gases are the source of diese]
odor. Diesel engines are an important source of particulate emissions; between
about 0.2 and 0.5 percent ofthe fuel mass is emitted as small (~0.1 um dia meter)
particles which consist primarily of soot with some additional absorbed hydro.
carbon material. Diesel engines are not a significant source of carbon monoxide.

Use of alcoholfuels in either of these engines substantially increases alde.
hyde emissions. While these are not yet subject to regulation, aldehydes would be
a significant pollutantif these fuels were to be used in quantities comparable tg
gasoline and diesel. Currently used fuels, gasoline and diesel, contain sulfur: gas.
oline in small amounts (<600 ppm by weight S), diesel fuel in larger amounts
(<0.5 percent). The sulphur is oxidized (or burned) to producesulfur dioxide,
SO,, of which a fraction can be oxidized to sulfur trioxide, SO3, which combines
with water to form a sulfuric acid aerosol.

In general, the concentrations of these pollutants in internal combustion
engine exhaust differ from values calculated assuming chemical equilibrium. Thus
the detailed chemical mechanisms by which these pollutants form and the
kinetics of these processes are important in determining emission levels. For some
pollutant species, e.g. carbon monoxide, organic compounds, and particulates,
the formation and destruction reactions are intimately coupled with the primary
fuel combustion process. Thus an understanding of the formation of these species
requires knowledge of the combustion chemistry. For nitrogen oxides and sulfur
oxides, the formation and destruction processes are not part of the fuel com-
bustion process. However, the reactions which produce these species take place in
an environment created by the combustion reactions, so the two processes are
still intimately linked. A summary of the mechanisms by which these pollutants
form in internal combustion engines provides an introduction to this chapter. In
subsequentsections, the details of the basic formation mechanismsof each pol
lutant and the application of these mechanisms to the combustion process in
both spark-ignition and compression-ignition engines will be developed.

The processes by which pollutants form within the cylinder of a convention=
al spark-ignition engine are illustrated qualitatively in Fig. 11-1. The schematic”
shows the combustion chamber during four different phases of the engine oper
ating cycle: compression, combustion, expansion, and exhaust. Nitric oxide (NO)
forms throughout the high-temperature burned gases behind the flame through
chemicalreactions involving nitrogen and oxygen atoms and molecules, which do”
not attain chemical equilibrium. The higher the burned gas temperature, the
higher the rate of formation of NO. As the burned gases cool during the expan=
sion stroke the reactions involving NO freeze, and leave NO concentrations far
in excess of levels corresponding to equilibrium at exhaust conditions. Carbon
monoxide also forms during the combustion process. With rich fuel-air mixturess
there is insufficient oxygen to burn fully all the carbonin the fuel to CO2; also, im
the high-temperature products, even with lean mixtures, dissociation ensures
there are significant CO levels. Later, in the expansion stroke, the CO oxidalon
processalso freezes as the burned gas temperaturefalls.

The unburned hydrocarbon emissions have several different sourcel:
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§70 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

escapes the primary combustion process because the entrance to these crevices jg
too narrow for the flame to enter. This gas, which leaves these crevices later in
the expansion and exhaust processes, is one source of unburned hydrocarbon
emissions. Another possible source is the combustion chamber walls. A quench
layer containing unburned and partially burned fuel-air mixture is left at the wal]
whenthe flameis extinguished as it approaches the wall. While it has been shown
that the unburned HC in these thin (<0.1 mm) layers burn up rapidly when the
combustion chamber walls are clean, it has also been shown that the porous
deposits on the walls of engines in actual operation do increase engine HC emis-
sions. A third source of unburned hydrocarbonsis believed to be any engine oi]
left in a thin film on the cylinder wall, piston and perhaps on the cylinder head,
These oil layers can absorb and desorb fuel hydrocarbon components, before and
after combustion, respectively, thus permitting a fraction of the fuel to escape the
primary combustion process unburned. A final source of HC in engines is incom-
plete combustion due to bulk quenching of the flame in that fraction of the
engine cycles where combustion is especially slow (see Sec. 9.4.3). Such conditions
are most likely to occur during transient engine operation whentheair/fuel ratio,
spark timing, and the fraction of the exhaust recycled for emission control may
not be properly matched.

The unburned hydrocarbons exit the cylinder by being entrained in the
bulk-gas flow during blowdown and at the end of the exhaust stroke as the
piston pushes gas scraped off the wall out of the exhaust valve. Substantial oxida-
tion of the hydrocarbons which escape the primary combustion process by any of
the above processes can occur during expansion and exhaust. The amount of
oxidation depends on the temperature and oxygen concentration time histories of
these HC as they mix with the bulk gases.

One of the most important variables in determining spark-ignition engine
emissions is the fuel/air equivalence ratio, @. Figure 11-2 shows qualitatively how
NO, CO, and HC exhaust emissions vary with this parameter. The spark-ignition
engine has normally been operated close to stoichiometric, or slightly fuel-rich, to
ensure smooth and reliable operation. Figure 11-2 shows that leaner mixtures
give lower emissions until the combustion quality becomes poor (and eventually
misfire occurs), when HC emissions rise sharply and engine operation becomes
erratic. The shapes of these curves indicate the complexities of emission control.
In a cold engine, when fuel vaporization is slow, the fuel flow is increased to
provide an easily combustible fuel-rich mixture in the cylinder. Thus, until the:
engine warms up and this enrichment is removed, CO and HC emissions are
high. At part-load conditions, lean mixtures could be used which would produce
lower HC and CO emissions(at least until the combustion quality deteriorates)
and moderate NO emissions. Use of recycled exhaust to dilute the engine intake
mixture lowers the NO levels, but also deteriorates combustion quality. Exhaust
gas recirculation (EGR) is used with stoichiometric mixtures in many engine
control systems. Note that the highest powerlevels are obtained from the engine
with slightly rich-of-stoichiometric mixtures and no recycled exhaust to dilute the
incoming charge. As we will see, several emission control techniques are required
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FIGURE 11-2

Variation of HC, CO, and NO concentration in
(he exhaust of a conventional spark-ignition
engine with fuel/air equivalence ratio.
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to reduce emissionsofall three pollutants, over all engine operating modes, and
achieve acceptable averagelevels.

In the diesel engine, the fuel is injected into the cylinder just before com-
bustion starts, so throughout mostof the critical parts of the cycle the fuel dis-
tribution is nonuniform. The pollutant formation processes are strongly
dependent on the fuel distribution and how that distribution changes with time
due to mixing. Figure 11-3 illustrates how various parts of the fuel jet and the
flame affect the formation of NO, unburned HC,andsoot(or particulates) during
the" premixed " and “ mixing-controlled ” phases of diesel combustion in a direct-
Injection engine with swirl. Nitric oxide forms in the high-temperature burned
fas Tegions as before, but temperature and fuel/air ratio distributions within the
burned gases are now nonuniform and formation rates are highest in the close-
fo-stoichiometriv regions. Soot formsin the rich unburned-fuel-containing core of
the fuel Sprays, within the flame region, where the fuel vaporis heated by mixing
With hot burned gases. Soot then oxidizes in the flame zone when it contacts
Jinburned Oxygen, giving rise to the yellow luminous character of the flame.
Hydrocarbous and aldehydes originate in regions where the flame quenchesboth
1m the walls and where excessive dilution with air prevents the combustion
Nlocoss from either starting or going to completion. Fuel that vaporizes from the
Nozzle sac volume during the later stages of combustionis also a source of HC.
soMbustion generated noise 1s controlled by the early part of the combustion
athe initial rapid heat release immediately following the ignition-delay |MEDIO,
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| 11.22 NITROGEN OXIDES
11.2.1 Kinetics of NO Formation

While nitric oxide (NO) and nitrogen dioxide (NO,) are usually grouped together
as NO, emissions, nitric oxide is the predominant oxide of nitrogen produced
inside the engine cylinder. The principal source of NO is the oxidation of atmo-
spheric (molecular) nitrogen. However, if the fuel contains significant nitrogen,
the oxidation of the fuel nitrogen-containing compoundsis an additional source
of NO. Gasolines contain negligible amounts of nitrogen; although diesel fuels
contain morenitrogen, currentlevels are notsignificant.

The mechanism of NO formation from atmospheric nitrogen has been
studied extensively.’ It is generally accepted that in combustion of near-
stoichiometric fuel-air mixtures the principal reactions governing the formation
of NO from molecular nitrogen (andits destruction) aret

O+N,=NO+N (11.1)

N+0,=NO+0 (11.2)

N+OH=NO+H (11.3)

t This is often called the extended Zeldovich mechanism. Zeldavich' was the first to suggest (he
importance of reactions (11.1) and (11.2). Lavoie et al? added reaction (11.3) to the mechanism, li
does contributesignificantly.
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FIGURE 11-3

Summaryof pollutant formation
mechanisms in a direct-injection
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TABLE 11.1

Rate constants for NO formation mechanism!_COCO

Rate constant, Temperature Uncertainty,
Reaction cm?/mol:s range, K factor of or %

(1) O+N,~NO+N 7.6 x 10! exp [—38,000/T] 2000-50002
(-Q)N+NO5N,+0O 1.6 x 10! 300-5000 +20% at 300 K

2 at 2000-5000 K
(2) N+0O,>NO+0O 64x 10° T exp [—3150/T] 300-3000 +30% 300-1500 K

2 at 3000 K

(-YO+NO30,4+N 15x 10° Texp [—19,500/T] 1000-3000 +30% at 1000 K
2 at 3000 K

@) N+OH+NO+H 41x 10% 300-2500—+80%
(-3)H+NO>OH+N_ 20 x ‘0"* exp [—23,650/T] 2200-4500Seeee"

 
The forward and reverse rate constants (k;* and k;, respectively) for these reac-
tions have been measured in numerous experimental studies. Recommended
values for these rate constants taken fromacritical review of this published data
are given in Table 11.1, Note that the equilibrium constant for each reaction, Key
(see Sec. 3.7.2), is related to the forward and reverse rate constants by K,, =
ki /ky . The rate of formation of NO via reactions (11-1) to (11,3) is given by [see
Begs. (3.55) and (3.58)]

a[NO]
dt

 

= kTLOJEN2] + kz [N][O2] + k3 [N][OH]

~ ke [NO][N] — kz [NOJ[O] — ks [NO]LH] (11.4)

Where [ ] denote species concentrations in moles per cubic centimeter when k,
jive the values given in Table 11.1, The forward rate constant for reaction (11.1)
find the reverse rate constants for reactions (11.2) and(| 1.3) have large activation
entrgics which results in a strong temperature dependence of NO formationTates.

A similiar relation to (11.4) can be written for d[N]/dt:
dN)
oy = Ki LOIEN2] — kz [NIEO,] — kf [N][OH]

— ky [NO][N] + k, [NO][O] + ks [NOJ[H] (11.5)
Fince LN] is much less than the concentrations of other species of interest
(~10 * mole fraction), the steady-state approximation 1s appropriate: d[N]/dt 1s

M equal to zero and Eq. (11.5) used to eliminate [N] The NO formation rate
tn becomes

aNQO]_, |. 1 — [NO}*A(K[O,][N,])
de ~** COUNT TNO[Oa] +ton) 9)

hur K = (kt/krkdkz).

-==
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574 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 11.2

Typical values of R,, R,/R,,and R,/(R, + R3)t

 
Equivalence
ratio Rt R,/R, R,/(R, + Ra)

0.8 5.8 x 1075 1.2 0.33
1.0 2.8 x 1075 2.5 0.26
1.2 7.6 x 107° 9.1 0.14

+ At LO atm pressure and 2600 K.
+ Units gmol/cm?:s,

NO forms in both the flame front and the postflame gases. In engines,
however, combustion occurs at high pressure so the flame reaction zoneis
extremely thin (~0.1 mm) and residence time within this zone is short. Also, the
cylinder pressure rises during most of the combustion process, so burned gases
produced early in the combustion process are compressed to a higher tem-
perature than they reached immediately after combustion. Thus, NO formation
in the postflame gases almost always dominates any flame-front—produced NO.It
is, therefore, appropriate to assume that the combustion and NO formation pro-
cesses are decoupled and to approximate the concentrations of O, O,, OH,H,
and N, by their equilibrium values at the local pressure and equilibrium tem-
perature.

To introduce this equilibrium assumption it is convenient to use the nota-
tion R, = kf{[O],[N2]. =k; [NO],.[N],. where [ ], denotes equilibrium con-
centration, for the one-way equilibrium rate for reaction (11.1), with similiar
definitions for R,=k3(N].[0.],=k7[NO][O], and R3 =kZ[N],[OH],
=k; [NO],[H],. Substituting [0],, [0,],, [OH]., [H],, and [N2], for [0],
[O,], [OH], [H], and [N,] in Eq.(11.6) yields

a[NO]__2R,{1 — ((NOJ/[NO],)”}
dt 1 + ([NOJ/[NO])Ri/(R2 + Rs)

Typical values of R,, Ry/R, and R,/(R, + R;) are given in Table 11.2. The difler~
ence between R,/R, and R,/(R, + R,) indicates the relative importance of —
adding reaction (11.3) to the mechanism.

The strong temperature dependence of the NO formation rate can be
demonstrated by considering the initial value of d[NO]/dt when [NO]/[NO], <
1. Then, from Eq. (11.7),

W[NO]
dt

 
(11.7)

= 2R, = 2k[O1.L[Nol. (11.8)
 

The equilibrium oxygen atom concentration is given by

[0], = K yoLO2]e” (11.9)!
(RT)?
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where Kyo) is the equilibrium constantfor the reaction

20, =O

and is given by

3 - 31,090 iKyo) = 3.6 x 10° exp a atm (11.10)

The initial NO formation rate may then be written [combining Eqs.(11.8), (11.9),
Wel (11.10) with kf from Table 11.1] as

it “

AOI _ Sx 10 ( SS)ro.n0N.I.—movem?-s (4.11)dt TH Pi, :

The strong dependence of d[NO]/dt on temperature in the exponential term is
evident, High temperatures and high oxygen concentrations result in high NO
Jormation rates. Figure 11-4 shows the NO formation rate as a function of gas
{¢Mperature and fuel/air equivalenceratio in postflame gases, Also shownis the

‘aulabatic flame temperature attained by a fuel-air mixtureinitially at 700 K at a
Yonstanl pressure of 15 atm. For adiabatic constant-pressure combustion (an
“PPropriate model for each elementoffuel that burns in an engine), this initial
NO formation Tate peaks at the stoichiometric composition, and decreases
*Apidly as the mixture becomes leaneror richer.

A characteristic time for the NO formation process, ty, can be defined by
-,_ 1. dpNo]

tno = [NO],a (11.12)
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576 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

[NO], can be obtained from the equilibrium constant

Kyo = 20.3 x exp (—21,650/T)

for the reaction

0O,+N,=2NO

as [NO], = (KxolO2].[N2],)"?. Equations (11.11) and (11.12) can be combined
to give

8 < 10°'®T exp (S8,300/T)
oa (11.13)

where tyo is in seconds, T in kelvins, and p in atmospheres. Use has been made
of the fact that %,, = 0.71, For engine combustion conditions, tyo is usually com.
parable to or longer thanthe times characteristic of changes in engine conditions
so the formation process is kinetically controlled, However, for close-ta-
stoichiometric conditions at the maximum pressures and burned gas tem-
peratures, Tyo is of the same order as typical combustion times (1 ms) and
equilibrium NO concentrations maybe attained.

Evidence that this formation model is valid under conditions typical of
those found in engines is provided by high-pressure combustion bombstudies,
Newhall and Shahed* have measured the NO production, using the q-band
absorption technique, behind hydrogen-air and propane-air planar flames propa-
gating axially in a cylindrical bomb, Some results are compared with predictions
made with this kinetic scheme (coupled with an “unmixed” combustion calen-
lation to determine local pressure and temperature; see Sec. 9.2.1) in Fig. 11-5,
The agreementis excellent. Note that the NO concentrationrises smoothly from

   
5 x 1077

". 10772
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5
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TABLE 11.3

Typical nitrogen contentofdistillate fuels!_—$———

   Fraction Average nitrogen, wt % Range, wt %

Crude 0.65 =
Heavy distillates 1.40 0.60-2.15
Light distillates 0.07 00.60$a

vlose to zera, Jutdicating that at these high pressures there is negligible NO pro-
duebon within the fume frontitself.

Fuel nitrogen is also a source of NO via o different and yet lo be fully
etplaned mechanism, Table 1/4 shows (he typical nitrogen content of
petroletim-derived fuels. During disifllation, the fuel nitrogen is concentrated in
the tugher boiling fractions. In distillate fuels, the DULGZEN Gan EXISt as amines
ahd (ag compounds (e.g., pyridine, quinoline, and curbazoles), During corm-
biistiou (hese compounds are likely to oodergo some therrial decomposition
prior (o eniscme the combustion zone. The precursors to NO formation will
therefore be low molecular weight nitrogen-containing compourtds such as NH,
HCN, and CN. The detiled information on the kinetics of NO formation from
these compounds is limited. Oxidation to NO is usually rapid, occurring on a
ime scale comparable to that of the combustion reactions. The NO yield
famount of fiel nitrogen converted to NO) is sensitive lo the fuel/air equivalence:
Mito, Kelaively ligh NO yields (approaching 100 perce) are obtained for lean
nd steichioneteie mixtures; relatively low yields are found for rich mixtures, NO
yields are only weakly dependent on temperature, in contrast to the strong tem-
portiure dependence of NO formed from atmospheric nitrogen. '

 
 
 11.2.2 Formation of NO,

Ohomici! equilibrium considerations indicate that for burned gases at typical
ilime temperatures, NO,/NOratios should be negligibly small. While experimen-
it! data show this 1s true for spark-ignition engines, in diesels NO, can be |0 to
Al) percent of the total exhaust oxides of nitrogen emissions.* A plausible mecha-
Nismfor the persistence of NO, 1s the following.© NO formed in the flame zone
Ml be rapidly converted to NO,via reactions such as

 
    
  

 
  
 
 
 

 
NO + HO, ~ NO, + OH (11.14)

AVbsequently conversion of this NO, to NO occursvia
NO,+0>NO+0, (11.15)

 less the NO,formedin the flame is quenched by mixing with cooler fluid. This
Mlination is consistent with the highest NO,/NO ratio occurring at light load
sallesels, when cooler regions which could quench the conversion back to NO

Widespread.>
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FIGURE 11-6

(a) NO and NO, concentrations in SI engine exhaust as function of air/fuel ratio, 1500 rev/min,
wide-open throttle; (b) NO, as percent of total NO,in diesel exhaust as function of load and speed,5

Figure 11-6 shows examples of NO and NO, emissions data from a spark-
ignition and a diesel engine. The maximum value for the ratio (NO,/NO)for the
SI engine is 2 percent, at an equivalence ratio of about 0.85. For the diesel this
ratio is higher, and is highest at light load and depends on engine speed.

It is customary to measure total oxides of nitrogen emissions, NO plus
NO,, with a chemiluminescence analyzer and call the combination NO,,. It is
always important to check carefully whether specific emissions data for NO, are
given in terms of mass of NO or mass of NO,, which have molecular weights of
30 and 46, respectively.

11.2.3. NO Formationin Spark-Ignition Engines

In conventional spark-ignition engines the fuel and air (and any recycled exhaust)
are mixed together in the engine intake system, and vigorous mixing with the
residual gas within the cylinder occurs during the intake process. Thus the fuel/
air ratio and the amount of diluent (residual gas plus any recycled exhaust)is
approximately uniform throughout the charge within the cylinder during com-
bustion.t Since the composition is essentially uniform, the nature of the NO fot=
mation process within the cylinder can be understood by coupling the kinetit
mechanism developedin Sec. 11.2.1 with the burned gas temperature distribution
and pressure in the cylinder during the combustion and expansion processes. The

+ It is well known that the mixture composition within the cylinder is not completely uniform an
varies from one cycle to the next. Both these factors contribute to cycle-by-cycle combustion Valli
tions. For the presentdiscussion, the assumption of mixture uniformity is adequate.
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TeMpersiure distribution whieh develops in the burned pases die to ihe Passage
of the (ime weross the tombustion chamber has been discussed in Sec 9.3.1.
Mixture whieh burns early is compressed to higher temperatures after com-
istion, as the eylindér pressure continues to nist; mixture which burns liter is
SOM pressed primacy as unburned mixture and ends Up after combustion ai a
Kiwer burned HS teniperatuce, Figure 11-7¢ and 6 Shows measured cylinder pros-
Hire data from sy Operating engine, with cstimates of the mass fraction burned

See Mperatires of a pas element which burned just alter spark dis-
Fal e rokon clement which burned at the end of the burning process. The
oes estimate these temperatures assumed no mixing between mixture
S™Ms which burn at diferent limes, This assumption | ‘ealistic» VS AS8UMplton is more realistic than the
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580 iNTERNAL COMBUSTION ENGINE FUNDAMENTALS

alternative idealization that the bummed gases max rapidly acd are thas onilore
isee Sec. 9.2.1). Ifthe NO formation kinetic model [Eq (11.7)] i¢ used (o calenlate
NO concentrations in these burned pas elements, using, Lhe equilibrium cancen-
iranons of the species O, O,, N,, OH, and H corresponding to (le average
fuel/air equivalence rata and burned gas fracbon of the mixture and (hese pres-
sure and lemperature profiles, the rate-limited concentration profiles in Fig. Pl-fe
are obtained Also shown ave the NO coneentrsons that would correspond to
chemical equilibriumat these conditions, The rate-conttolled concentrations tise
from the residwal gas NO concentration, lageig the equilibrium tevels. then
cross the equilibrium levels and “freeze” well above the equilibrium valocs corre-
sponding ta exhaust conditions Depending on devils of crngine operating cand)-
tions, the vatelimiled concentrations may of may not come else to equilibrium
levels al peak eylinder pressure and gis temaperalure, Also, (he amount of decorm-
postion (rom peak NO levels Which occurs during expansion depends on engine
conditions as well as whether the mixture clement burned early or late.’

Onee (he NO chemistry bes frazen during the early parl of the expansion
stroke, integration over al) elements will give the final averume NO concentration
in the cylinder whieh eqaals Lhe exhaust concentration. Thus, if {NWO} is the local
mugs fraction of NO, then the sverage exhaust NO mass fraction 1s given by

{NO} = [eon dx, (11.16)0

where {NO}, is the final frozen NO mass fraction in the element of charge which
burned when the mass fraction burned was 4,, Note that (NO! = [NOUMyas
where Myo = 30, the molecular weight of NO. The average exhaust concentra:
tion of NO as a molefraction is given by

Mesh (11.17)
Myo

XNoav = {NO}

and the exhaust concentration in ppm is Xnoav 10°, The earlier burning [ac-
tions of the charge contribute much more to the exhausted NO than do Jater
burning fractions of the charge: frozen NO concentrationsin these early-burning
elenicnits can be an order of magnilade higher than coricentrations in late-
harning elements, Jy the absence of vigorous bulk gas motion, the highest NO
conventralions oceur nearest the spark plug

Subsiantial experimental evidence s\ipports this desenption of NO fonmas
tion in spark-igniiion engines. The NO concentration gradient across the bu nes
gus in the enwine cylinder, due to the ternperature gradient, has been seman:
siruted using gas sampling techniques” and Using measurements of (he chernilt
minescent radiation from the reaction NO) + Q— NO, 4 hy to determine (he
local NO concentration. Figure 11-8 shows NOconcentration data as a fynelior
of crank angle, taken by Lavoie’? through two different windows un the oylnuel
head ofa specially constructed L-head cnyine where cach window was a dilleren!
distance from the spark plug. The stars indicate ihe estimated initial NO oemeene
tration that results from mixing of the residual gas with tbe fresh eharje, ab TAS 
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a” a / Spectroscopically measured NO concentratiuns
| | throwgl two windows Wy and W in spevial

i 6=09 L-head SI engine (HW. is Closer iy spark than W4),
The asterisks mark estimated initial conditions| and flamearrival times. The dashed lines are cal-

| culated fate-limited concentrations for parts ofio-' He Doce — : . A' —30 0 20 40 60 charge burning at these flame arrival times with
Crank angle, deg zero initial NO concentration,!°

time ofarrival of the flame at each window. The observed NO molefractionsrise
smoothly from these initial values and then Ireeze about one-third of the way
through the expansion process. NO levels observed at window W,, closest to the
spark plug, were substantially higher than those observed at window W,. The
lashed lines show calculated NO concentrations obtained using the NO forma-
tion kinetic model with an “ unmixed" thermodynamic analysis for elements that
burned at the time of flame arrival at each window. Since the calculated values
started from zero NO concentration at the flame front (and not the diluted
residual gas NOlevel indicated by the star), the calculations initially fall below
the data. However, the difference between the two measurement locations and the
frozen levels are predicted with reasonable accuracy. Thus, the rate-limited for-
Mation process, freezing of NO chemistry during expansion,andtheexistence of
NO concentration gradients across the combustion chamber have all been
observed.

The most important engine variables that affect NO emissions are the fuel/
uivalence ratio, the burned gas fraction of the in-cylinder unburned mixture,

and spark timing. The burned gas fraction depends on the amountofdiluent
Such as recycled exhaust gas (EGR) used for NO, emissions control, as well as
tht residual gas fraction. Fuel properties will affect burned gas conditions: the
effect of normalvariations in gasoline properties is modest, however. Theeffect of
Yarialions in these parameters can be explained with the NO formation mecha-
isi described above- changes in the time history of temperature and oxygen

*Sheentration in the burned gases during the combustion process and early partWthe expansion stroke are the importantfactors.!!

air eq

FQUIVALENC:
7 RATIO.Figure 11-9 shows the effect of variations in the fuel/air“Mitivalence ratio on NO emissions. Maximum burned gas temperatures occur at
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Fuel/air equivalence ratio
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“| FIGURE 11-9Variation of exhaust NO concentration with A/F and

fuel/air equivalence yabo, Spark-jynition engine, 1600
rev/min, 4, = 50 percenl, MBT timing?‘he

¢ = 1.1; however, at this equivalence ratio Oxyaen concentritions are low. As the
mixture is enriched, burned gas temperatures fall. As the mixture is leaned out,
incruusing oxygen concentration initially offsets the falling, gas tomperitures and
MO omissions peak at dp = 0.9. Dejailed predichions of NO concentrations un ie
burned gases Sumest thal Che concentration versus Lime histories under fiel-lean
conditions are different in character from (hose lar fuel-neh conditions, In lean
mixtures NO concentrations freeze carly in the expansion process and little NO
decompositian occurs. In rich mixtures, substantial NO deeompesibon occurs
from the peak concentrations present whey the cylinder pressure Js a Naru,
Thus mlean mixtures, gas conditions at the ume of peak pressure arc cspouiitlly
significant.”

BURNED GAS FRACTION. The unburned moeture in the cylinder continns fuel
vapor, ait, and burned gases.The burned gases are residual jas from the previnus:
cycle und any exliaust gas recyeled ta the intake for NO, emissions contro). The
residual gas fraction is influenced by load, valve timing (especially the extent of
valve overlwp), and, to a lesser degree, by speed, air/fuel ratio, and compression
ratio a4 described in Sec. 64, The burned gases act as a diluent im thie citar!
nxture: the absolute temperature reached after vombustion varies inversely wilt
the burned gas mass fraction, Hence increasing the burned gas fraction redluees
NOemissions levels. However, it also reduces the combustion rate and, therelore,
makes stable combustion more difficult to achieve (see Sees. 9.3 and 9.4).

Figure 11-10 shows (he effect of increasing the burned gas fraction by reeys
cling exhaust gases to the intake systemjust below the throttle plate, Subyuiibul
reductions In NO concentrations are achieved witli 15 to 25 percent BGK, whiclt
is abou! the maximum amount of EGR fhe engine will tolerate wader nanny

| part-throtile conditions. OF course, increasing the BGR al fixed engine joad andspeed increases the inlet manifold pressure, while fuel Mow and air Mow rent
approximately constint

The primary effect of the burned gus diluent 10 the unburned mus
NO formation process is that it reduces flame temperatures by ineresing the

ture on the
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NO,ppm

FIGURE 11-10

Variation of exhaust NO concentration with per-
cent recycled exhaust gas (EGR). Spark-ignition

0 {0 20 engine, 1600 rev/min, 4, = 50 percent, MBT tim-
EGR, % lpg 12

   
heal capacity of the cylinder charge, per unit massoffuel, Figure 11-11 shows the
cHeet of different diluent gases added to the engine intake flow, in a sinale-
cvimder engine operated at constant speed, fuel flow, and air flow.!? The data in
Fig, 1-1 1a showthat equal volume percentages of the different diluents produce
diferent reductions in NO emissions. The same data whenplotted against diluent
heat capacity (diluent mass flow rate x specific heat, c,) collapse to a single
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584 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

curve.t A similiar study where the burned gas fraction 10 the unburned charye
was varied by changing the valve overlap, compression FANS, and EGR, separ-
ately, showed! that, under more realistic engine operating conditions, lt 18 the hewi
capacity of the total diluent mass io the in-cylinder mixture thal is important
Whether the diluent mass ts changed by varying the valve overlap, EGR, or ever
the compression ratio is net importani.!*

EXCESS AIR AND EGR, Because of the above, it is possible ta correlate (he influ
ence of engine operating vanables (sueh as alr/fuel ratio, enpine speed, und Jogi)
and design variables (such as valve liming and compression rato} on NO emis-
sions with two parameters which define the in-cylinder mixture composition: the
fuel/air equivalence ratio (often the arr/fuel ratio is used instead) and the pas/fuel
ratio, The gas/fuel ratio (G/L)is given by

G total mass weeylinder — A (1 Xy )F fuel mass in cylinder = F 7 Xp
where X, 1s the burned gas fraction [Eq. (4.3)]. These together define the relative
proportions of fuel, air, and burned gases in the in-cylinder mixture, and heuce

(11.18)

   
8)-——$—
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a 64
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12,4 0 36

= @22ai}
4g 10}
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3
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oO 757Zz2
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;
3 FIGURE 1)-122.5- Caorrelauon between gaafuel raud (G/F) nd inte

vated specie NO, emissions at variou! oir/fucl
nifice (4/F) and valiuneric effiewneis (tds Spark:

0! —Seedcnaie operated wi JANG rev/min witht spark10 14 18 22 timing celirded to yove O<:95 af mixin brake
Gas/fuel ratio torque.'*

 

+ Someofthe scatter in Fig. 11-11 is due to the fact that the residual gas fraction is slightly different
for each diluent.
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will correlate NO emissions.+ Figure 11-12 shows the correlation of specific NO
emissions, from 4 four-cylinder engine, over a wide range of engine operating
conditions with the air/fuel ratio and vas/fuel ratio, Lines ef constant air/fuel
rao and volumetric efficiency are shown: the direction of increasing dilution
willi residual gas and BCR at constant air/fuel rao is to the right. Excessive
dilitiow resulis in poor combustion quality, partial burning, and, eventually,
misfire (see Sec, 9.4.3), Lowest NO emissions consistent with good fuel consump»
{jot (avoiding the use of rich mixtures) yre obtained with a stoichiometric
mixture, wilh as much dilution as the engine will tolerate without excessive dete-
rioration in combustion quality.15

Comparisons between predictions made with the NO formation model
{described at the beginning of this sechion) and expelimental dais show good
agreement with formal amoinis of dilution® With extreme dilution, at NO
levels of ahoul 100 ppm or less, the NO formed within the flame reaction zone
cannot, apparently, be neglected. Within the flame, the concentrationsofradicals
such as O, OH, and Ft can be Substantially in excess of equilibrium levels,
tesulting in much higher ferniation rates within the flame than in the postflame
gases, I{ is believed (hat the mechanism [reactions (11.1) to (11.3)] and the forma-
tion rate equation (11.6) are valid. However, neglecting flame-front-formed NOis
no longer an appropriate assumption.!7

SPARK TIMING.Spark timingsignificantly affects NO emission levels. Advanc-
ing the timing so that combustion occurs earlier in the cycle increases the peak
cylinder pressure (because more fuel is burned before TC and the peak pressure
moves closer to TC where the cylinder volume 1s smaller); retarding the timing
decreases the peak cylinder pressure (because more of the fuel burns after TC).
Higher peak cylinder pressures result in higher peak burned gas temperatures,
and hence higher NO formation rates. For lower peak cylinder pressures, lower
NOformationrates result. Figure 11.13 shows typical NO emission data for a
spark-ignition engine as a function of spark timing. NO emission levels steadily
decrease as spark timing 1s retarded from MBT timing and moved closer to TC.
Since exact determination of MBT timing 1s difficult (and notcritical for fuel
consumption and power where the variation with timing around MBT 1s
Mbdest), there is always considerable uncertainty in NO emissions at MBT
Uming. Often, therefore, an alternative reference timing is used, where spark is
Ietirded from MBT timing to the point where torque is decreased by | or 2
Percent! from the maximum value. Great care with spark timing is necessary to
en accurate NO emissions measurements under MBT-timing operating con-tins,

TSiunk lime alse
MWwith Unwin at aflects NO emissions, as discussed next. The above «discussion relates to engines

{IFTor with torque at a fixed percentage of (and close 10) the maximum.
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§86 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

FIGURE11-13
Variation of exhaust NO concentration with spark
retard. 1600 rev/min, 7, = 50 percent; left-hand end

Spark timing, deg BTC of curve corresponds to MBTtiming for each A/F,1?

 
11.2.4 NO, Formation in Compression-Ignition
Engines

The Kinetic mechanisms for NO and NO, formation deseribed in Sees, 11.2.1 and
11.2.2 and the assumptions made regarding equilibration of species in the
C—O—Hsystem apply to diesels as well as to gpark-ignition engines, The eriti«
val difference, of course, is that injectian offuel into the eylinder scours jusy
afore combustion starts, and that nonuniform burned gas temperiture and com-
position result from this nonuniform fuel distribution during combustion, The
fuel-air mixing and combustion processes are extremely complex. During the
“premixed” or Uncontrolled diese) combustion phase immediately followmyg the
ignition delay, fuel-air mixtive with a spread in composition about sivichiwmetyc
burns due to spontanecus ignition and flame propagetion, During the mixing
contralled combustion phase, the burning mixture is likely to be closer to slob
chiometrie (the fame structure is (hat of a Curbulent, (hough unsteady, dufusion
flame), However, throughout the combustion process mixing between already
burned gases, air, and lean and rieh unburned fuel vapor—air mixture vecurs,
changing the composition of any gis elements (hat burned al a particular equiva-
lenee ratio. In addition to these composition (and hence lemperalure! changes
due to mixing. temperature changes due to compression and expunsion Cech us
the cylinder pressurerises andfalls.

The discussion in Sec. 11.2.1 showed that the critical equivalence ratio for
NO formation in high-temperature high-pressure burned gases typical of cngines
is close to stoichiometric. Figure 11-4 is relevant here: it shows the initial NO
formation rate in combustion products formed by burning a mixture of « (ypicil
hydrocarbon fuel with aur (initially at 700 K, at a constant pressure of {5 in)
NO formation rates are within a factor of 2 of the maximum value for 0.855
o<it

The critical time period is when burned gas temperatures are at a
maximum 1¢. between the start of combustion and shortly after the necyNene
of peak cylinder pressure. Mixture which burns early in the combustion proeer
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Concentrations of soot, NO, and other combustion product species measured at outer edge of bowl-
fepision cambuntion chimber (logation S) nf qureveant LM diesel with rapid sumpling valve, Cylinder
Bui pressive? ph mua Meyuperalure T, and loon! equivalence rutin @ shown. Bore = 95 mm,
atoke = Win, r, = 14,4, Four-hale nozele with) hole dinmeier = 0.2 non '

is especially importantsinceit is compressed to a higher temperature, increasing
the NO formation rate, as combustion proceeds and cylinder pressure increases.
Aller the time of peak pressure, burned gas temperatures decrease as the cylinder
Mises expand. The decreasing temperature due to expansion and due to mixing of
Mhgh-(ern perature gas with air or cooler burned gas freezes the NO chemistry
This second effect (which occurs only in the diesel) means that freezing occurs
SE rapidly in the diesel than in the spark-ignition engine, and much less
SeeHinpasiion of the NO occurs,

The ahove description is supported by the NO eoneeniration data obtained
trom experiments whore gas was sampled. from within the cylinder of normally
Werating diesel engines with special gas-sampling valves and analyzed. Figure
iorealee of major species concentrations, (hrough the com-
rt Slee7 ptaxniined with al Fapid-ucting sampling valve (1 ms open Lime)

nthe ae Hrect-injection diesel Cngine, Concentrations at different positions
Uochamber were obtained: the sample valve location for the Fig,
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FIGURE 11-15

0.2 Ratio of cylinder-average NO concentration at
1" given crank angle (determined from cylinder-

1 rl 4 i dumping experiments) to exhaust NO concen.
—20 -10 0 10 20 30 40 tration. DI dicsel, equivalence ratio = 0.6,

Crank angle, deg injection timing at 27° BTC.'°

11-14 data is shown. Local NO concentrations rise from the residual gas value
following the start of combustion, to a peak al the point where the local burned
gas equivalence rao changes from rich to lean (where the CO, concentration
has its maximum value). As the local burned gas equivalence rao becomes
leaner due to mixing with excess air, NO concentrations decrease since formation
becomes much sloweras dilution occurs. At the time of peak NO concentrations
within ihe bowl (15° ATC), most of the bowl region wasfilled with Name. The
total amount of NO withm the cylinder of this type of direct-injection diesel
during the NO formation process has also been measured’? At a predetermined
ime in one cycle, onve steady-stale warmed-up engine operation had been
achieved, (he contents of the cylinder were dumped ito an evacuated tank by
rapidly cutting open a diaphragm which had previously sealed off the Link
system. Figure 11-15 shows how the catio of the average cylinder NO conventra-
tion divided by the exhaust concentration varies during the combustion process.
NO concentrations reach a maximum shortly after the time of peak pressure.
There is a modest amount of NO decomposition. Variations in engine speed have
little effect on the shape of this curve. The 20 crank angle degrees after the start of
combustionis the critical time period.

Results from similar cylinder-dumping experiments where injection (iming
and load (defined by the overall equivalence ratio) were varied also showed that
almost all of the NO forms within the 20° following the start of combustion. AS
injection timing is retarded, so the combustion processis retarded; NO forinit:
tion occurs later, and concentrations are lower since peak temperatures art
lower. The effect of the overall equivalence ratio on NO,, concentrationsis shown
in Fig. 11-16. At high load, with higher peak pressures, and hence temperatures:
and larger regionsof close-to-stoichiometric burned gas, NOlevels increase. Boll
NO and NO,concentrations were measured, NO,is 10 to 20 percent of tot
NO, Though NOlevels decrease with a decreasing overall equivalence rat?
they do so much less rapidly than do spark-ignition engine NO emissions (stb
Fig. 11-9) due to the nonuniform fuel distribution in the diesel. Though tI
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FIGURE 11-16

0 ' ! Exhaust NO, and NO concentrations as a function
of oveyill equivalence rafie or en© acy tine loned, DI

Equivalence ratio diesel, 1000 rev/muni, injection timine at 27° HTC19

umount of fuel injected decreases proportionally us the overall equivalence vat
is decreased, much of the fuel still burns close to stoichiometric. Thus NO oh.
sions should be renghly proportional to the muss of fuel irierieel ( rihgidied
burned wis pressures and temperatires do wat chanpe greatly) ee

Similar gas Sampling studies have been done with indirect-lijeciian diesel
engmies, Modeling studies suggest ihat mast af the NO forms within the in
chamber and is then transported into the main chamber where (le stauifort
freeze as rapid mixing with air occurs. However, the prechamher soauiptar light
load, operates rich overall so some additional NO can form fis dhe Wich ras
bustion products are diluted through the stoichiometric compesitien 0 Figu 7
LJ-\7 shows local NO cancentrations and equivalence ratios i u function of
crank angle determined with a rapid-acing sampling Valve at different locations

     
Adu)
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aK) 2mm —-~~ 10mm
—— mm —--— 18.5 mm
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i Pl— J | | 0
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PUGUIM: 11-17
Mt) NO concentrati i i i
‘i Talions measured with rapid sampling valve and (5) calculated equivalence ratios atMenent di :

istances from the wall in swirl chamber of IDI diesel engine, as function of crank angle.
1000 rev/min,injection at 13° BTC, ignition at 5° BTC.22
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590=iNTERNAL COMBUSTION ENGINE FUNDAMENTALS

within the prechamber of a Comet swirl chamber IDI engine.*! The gas mixture
rapidly becomes stoichiametric or (uel-mch. Composition nonuniformities across
the prechuraber are gubatantial. Peak NO concentrations, as expected, corre-
spond approximately to locally Stoichiometric regions. Because the mixture
remains fiel-rich iw ihe prechamber as the burned gases expand (after the ime of
pexk pressure which pceurs between 6 and 10° ATC), substantial NO decomposi-
Hon within the prechwmber cin occur However, by this time much of the gas
(ana NO) in the prechamber has been transferred to the main chamber where
freeving of the NO chemistry will occur, Cylindér-gas dumping experiments,

ain chamber and prechamber gases were dumped and qilenctwal,
uveyaze NO conceatrations, delermined by

partied the engine cylinder from an evau
uated lank at predetermined points in the ¢yele of an otherwise normally Oper.
ated IDI engine, rise rapidly once cambustion starts, until (he NO chemistry as
effectively frozen at about LS’ ATC, Little oet NO decamposition occurs.Heat

gained from pressure data analysis for the same IDI
half complete at the time the

where both m
confirm this deseription, Cylinder
rapidly, opening, a diaphram whieli se

release-rate diagrams abt
engine indicate that combustion es only about one-
NO formation process ceases.

Dilvents added to (he intake air (such wa recycled exhaust) are elieclive at
reducing the NO formation rate, and therefore NO, extiaust emissions As will
spark-igni tion engines, the effect is primarily one ol reducimp the burned gas tom-
perature for a given mass of {uel and oxygen burned. Figure 11-18 shows the
effect of dilution of the intake aie with No COs, and exhaust yas on NO,
exhaust levels? The hewt capacity of CO, (per inole) al the iemperalires rele
vant to diesel combustion ts about (wice that of Nj. ‘Thai of exhaust wis fs
slightly Iigher than (hal of N,. Therefore these dat show that the effeet 1pri-
marily one of radioed burned gas temperatures, Note thal the composition of the
exhaust gas of a diesel viries with load. AL idle, theve 1s little CO, and HO. and
the composition does not differ much from that of airy At high load the heal

os FIGURE 11-18  SN. Effect of reduction in oxygen concentration bydifee | ferent diluents (exhaust gas, CO,, Nz) om NO,
Exhaust~Nz emissions in DI diesel. Bore ~ |40 mm
Se stroke = 152 mm, r, = 14.3. Speed = 1300. rev/

\8 7 16 min, fuel rate = 142 mm’*/stroke, injection inn
Oxygen concentration, vol % at 4° BTC.
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Conclition oF NO) caissions jwlex Elye, for a Widerunge of operating conditions with reciprocal of
Meichionetric mixture (hie lemperature fers (au) DY eoyines: (6) 1D) engines, Plane lemperntules
vaned by addition of different diluents and oxynen.? 2 7* Values of Ely, nornalized with value atslundared comditions,

eapacity increases as the concentrations of CO, and H,0 are substantially
higher. Similar studies in an /ndineet-injection engine show comparable trends.
Addition of diluents [exhaust gas (EGR) and nitrogen] reduce peak flame tem-
peratures and NO,emissions; also, addition of oxygen (which corresponds to a
reduction in diluent fraction) increases flame temperatures and therefore increases
NO,emissions.2*

Confirmation that NO forms in the close-to-stoichiometric burned gas
Tegions and the magnitude ofthe stoichiometric burned gas temperature controls
NO, emissions is given by the following. Plee et al,?>?° have shown that the
slfeets of changes in intake gas composition (with EGR, nitrogen, aren. and
oxygen addition) and temperature on NO,emissions can be correlated by

Elno, = constant x exp (x) (11.19)Gi

{r(kelvin) is the stoichiometric adiabatic flame temperature (evaluated at a suit-
ble reference point: fuel-air mixture at top-center pressure and air temperature)

lind E is an overall activation energy. Figure 11-19 shows Elyo, for a range of
snhike air compositions and temperatures, and two DI and two IDI engines for
etloads and speeds, normalized by the engine NO,level obtained for stan-
/ pear, Plotted on a log scale against the reciprocal of the stoichiometric adia-

Wc flame at TC conditions. A single value of E/R correlates the data over two
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592 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

orders of magnitude. There is, of course, some scatter since the model used is
overly simple, and load, speed, and other engine design and operating parameters
affect the process. The overriding importance of the burned gas temperature
of close-to-stoichiometric mixture is clear, however.

11.3 CARBON MONOXIDE

Carbon monoxide (CO) emissions from internal combustion engines are con-
trolled primarily by the fuel/air equivalence ratio. Figure 11-20 shows CO levels
in the exhaust of a conventional spark-ignition engine for several different fuel
compositions.?” When the data are plotted against the relative air/fuel ratio or
the equivalence ratio, they are correlated by a single curve. For fuel-rich mixtures
CO concentrations in the exhaust increase steadily with increasing equivalence
ratio, as the amountof excess fuel increases. For fuel-lean mixtures, CO concen-
trations in the exhaust vary little with equivalence ratio and are of order 10°?
mole fraction.

Since spark-ignition engines often operate close to stoichiometric at part
load andfuel rich at full load (see Sec. 7.1), CO emissions are significant and must
be controlled. Diesels, however, always operate well on the lean side of stoichio-
metric; CO emissions from diesels are low enough to be unimportant, therefore,
and will not be discussed further.
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FIGURE 11-20 Be:Variation of SI engine CO emissions with eleven fuels of different H/C ratio; {a) with air/fuel ratio; (2)
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The levels of CO observed in spark-ignition engine exhaust gases are lower
than the maximum values measured within the combustion chamber, but are
significantly higher than equilibrium values for the exhaust conditions. Thus the
processes which govern CO exhaust levels are kinetically controlled. In premixed
hydrotarbon-air Names, the CO concentration increases rapidly in the flame zone
i 4 Maximum value, which is larger than the equilibrium value for adiabatic
combustion of the fuel-air mixture. CO formation is one of the principal reaction
steps in the hydrocarbon combustion mechanism, which may be summarized by?

RH +R RO, = RCHO> RCO > CO (11.20)
where R stands for the hydrocarbon radical. The CO formed in the combustion
process via this path is then oxidized to CO, at a slower rate. The principal CO
oxidation reaction in hydrocarbon-air flames is

CO + OH=CO,+H (11.21)
The rate constantfor this reaction is4

kéo = 6.76 x 101° exp (im) cm?/gmol (11.22)
iL is generally assumed that in the postMame combustion products in a spark-
ignitien engine, at conditions close lo peak cycle temperatures (2800 K) and pres-
sures (15 to 40 aim), the curban-oxypen-hydrogen syste is equilibrated. Thus
CO concentrations in (he immediute postitame burned gases are close to equi-
librium, However, as the burned gases cool during the expansion and exhaust
strokes, depending on the teiiperature and cooling rate, the CO oxidation
process [reaction (11.21)] may not remain locally equilibrated.

Newhall carried outa series of kinetic calculations for an engine expansion
stroke assuming the burned gas at the time of peak cylinder pressure was uniform
and in equilibrium.?* Of the reactions important to CO chemistry, only three-
body radical-recombinationreactions such as

H+H+M=H,4+M (11.23)
H+OH+M=H,0+M (11.24)
H+0,+M=HO,+M (11.25)

Were found to be rate controlling. The bimolecular exchange reactions and the
{© oxidation reaction (11.21) were sufficiently fast to be continuously equili-
tinted Only during the later stages of the expansion stroke was the CO concen-
Ialion predicted to depart from equilibrium, as shown in Fig. 11-21. Using this
lethnique to predict average CO levels at the end of expansion over a range of

Uq\ivalence ratios (rich to lean), Newhall obtained good match to experimental
Hitt (see Fig. 11-22). The kinetically controlled aspects of the CO emissions
Mechanism have thus been confirmed.

These calculations showed that a partial equilibrium amongst the bimolecu-
her exchange reactions occurred a posteriori. Analyses based explicitly on this
Witttal equilibrium assumption (which are considerably simpler) have been
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FIGURE 11-21
Results of kinetic calculations of CO  con-

c i centrations during expansion stroke following
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carried out.?°»3° The appropriate three-body atom and radical recombination
reactions[e.g., (11.23) to (11.25)] were treated as the rate-limiting constraint on
the total numberof particles or moles per unit volume of burnt gases,ic.,

(5) an = SR RF (11.26)
V is the volume of the elemental system considered, n is the total number of
moles, R* and R; are the forward and backward rates for reaction i, and k
represents the numberof three-body recombination reactions included. All other

v Experimental |measurements —— Calculation,
end of expansion

Carbonmonoxide,mole%
FIGURE 11-22 4
Predicted CO concentration at end of expansion
stroke, compared with measured exhaust eomeentrt®
tions, as function ofair/fuel ratio. Equilibrium levels '
at TC combustion and exhaust conditions sls?
shown.??

  
Air/fuel ratio
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reactions Were dssimead ta be equilitrated. The studies usmng this simplificd
kinetic model have contirmed thar ai peak cylinder pressures and lemperatures,
equilibration times for CO are fuster than times characteristic of changes in burnt
gas coodittons due to compression or éxpansion, Thus the CO concentration
rapidly equilibrates in the burnt gases just downstream of the reaction zone fol-
lowing Combustion of the bydrocarbon fuel, However, it bas already been
polnitoel out in See, 9.2.1 that the bumt pases ure wel aniform in temperature,
Also, the blowdownof cylinder pressure to the exhanst manifold level during the
wiiausl process and the decrease if gas Lemperature thal accompanies tl occupies
a substanttul portion of the cycle—aboul 60 ersnk angle degrees. Thus, the
fomperaluire and pressure-time profiles of parts of the change at dillerent loca-
(ions throughout the cylinder differ, depending on when these parts of the charge
burn wad when they exit the cylinder through the exhaust valve and enter the
exhaust manifold.

The results of an idealized calculation which illustrate these effects are
shown in Fu. 11-23. The CO mole fractions in different elements or parts of the
burnt gas muxture are plotted versus crank angle; x, is the fraction of the Lotal
charge which had burned when each element shown burned: z is the mass frac-
jlon witch had left the cylinder at the time éach clement left the cylinder, The
pactial equiliboom caleulations stow the burned gases ure close to equilibrium
til about 60 crank angle degrees afer top-cenler, During the exhaust blaw-
down process after the exhaust valve opens, gas which leaves the cylinder early
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(z <1) cools more rapidly than gas which leaves Tate le = |) In these calou-
lations, mixing between gas clements which burn at different times was neplectéd,
It can be seen that 4 C’O gradient exists across the burned yiises and that the CO
concentration in the exhaust gases is unlikely to be uniform. Experiments with
single-cylinder engines support these vonclusions that CO is in oyuilibrium
ditring the combustion process but deviates from equilibrium late in the expan-
sion stroke (¢.g., see Refs. 10 and 31),

Conclusians from these detailed studics are as follows. The measured
averaye exhaust CO concentrations for fuel-rich mixLures are close to equililritim
concentrations in the burned gases during the expansion process. For cluse-to-
stoichiometric mixtures, the partial equilibrium CO predictions are in agreement
with measurements and are orders of magnitude above CO equilibrium concen-
trations corresponding to exhaust conditions. For fuel-lean mixtures, measured
CO emissions are substantially higher than predictions Irom any of the models
based on kinetically controlled bulk gas phenomena. One possible explanation of
this lean-mixture discrepancy is that only partial oxidation to CO may securof
some of the unburned hydrocarbons emerging during expansion and exhaust
from crevices in the combustion chamber and from anyoil layers or deposits on
the chamberwalls.

While many questions about details of the CO oxidation roechanisinys
remain, ts # practical matter exhaust enussions are determined by the Muvel/air
equivalence ratio. The degree of control achieved within the engine to date bas
come from improving mixtore uniformity and leaning-ont the tatake mixture, tn
multieylinder engines, because CO increases rapidly as the intel mistuce becomes
richer than stoichiometric, cylinder-to-cylinder vacations im equivalence catio
about the mean value are important; nonuniform distribution can significantly
inerease average emissions. Thus improved cylinder-to-cylinder fuel/air ratio «is-
tribution bas become essential, Also, because i is necessary to enrich the fuel-air
mixture whee Lhe engine is cold, CO emissions doring chee warm-up are iyuel)
higher than emissions in the filly warmed-up state. Further, in (ransient engine
operation durme acceleration and deceleration, control of fuel metering has had
to be improved. Additional reductions in CO heyoud what can be pebieved si the
engine are possible with exhaust (veatment devises, which are reviewed (9 Seg
11.6. Oxidation of CO in the exhnust system without use of special exhaust treat
ment devices docs not occur to any significant degree because the exhaust yas
lempeniture is too low (Fig, 11-23 shows that the CO oxidation reactions effee=
lively (reeze as Ue pas passes through ibe exhaust valve).

11.4 UNBURNED HYDROCARBON
EMISSIONS

11.4.1 Background

Hydrocarbons, or more appropriately organic emissions, are the consequence of
incomplete combustion of the hydrocarbonfuel. The level of unburned hydrocat-
bons (HC)in the exhaust gases is generally specified in terms of the total hyde
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: late (z = 1). In these calcu- TABLE11.4

 

   

  

different times was neglected. Hydrocarbon composition of spark-ignition engine exhaust |burned gases and that the CO (by class)’

xe uniform. Experiments with Carbon,percent of total HC
; that CO is in equilibrium |
:quilibrium late in the expan- Paraffins Olefins Acetylene Aromatics i
& as follows, The mensure P_ Witruratat 33g
xtures are close to equilibrium —e—DGDG

»ansion process. For close-to- |) predictions are in eereem= carbon concentration expressed in parts per million carbon atoms (C,).t WhileCoeSeeeeus total hydrocarbon emission is a useful measure of combustion inefficiency, it is |eonaehee not necessarily a significant index of pollutant emissions, Engine exhaust gasesono any of the tod contain a wide variety of hydrocarbon compounds. Table 11.4 shows the averageee possible explanation 2 breakdown by class of the hydrocarbonsin spark-ignition engine exhaust gases,caucd to co may occur of both with and without a catalytic converter. with gasoline fuel. Some of these
uring expansion and exhaug hydrocarbons are nearly inert physiologically and are virtually unreactive from 11 any oil layers or deposits of the standpoint of photochemical smog. Others are highly reactive in the smog-

or an. roducing chemistry. (Some hydrocarbons are known carcinogens, see Sec.e CO Oe HUST: 152) Based on their potential for oxidant formation in the photochemical smog
ine [Getecnica ygne era)ag chemistry, hydrocarbon compoundsare divided into nonreactive and reactive |within the engine to date hag categories. Table 11.5 shows onereactivity scale which has been used to estimate
ung-out ui intake mixture. 1 the overall reactivity of exhaust gas hydrocarbon mixtures, Other scales are used |y as tue inlet muxture become) for the same purpose.>* Scalesthat assign high values for reactivity to the olefins !Se i equivalence ra (like Tuble 11.5), which react most rapidly in the photochemical smog reaction, i; distribution can significantly probably best approximate smog-formation potential near the sources of hydro-t-to-cylinder fuel/aai carbon pollution. The simplest scale, which divides the HC into two classes—
necessary eaeaa methane and nonmethane hydrocarbons—probably best approximates the end
‘ing engine warm-up are much result for all HC emissions. All hydrocarbonsexcept methanereact, given enoughe. Further, in UB nee time, More detailed breakdownsof the composition of spark-ignition and dieselntrol of fuel metering has i etigine exhaust HC areavailable in theliterature.33: 35
nd what can be achievedn Fuel composition can significantly influence the composition and magni- |2s, which are teviewed in Seg tude of the organic emissions. Fuels containing high proportions of aromatics
ut use of special exhaust treat- and olefins produce relatively higher concentrations of reactive hydrocarbons
aa eeoe However, many of the organic compounds found in the exhaust are not presentoxidati

valve).

+ This is because the standard detection instrument, a flameionization detector (FID),is effectively a
*atbon atom counter €.g.. One propane molecule generates three times the response generated by one
Methane molecule, Some data in the literature are presented as ppm propane (C;), or ppm hexane
IC); fo convert to ppm C, multiply by 3 or by 6, respectively, Older measurements of hydrocarbon

. eof SMhlssions were made with nondispersive infrared (NDIR) detectors which had different sensitivities
issions, are the consequence lor the different hydrocarbon compounds. For gasoline-fueled engines, HC emissions determined by |he level of unburned hydrocal- PID analyzers are abouttwice the levels determined by NDIR analyzers,” though this scaling is not }ed in terms of the total hydt ue |
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TABLE 11.5

Reactivity of classes of hydrocarbons 

Hydrocarbons Relative reactivity+
C.-C, paraffins
Acetylene
Benzene

C, and higher molecular weight
paraffins

Monoalkyl benzenes
Ortho- and para-dialky] benzenes
Cyclic paraffins

Ethylene
Meta-dialky] benzenes
Aldehydes

1-Olefins (except ethylene)
Diolefins

Tri- and tetraalkyl benzenes

Internally bonded olefins

Internally bonded olefins with
substitution at the double bond 100

Cycloolefins
eee

ft General Motors Reactivity Scale (O-[00), Based on the NO, for-
mulionrate for the lydrocurkon rektlive to the NO), formation ratefor 2.3-dimethyl-2-benzeno,™

in the fuel, indicating that significant pyrolysis and synthesis occur during the
combustion pracess.

Oxygenatesare present in engine exhaust, and are known to participate in
the formation of photochemical smog. Some oxygenates are also irritants and
odorants. The oxygenates are generally categorized as carbonyls, phenols, and
other noncarbonyls. The carbonyls of interest are low molecular weight ulde-
hydesand aliphatic ketones. The volatile aldehydes are eye and respiratory trael
irritants. Formaldehyde is a major component (<20 percent of total carbonyls)
Carbonyls account for about 10 percent of the HC emissions from diesel pas«
senger car engines, but only a few percent of spark-ignition engine HC emissions
Phenols are odorants andirritants: levels are much lower than aldehyde levels:
Other noncarbonyls include methanol, ethanol, nitromethane, methyl format
Whethertheseare significant with conventional hydrocarbon fuels is unclear.
Useof alcohol fuels increases oxygenate emissions. Both methanol and aldehyde
emissionsincrease substantially above gasoline-fueled levels with methanol-fueled
spark-ignition engines. 
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11.4.2 Flame Quenching and Oxidation
Fundamentals

Flame quenchingor extinction occurs at the walls of engine combustion cham-
bers. The cool walls of the chamber act as a sink for heat and the active radical
species generated within the flame. Quenching of the flame occurs under several
different geometrical configurations: the flame may be propagaling normal to,
parallel to, or at an angle to the wall; the flame may quench atthe entrance to a
crevice—a thin volume with a narrow entrance to the combustion chamber such
as the region between the piston crown and the cylinder wall. When the flame

ienches, it leaves a layer or volume of unburned mixture altead of the flame,
(Whether this results in unburned hydrocarbon emissions depends on the extent
to which these quench region hydrocarbons can subsequently be oxidized.)

Flame-quenching processes are analyzed by relating the heat release within
the flame to the heat loss to the walls under conditions where quenching just
occurs, This ratio, a Peclet number (Pe), is approximately constant for any given
geometrical configuration. The simplest configuration for study is the two-plate
quench process, where the minimum spacing between twoparallel plates through
which a flame will propagate is determined. The Peclet numberfor this two-plate
configuration is given by:

Mu Sp ey,Ty — Th) — Mu SpeppgaPe = 11.272 EAT — T)/dey k, 127)
  

which is approximately constant over a wide range of conditions. p, Sr, ¢,, T,
and k are the density, laminar flame speed, specific heat at constant pressure, gas
(temperature, and thermal conductivity, respectively, with the subscripts u and f
relctring to unburned andflame conditions. d,, is the two-plate quenchdistance.
The wall temperature and unburned gas temperature are assumed to be equal;
(ig assumption is also appropriate in the engine context since there is ample
Mie during the compression stroke for a thermal boundarylayer to build up to it
Wiiokness of at least the quench distance.

Lavoie** has developed empirical correlations for two-plate quench-
stance data for propane-air mixtures; only limited data for liquid hydrocarbon
fuels such as isooctane are svailable. The data in the pressure range 3 to 40 atm
aie well fitted by

0.26 min (1, 1/2)

me, — 22 @) (11.28)

and synthesis occur during the

and are knownto participate in
cygenates are also irritants and
ized as carbonyls, phenols, and
are low molecular weight alde-
jes are eye and respiratory inet
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HC emissions from diesel pa5-

‘k-ignition engine HC emission
uch lower than aldehydelevels

nitromethane, methyl formule
hydrocarbon fuels is unclear

ns. Both methanol and aldehyde
ieled levels with methanol-fuelea

Where p is the pressure in atmospheres and¢is the fuel/air equivalence ratio. The
Misplate quench distance d,2 is then obtained from Eq (11.27) and Prandtl

WMimber and viscosity relations for the flame conditions(see Sec. 4.8 or Ref. 36).
es the minimum size crevice region into which a flame will propagate can beMined,

For the process of a flame front quenching onasingle wall, there are many
Bible: geometries. The simplest is where the flamefront is parallel to the wall
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600 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

and approaches it head on. The one-wall quench distance d,,, defined as the
position of closest approach of the reaction zone to the wall, scales with flame

| propertics in a similar way to the two-plate quench distance. Thus, a one-wa]]
Peclet numberrelation can be formed: =

fu 4 c ld d,
| Pe, =Sex8 (11.29)

/ where the subscript u denotes properties evaluated at unburned gasconditions,
Using the wall temperature as representative of the unburned gas tem-

| perature (because the thermal boundary-layer thickness is greater than typical| quench distances), Lavoie showed that
\\ d Pe

=i _ 1.02daa Pe; (11.30)

tances for spark-ignition engine conditions are 0.2 to 1 mm; these distancesrep.
resent the minimum crevice size the flame will enter. Single-wall quench distances
are, therefore, in the range 0.04 to 0.2 mm.

1 While a fraction of the fuel hydrocarbons can escape the primary com-
H bustion process unburned or only partially reacted, oxidation of someof these

hydrocarbons can occur during the expansion and exhaust processes. Hydrocar-
bon oxidation rates have been determined in a numberof different studies and
several different empirical correlations of the data in the form of overall reaction
rate equations have been proposed. A reasonablefit to the experimental data on
unburned HC burnupis the rate expression :°°

a{HC] —18,735\, . fp\an —6.7 x 10'5 exp (=ne wo(& (11.31)
where [ ] denotes concentration in moles per cubic centimeter, Xy¢ and Xo, are
the mole fractions of HC and O,, respectively, t is in seconds, T in kelvins, and
the density term (p/RT) has units of moles per cubic centimeter. The spread in

| the data about this equation is substantial, however.

\ Studies of combustion of premixed fuel-air mixtures at high pressure inclosed vessels or bombs have been useful in identifying the mechanisms by which
hydrocarbons escape complete combustion. The residual unburned hydrocarbons”

i left in the bomb following a combustion experiment have been shown to come

| primarily from crevices in the bomb walls. Unburned HClevels were proportion
|

||

| is a reasonable fit to the single-wall quench data. Typical two-wall quench dis.
|
|

al to total crevice volume, and decreased to very low values (~ 10 ppm C) as all
the crevices were filled with solid material. Thus wall quench hydrocarbons
apparently diffuse into the burned gases and oxidize following the quenching
event.” Analytical studies of the flame quenching process, and postquench diffe
sion and oxidation with kinetic models of the hydrocarbon oxidation process, are
in agreement with these bomb data.*® Flame quenching can be thought of a8 #
two-stage process. Thefirst step is the extinction of the flame at a short distane®
from the cold wall, determined by a balance between thermal conduction of heal
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from the Hot reaction zone to (he wall and heat released in (he reaction zone by
the Haine reactions. The sevoyd step is the postquench diffusion and oxidation
ooturmoy On a lime scale af one or w few milliseconds after q venching, The diffu-
sion and exadaiion prowess ultimately reduces ihe mass of wall quench hydrocur-
bons 10 Several Orders of magnilede below its value al the time of quenching.

Closed-vessel combustion experiments have alyo bee used tox show that oil
juvers on the walls of (he bomb cause wn merease in residual wniburned HC levels
afler cormbustion js complete. The udditional WC that result in expeNMments with
yi] films present arc primarily (95 percent) fuel molecules, and are directly prox
porlional fo the amount of oj! placed on the walls of the reactor ard the solu-
bilixy of the specitic fuel in the oil, These resulis show thar absorption of fuel im
the oil occurs prior lo ignition, This dissolved fucl is then desorbed into the
burned gases well after combustion is vompletc. Thus fuel absorption into and
desorption from any oil layers is a potentiilly important engine HC mecha-‘ alt
nisrt)

11.43 HC Emissions from Spark-Ignition
Engines

Unburned hyclrocurbon levels in the exhaust of 4 apark-ipnition engine under
nofmal operating conditions are typically in the range L000 to O00 ppm C\, This
cosresponds to belweee about | and 24 percent of tie fuel flow into the engine:
ihe engine combustion effivieney is high. As indicaled in Fig. 11-2, HC emissions
rise paytdily ies (he mixture becomes subsianviully richer than stoichiometric,
When combustion quality deteriorates, ei. with very lean mixtures, HC emis-
SNS Gan rise ripidly duc to ineomplete combustion or misfire in a fraction of the
engine’s operating cycles. As outlined in Sec. 11,1, there are several mechanisms
that contribute to total HC emissions. Also, any HC escaping the prrmary com-
bustion process may oxidize in the expansion and exhaust processes. While a
«amplete description of the HC emissions process cannot yet be given, there are
‘Sufficioit fundamental data available to indicate which mechanisms are likely to
rf most important, and thus how major engine variables influence HC emissionely,

Four possible HC emissions formation mechanisms for spark-ignition
Mmgines (where the fuel-air mixture 1s essentially premixed) have been proposed
(t) flame quenching at the combustion chamber walls, leaving a layer of
linhurned fuel-air mixture adjacent to the wall; (2) the filling of crevice volumes
Wil) unburned mixture which, since the flame quenches at the crevice entrance,
Estitiacs the primary combustion process: (3) absorption of fuel vapor into oil
WWet; on the cylinder wall during intake and compression, followed by desorp-

"Honof fuel vaporinto the cylinder during expansion and exhaust: (4) incomplete
fOMbustien im a fraction of the engine’s operating cycles (either partial burning

"Y complete misfire), occurring when combustion quality is poor (e.g., during
eeu transients when A/F, EGR, and spark timing may not be adequately

Panlrolliat). In addition, as deposits build up on the combustion chamber walls,
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FIGURE 11-24

Variation in HC concentration and HC mass flow rate at the exhaust valve during the exhaust
process, SI engine operating at 1200 rev/min and ¢ = 1.2, unthrottled.*°

HCemissions increase. Whether the deposits constitute an additional mechanism
or merely modify oneof the above mechanismsis unclear.

All these processes (except misfire) result in unburned hydrocarbonsclose
to the combustion chamberwalls, and not in the bulk of the cylinder gases. Thus,
the distribution of HC in the exhaust gases would not be expected to be uniform.
Experiments have been done to determine the unburned HC concentration cliss
tribution in the exhaust port during the exhaust process to provide insight inte
the details of the formation mechanisms. Gas concentrations were measured with
a rapid-acting sampling valve placed at the exhaust port exit. Figure 11-24 yhows
resiilis from these time-resolved HC concentration measurements. HC concentras
tions vary significantly during the exhaust process. Gas which remains in the
exhaust port between exhaust pulses has a high HC concentration, so purging
techniques where air or nitrogen was bled into the exhaust port were used to
displace this high HC gas while the exhaust valve was closed. The high HC
concentration in the blowdown exhaustgasesis clearly discernible,as is the rapid
tise in HC concentration toward the end of the exhaust stroke. The eylinder-exit
HC concentrations were then multiplied by the instantaneous exhaust gas mdash
flow rate to obtain the instantaneous HC mass emission rate from the cylinder
throughout the exhaust process, also shown in Fig. 11-24. The unburned HC are
exhausted in two peaks of approximately equal mass: thefirst of these coincides
with the exhaust blowdown mass flow pulse (which removes the majority of the
mass from the cylinder); the second occurs toward the end of the exhaust stroke
where HC concentrations are very high and the massflowrateis relatively low”
Other experiments have confirmed these observations.*! Clearly, mixing 9
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unburned HC with (he bulk cylinder gases eveurs (luring expansion and/or the
exist blowdown process. Then, the fipal stages of preston motion during the
exhavist stroke push most of the remaining fraction af the eylinder mass with its
hivh JLC concentrabion inte the exhaust, This would be expected (Oo leave a high
concemtragen of HCjn the residual gas m the cylinder, Expernments conducted
in Whieht the valve mechanismof a single-cylinder engine was arranged (Oo disen:
gage dure Operation and trap residual gases in the cylinder confirm this. For
ant sel of typical engme operating conditiums, approximately one-third of the
hydroearbens lef unburned i an engine combustion event was retained in the
cylinder and reeycled,**

FLAME QUENCHING AT THE WALES. The exisience of quench layers on the
cold womnbastion chamber walls of a spark-ienition engine was shown plioto-
graphically by Daniel" Photographs ofihe flame region immediately wfier fume
urrivel at the wall through a window in the eylinder bead showed a thin none
radiating layer adjacent to the wall. The quench layer thicknesses measured were
in the rango 0.05 lo 04 mm (thinnest at bigh load), in rouph agreement willi
predietions based on experiments in combustion bombs However, more recent
work ih bombs and engines indiestes (hat diffusion of hydrocarbons (rorthe
\Jleneh layer rate the burned pases andits subsequent oxidution occur on a time
scale of a few milliseconds, at least with smooth clean combustion chamber walls.
The constinl-velume combustion bemb dita whieh Suggested this vonclusion
‘iid the kinetic caleilations which support this explanation of why quench layers
ire nol sagnifican! with smooth clean walls have aready been deseribed io Sec
142 The following evidence shows these conclusions are also valid in ay
engine.

A special rapid-acting poppet valve was used in u single-cylinder engine to
auinple the gases from a torus-shaped regton, of height of order 0.25 mm and
inmeter about 6 mm, adjacent to the wall over a 1-ms period. Sampling was
fepuiled every cycle to provide a steady stream of sampled gases for analysis,
1 igure 11-25 shows the variation in concentrations of HC species through the
“ombustion, expansion, and exhaust processes. The fuel was propane |C,H,). The
fuel concentration drops rapidly to a low value when the flame arrives at the
vuillve; at the same time, intermediate hydrocarbon product concentrationsrise
(int then fall sharply to values below 1 ppm. Beginning at 60° ATC, all HC
Soncvotraijons rise and vary somewhat during the remainder of the cycle in 4
“Way! that depends strongly on engine operating conditions. The observed rapid
“Ne in partial oxidation products immediately after flame arrival is consistent

| the flame quenching short of the wall. The presence of CH2,0 and CH,;CHO
Int significant quantities indicates that low-temperature oxidation processes are
Seturring, However, since all HC product concentrationsfall rapidly within 2 ms

trival to very low values, the unburned HC in the quenchlayer diffuse
ulk burned gases and oxidize. The increase in HC concentrations later
le results from the sampling of hydrocarbons from sources other than
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| a Bye EVYC

103 Exhaustr concentration

wt
S——CiHg|FIGURE 11-25Molefractions,ppm 3
OH, ‘ :

I, aus Concentrations (mole fractions) of selected
hu . —C3He|hydrocarbons adjacent to combustion

Z—-CH,CHO See chamber wall, as a function of crank angle4
during combustion, expansion, and exhaust
processes. Mass sampled with rapid-acting
valve held constant at 7.6 x 107° g perpulse,
Total exhaust HC = 400 ppm C. Engine

! b speed = 1250 rev/min, imep = 380 kPa,
0 100 200 300 equivalence ratio = 0.9, MBT spark timing,

Crank angle, deg ATC no EGR“*

menwo
T   
Though quench layers on clean smooth combustion chamberwalls are not

a significant source of unburned hydrocarbons, it has been shown that wall
surface finish does affect exhaust HC levels. Comparisons have been made
between the standard “rough”as-cast cylinder head surfaces and the samecylin-
der heads when smoothed. The average exhaust HC concentration decreased by
103 ppm C, or 14 percent; the smoothed surface area was 32 percent of the total
combustion chamber surface area.*> Buildup of deposits on the combustion
chambersurfaces also affect HC emissionlevels, as will be discussed later.

CREVICE HC MECHANISM.Thecrevices in the combustion chamber walls—

small volumes with narrow entrances—into which the flame is unable to pen-
etrate have been shown to be a major source of unburned HC. Thelargest of
these crevice regions is the volumes between the piston, piston rings, and cylinder
wall. Other crevice volumes in production engines are the threads around the
spark plug, the space around the plug centerelectrode, crevices aroundthe intake
and exhaust valve heads, and the head gasket crevice. Table 8.1 showsthe size
and relative importance of these crevice regions in one cylinder of a production
V-6 engine determined from measurements of cold-engine components. Total
crevice volumeis a few percent of the clearance volume and the piston and ring
pack crevices are the dominant contributor,

The important crevice processes occurring during the engine cycle are the
following. As the cylinder pressure rises during compression, unburned mixture 18
forced into the crevice regions. Since these volumes are thin they have a large
surface/volumeratio; the gas flowing into each crevice cools by heat transfer 10
close to the wall temperature. During combustion, while the pressure continves
to rise, unburned mixture continues to flow into the crevice volumes. When the
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POLLUTANT FORMATION AND CONTROL 605

Hume arrives al cach creviee, it can cither propagate into the crevice and fully or
put Wally burn the fuel and wir within the crevice or it can yuench at the crevice
eoteunce, Whether (he fliime quenches depends on crevice entrance geometry. lhe
caniposition of the unburned tuxtare, andils thermodynamic state as described
in Sec. 11.4.2. After flame arrival and quenching, burned gases will flow into each
crevice until the cylinder pressure starts to decrease. Once the crevice GAS, [iies-
sure is hightr than the cylinder pressure, gas flows back from each crevice into
the cylinder.

The most important of these crevices, the valiirnes between the piston, pis-
ton rings, and cylinder wall, is shown schematically in Fig. 8-27. This crevice
consist’ OF a series of valuumes, connected by flow restrictions such as Whe nog side
clearance and rink gay) whose geometry changes ag (he rig Moves up and down
in (he ring groove sealing either at the lop or boWomring surface. The gas flow.
pregsure distribulion, and ting motion are therefore coupled, and their behavior
during the compression and expansionstrokes has already been discussed in Sec,
8.6. During compression and combustion, mass flows into the volumes in this
toll creVice region, Once the cylinder pressure starts to decrease (atler about 15°
ATC) gas Hows oot of (he lop ofthese evevice regions in Fiy, 8-27 into the eylin-
der at low velocity adjacent to Whe cylinder wall The important result is that the
fraction of the toral cylinder charge (5 (o 10 percent) trapped in Lhese regions at
the toe Of peak cylinder pressure escapes the primary combustion process. Masi
ofUns gas flows back into the evlinder during the expansion process, Depending
co) gpk plug location in relation to the position of the top ring, gap, well above
40 percent of this gas can be unburned fuel-wir mixture. Ws polental conipibution
to unburned HC emissionsis obvious.

There is substantial evidence to support the above description of crevice
MC phenomena and the piston ring crevice region in particular, Visualization
studicy in a special engine have identified the spark plug crevice outflow, low-
Nolocity gas expansion out of the volume above the first ring after the time of
Peak pressure, and thejet-like flows through the top ring gap later in the expan-
sl: process when the pressure difference across the ring changes sign.*® Gas
fimpliay from the volume above the top ring, using a rapid-acting sample valve
Meuinted in the piston crown, has shown thatthe gas composition in this region
Voresponds to unburned fuel-air mixture until flame arrival at the crevice
“iivince closest to the sampling valve location. Next, product gases enter the
bvbVice as the cylinder pressure continues torise. Then, during expansion as gas

Hews out of this tegion, the composition of the gas sampled reverts back toward
int of the unburned mixture which enters the crevice region earlier.*’

Direct evidence that the piston andring crevice regions are a major contrib-
"r to exhaust HC emissions comes from experiments where the volumeofthis
‘ee tegion was substantially changed. Wentworth*® almost completely elimi-

Mil this crevice by moving the top piston ring as close to the crown of the
l0n as possible, and sealing this ring at top and bottom in its groove with O

' Tests of this sealed ting-orifice design in a production engine showed
Wotions of between 47 and 74 percent from baseline HC levels over a range of
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FIGURE 11-26

(a) Piston top-land crevice volume.(b) Effect of increasing top-land clearance on exhaust hydrocarbon
emissions. Unthrottled spark-ignition engine, 7, = 6, 885 rev/min, A/F = 13, MBT timing.*°

speeds and loads, Haskell and Legate,*? in experiments in a single-cylinder CFR
engine, steadily increased the piston top-land clearance (sce Fig, 11-26a) and mea-
sured the effect on exhaust HC emissions. Figure 11-26% shows the results: HO
emissions increase as the top-land clearance increases until the clearance equals
about 0.18 mm, when emissions drop to the zero clearance level. This clearance
(0.18 mm) is close to the two-plate quench distance estimated from Eq.(11.27)
For piston top-land clearances above this value, the flame can enter the crevice
and burn up muchofthe crevice HC.

The relative importance of the different crevices in the combustion chamber
walls has been examined by using the cylinder head and piston of a four-cylinder
production engine to form two conslant-volume reactors or combustion
bombs.>° The cylinder head was sealed with a steel plate across the head paskel
plane to make one reactor; the piston and ring pack and cylinder wall, again
sealed with a plate at the head gasket plane, formed the second reactor Each
reactor was filled with a propane-air mixture and combustioninitiated with @
spark discharge across a spark plug; following combustion the burned gases wert
exhausted, sampled, and analyzed. The crevices were sequentially filled willl
epoxy or viton rubber, and after filling each crevice, the exhaust HC emission
level determined. It was found that the ring pack crevices produced approx
imately 80 percent of the total scaled HC emissions, the head gasket crevicd
about 13 percent, and the spark plug threads 5 percent. All other HC sourcesti
these reactors produced less than 2 percentof the total HC. While these numbery
cannot be applied directly to an operating engine |the crevicefilling and emply*
ing rates in the bomb experiments are substantially different from these rates II)
an engine), they do underline the importance of the ring pack crevice region.

Blowbyis the gas that flows from the combustion chamber, past the piston
and into the crankcase. It 1s forced through any leakage paths afforded by tht
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piston-bore-ring assembly in response to combustion chamberpressure. Blowby
of gases from the cylinder to the crankcase removes gas from this crevice region
and thereby prevents someof the crevice gases from returning to the cylinder,
Crankcase blowbygases used to be vented directly to the atmosphere and consti-
tuted a significant source of HC emissions. The crankcase is now vented to the
engine intake system, the blowby gases are recycled, and this source of HC emis-
sions 1s now fully controlled. Blowby at a given speed and load is controlled
primarily by the greatest flow resistance in the flow path between the cylinder
and the crankcase. This is the smallest of the compression ring ring-gap areas.
Figure 4-30 shows how blowby increases linearly with the smallest gap area.
Figure 11-27 shows how exhaust HC levels decrease as blowby increases and
more crevice HC flows to the crankcase. Crankcase blowby gases represent a
direct performance loss. They are a smaller efficiency loss because crankcase
Rises are now recycled to the engine intake system.

Thelocation of the ring gap in relation to the spark plug also affects HC
smissionlevels. Experiments have shown that HC emissions are highest when the
top ring gap is farthest from the spark plug: the gas flowing ito the crevice
directly above the gap is then unburned mixture for the longest possible time.
With the top ring gap closest to the spark plug, HC exhaust levels are lowest
because burned gas reaches the gap location at the earliest time in the com-
bustion process. The difference, highest to lowest, was between 9 and 42 percent
WI the average level for any set of operating conditions, and in most cases was
Uhove 20 percent,>!

The fate of these crevice HC when they flow back into the cylinder during
Pxpiinsion and exhaustis not well understood. Bothjet-like flows (e.g., that from
i ting gap) and low-velocity creeping flows(e.g., that from the piston top-land

Plevice) have been observed (see Fig. 8-29), While the former could mix rapidlyWith the high-temperature bulk burned gases, the latter will enter the cool gases

FORD Ex. 1125, page 155
IPR2020-00013

      



FORD Ex. 1125, page 156
                       IPR2020-00013

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

il 
 
 

 
 

608 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 11.6

Amountof gas flowing into and outof crevice regionstem

% mass ppm C 

Total gas in all crevice regions 8.2
Total gas back to combustion chamber 7.0
Unburned back to combustion chamber 3.7-7.0t 5000-9400
Unburned to blowby 0.5-1.2$
Total unburned escaping primary combustion 4.2-8.2t 

+ For V-6 engine operating at 2000 rev/min and wide-open throttle.
+ Depends onspark plug and ring gap location.

in the cylinder wall boundary layer and mix and (probably) burn much more
slowly. Hydrocarbon transport and oxidation processes are discussed more fully
below.

Table 11.6 presents a summary of estimates of the total mass of gas and
mass of unburned mixture in the piston, ring, and cylinder wall crevice region for
a typical spark-ignition engine.*® When compared to exhaust HC levels, it is
clear that these crevices are a major source of unburned hydrocarbons.

ABSORPTION AND DESORPTIONIN ENGINEOIL. The presence of lubricating
oil in the fuel or on the walls of the combustion chamber is knownto result in an
increase in exhaust hydrocarbon levels. In experiments where exhaust HC con-
centrations rose irregularly with time, with engine operating conditions nomin-
ally constant, it was shown that oil was present on the piston top during these
high emission periods, When engine oil was added to the fuel, HC emissions
increased, the amount of additional HC in the exhaust increasing with the
increasing amount of oil added. The increase in exhaust HC wasprimarily unre-
acted fuel (isooctane) and not oil or oil-derived compounds.** The increase in
HCcan be substantial: exhaust HC levels from a clean engine can double or
triple when operated on a fuel containing 5 percent lubricating oil over a period
of order 10 minutes. (With deposits from leaded-fuel operation present on the
combustion chamber walls, however, a much smaller increase in exhaust HC was
observed.) It has been proposed that fuel vapor absorption into and desorption
from oil layers on the walls of the combustion chamber could explain these phe-
nomena.*®

The absorption and desorption mechanism would work as follows. The fuel
vapor concentration within the cylinder is close to the inlet manifold concentra-
tion during intake and compression. Thus, for about one crankshaft revolution,
any oil film on the walls will absorb fuel vapor. During the latter part of com-
pression, the fuel vapor pressure is increasing so, by Henry’s law, absorption will
continue even if the oil was saturated during intake. During combustion the fuel
vapor concentration in the bulk gases goes essentially to zero so the absorbed
fuel vapor will desorb from theliquid oil film into the gaseous combustion pro"
ducts. Desorption could continue throughout the expansion and exhaust strokes:
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Some of the desorbed fuel vapor will mix with the high-temperature combustion
products and oxidize. However, desorbed vapor that remains in the cool bound-
ary layer or mixes with the cooler bulk gases late in the cycle may escape full
oxidation and contribute to unburned HC emissions.

Experiments, where measured amounts of oil were placed on the piston
crown, confirm that oil layers on the combustion chamber surface increase
exhaust HC emissions. The exhaust HC levels increased in proportion to the
amount of oil added when the engine was fueled with isooctane. Addition of
0.6 cm? of oil produced an increase of 1000 ppmCin exhaust HC concentration.
Fuel and fuel oxidation species, not oil oxidation products, were responsible for
most of this increase. Similar experiments performed with propane fuel showed
no increase in exhaust HC emissions when oil was added to the cylinder. The
increase in exhaust HC is proportional to the solubility of the fuel in the oil. The
exhaust HC levels decreased steadily back to the normal engine HC level before
oil addition, over a period of several minutes. At higher coolant temperatures, the
increase in HC on oil addition is less, and HC concentrations decreased back to
the normal level more quickly. Increasing oil temperature would decrease vis-
cosity, increasing the rate of drainage into the sump.It also changesthe solubility
and diffusion rate of the fuel in the oil.*?

At the outer surface of the oil layer, the concentration of fuel vapor dis-
solved in the oil is given by Henry’s law for dilute solutions in equilibrium:

i, = 7 (11.32)
where X, is the molefraction of fuel vapor in the oil, p; is the partial pressure of
fuel vapor in the gas, and H is Henry’s constant. If the oil layer is sufficiently thin,
and hence diffusion sufficiently rapid, Eq. (11.32) can be used to estimate the mole
fraction of the fuel dissolved in the oil. Since Py =n; RT/V (where n,,, is the
number of moles of fuel in the cylinder, T is the temperature, and V the cylinder
volume) and x, = ny/(ny, + 1.) =My,/n, for n, > ny, (where n,, is the number
of moles offuel dissolved in the oil and n, is the number of moles ofoil),53 then

npg 1,RT
i? “HV (11.33)

Diffusion is sufficiently rapid for Eq. (11.33) to be valid if the diffusion time con-
stant t, is much less than characteristic engine times: Le.,

; 1
Ty D <N

Where 6 is the oil layer thickness, D is the diffusion coefficient for fuel vaporin the
oil, aod N is engine speed. D for a hydrocarbon through a motoroil is of order
107° cm?/s at 300 K and of order 10 ° cm?/s at 400 K. Oil film thicknesses on
Me cylinder wall vary during the operating cycle between about 1 and

ym.°**° Thus diffusion times for engine conditions are 10~! to 10-3 s: for
the thinnest oil layers approximate equilibration would be achicved. A theoretical
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FIGURE11-28

Correlation between exhaust hydrocarbon emissions and oil consumption rate. Production piston
rings and sealed ring-orifice ring designs. SI engine at 1600 rev/min, imep = 422 kPa, equivalence
ratio = 0.9, r, = 8.0, intake pressure = 54 kPa, MBT spark timing.*”

study of this problem—the one-dimensional cyclic absorption and desorption of
a dilute amountofgas in a thin (constant thickness) isothermal liquid layer where
diffusion effects are important—has been carried out. It suggests that oil layers
on the cylinder wall could bea significant contributor to HC emissionlevels.°*

Correlations between engine oil consumption and exhaust HC emissions
provide a perspective on the relative importanceof oil absorption/desorption and
crevice mechanisms. Wentworth measured oil consumption and HC emissionsin

i a spark-ignition engine for a range of piston ring designs.*’ Some of these designs
Sil were of the sealed ring—orifice type which effectively eliminates all the crevices
i between the piston, piston rings, and cylinder, and prevents any significant gas

flow into or out of the ring region. HC emissions increase with increasing oil
consumption for both production ring designs and the sealed ring—orifice designs,
as shown in Fig. 11-28. Extrapolation to zero oil consumption from normalcon-
sumption levels shows a reduction in exhaust HC levels, but this decrease is
significantly less than the difference in emission levels between the procuctioi

|| and the sealed ring-orifice designs which effectively remove the major creviog
region. The production piston used had a chamfered top land. The HC emissions
for a normal piston top-land design would probably be higher.

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

  

 
POOR COMBUSTION QUALITY.Flameextinction in the bulk gas, before all of
the flame front reaches the wall, is a source of HC emissions under certain engin®
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ppentliig Condibons, As the cylinder pressure falls during the expe ;
ihe (onmiperature of (he hhurned mixture ahead of the flame de te ane ee
{he Jhatnltyg rate (the laminar flare Speed deercasey Ka the satan a sieves
(952) decreases). (f the pressure and temperature fall (oo rapidly th ts . Fe
be exenguUnshed, Itos type of bulk quench has been observed fig kien ie
engines, 1 results in yery hinb HC coqeentrations for thal stitlauiavietine
Engine comdhlons where bulk quenching is mest likely pe mai en iron
ivi load where engine speed is low and the residual eas Iruetion “4 x “9
high dilution with excessive EGR or overly lean mixtures netwith ; fe lly
retarded combustion, Evenif Steadystate enpine calibrations af of FEGRann
spark litnmg are such thal bulk qienching does got wove Undies Feito on
operation these Variables hay not he APPWopriately see tin ivoid b een:a
In some chgine eyeles due to the different dynamic charauterial . i Henne
subsystems which contro! these variables, ore
r The existence of zones of stable and unstahle engine operation with le;
dilute mixtures hus ilready been discussed (see Sec, 94 1, Detailed ; : i a
bustin gludics have shown (hat, us THis Dare vompusition Batchoy ee lite
(om, by (Increasing EGR) and unburned Ls temperature and oA aeane
combustion become lower, combustion Quality for variability) and ane riba
ily delenorate. The staudurd deviation in a parameter such sa iodtiated: men
effective pressure (whieh depends for its mamuitude on (he candy ay Siro Yah
muilrt at Combustion 4ind on the duration af (he combustion Seen widng a
Hest (Oa mepeuse in the number af slower burning eveles ies eee ™
Wirssa lo (he ocelirrence of parlaburning eyeles, and finally to ema : au
tyeles. Figure 9-36 showed how unburned hydrocarbon emissions. tro : eeats
Jenitienry engine rise as the BGR rate ix increased al constant load and Sect
vombustion quality (defined by the ratio of standard deviation ia i ty aa ae
ee mes) deteriorales MniGally (he increase in HE is mins ected
i pasta! bimionselsessmechanisms deseribed above However,

sia 8 cycles are detected, EMISSIONS Tise More rapidly due tefacomplete combustion of (he fuel io ihe eylinder j 2se cycles ie nisi
“See no combustiona—oecur the rise fa Neneaaetna —
ones eticeee ee in a fruviion of ihe engine's

ae ae e e oo TOUSION Qualiy us a source of HC, com-
eae Saterie described in this section, has yet (6 be ebrdlisboa
Reine thee ce hh . ele fOr reducing its importance, burging (heut °F 50 that combustion fs completed before condilions “ivealow anid Pari burning exist in the eytinde 1 eetahie witaplisc
OH asidns. Figure 11-29 shows a oom eta : ae reduce ee asalase HC

ae a We dt COM parison of HC emissions from 4 moderate
fr © caging with HC emissions with a faster burn rite fe, wi fMAUSic quality—lower coefficient of vs set coM ers
Bhityea by nl Steaua a vanation in imep, COV osens By, (9,50))),
GNIS Shaw lower HC eetlnds . ae instead of one.** The exhaust measure-

Bosiiat Gr pane oer “ eT SiVAICANL amounts of EGR are ised for
BYiteien ae 3 ne lence less variable, combustion process. Such

Bests Thal oecasional partial DUrnINp eveles May @cclirT, even Under
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FIGURE 11-29
Effect of increasing burn rate on tolerance to recycled exhaust gas (EGR) and HC and NO,emissions
levels. COV,,,,,,, defincd by Eq. (9.50). SI engine at 1400 rev/min, 324 kPa imep, equivalence
ratio = 1.0, MRT timing,*

conditions where combustion appears to be “norma .” and that this mechanism
is importantin practice.

REFECT OF DEPOSITS. Deposit buildup on the combustion chamber walls
(whieh oceurs in Vehicles over several thousands of miles) is Known Lo nereyse
unbursed HC emissions. With leaded gasoline operation, the increase In HC
emissions varies between about 7 acl 20 percent. The removal of the deposits
resulls typically ina reduction WwW HC emissions lo clase to clean enpine levels,
With unleaded pagoline, while the deposit composition 1 completely differant
(curbonaceous rather than lead oxide), the increase i HC emnssions with foci
mulated nvileage is comparable: Sof saety deposits, such as those wluch accu
late affer runoiwe the engine on a pich mixture, also cause uo ingreage in HC
emissions. Again, whew the deposits were removedthe emission rate (ell aboul 25
pereent to the original level? Studies with simalated deposits (pieces of metal:
foam sheet 0.6 mm thick) attached to the cylinder head and piston also showed
increases in MC emissions. The imerease varied between about 10) and
100 ppm C/om? of simulated deposit arci, The effeet fora piven area of deposi!
varied with deposit location Locations close 10 the exhaust valve, Where the flow
direction during the exhaust process would be expected to be directly inte (he
exhaust port, showed the highest increase tn emiasions,'~

{t is believed that absorplion and desorption of hydrocarbons try Liebe:
surface deposits is the mechanism that leads te-an increase i emissions, Deposit
can alse build up mm the piston ring crevice regions. A seduction in volume of
these crevice regions would decrease HCemissions land such 4 deerease bits beeil
observed), However, changes in piston-cylinder wall clearance due (o deposits
can affect the flame-quenching process and could increase emassions +

HYDROCARBON TRANSPORT MECHANISMS.All of the above mvehanisms”
(except misfire) result in high hydrocarbon concentrations adjacent to the comy
bustion chamber walls. While any jet-type flows outof crevices during the expan
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FIGURE 11-30

Schematic of flow processes by which ting crevice HC and HC desorbed from cylinder wall oil film
exit the cylinder: (a) exhaust blowdown process; (b) during exhaust stroke; (c) end of exhaust stroke.©°

fon and exhaust strokes can (rinsport unburned HC inte the bulk gases, most of
(he He will remain near the wall. Two mechanisms by which ras neat the I ‘
der will exits the cylinder have been demonstrated, One i sAtraiinicnt inthe
hang e a out ve cylinder which ovcurg during the exhaust bioncleenneess, The other is the vortex gener i i ieelca: theta en generated in the piston crown-cylinder wall
dex .Rowacmes these flow Processes In Fig. 11-30a the engine cylin-
a,oe exhaust valve opens during the blowdown process. At this
a- C from the ring crevice regions, laid along the wall during
—— po; possibly HC from the oil film on the cylinder wail), is expanding
oe Y =a hs the cylinder pressure falls. Some of this material will be
chat y * ulk gases in the rapid motion which occurs during exhaust
ae on ee 6.5). The rapid thinning of the thermal boundary-layer
wee. combustion chamberwalls during blowdown, which would result

Tainment of the denser hydrocarbon-containing gas adjacent to the wall
K. movies taken in a transparent engine.*¢ ig

p aeeaSeanaens of any HC from the spark plug and head pasket iol
halt 1 ntribute to unburned HC in the blowdown gases which contain

€ total HC emissions (sce Fig. 11-24). During the exhaust stroke thisNUN gas entrainment ; ; ue
i shown in Fig, iawill continue, exhausting additional unburned Hc,

abot
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614 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

The second mechanisinstarts at the beginning of Whe exaust stroke 1 the
piston crawa-cylirder wall corner The piston motion during the extaust stroke
gurapes the boundary-layer pases off (he eylinser wall (which coutaia Lhe remain
der of (he piston aud mag crevice hydrocarhens), rolls hem Up ine a vortex, and
pushes them toward the top of the cylinder, This piston crown cylinder wall
cornea Now ts discussed in See, 8.7, and has been observed in Launsparent engines

] as well as m water-fDow engine analog stidies, Ab the end of the exhaust stroke
| | the height of this varies ta comparable to the engine eclearinece Height. As shown

in Fig, 11-30¢, a recirculation Mowis likely ta build up in the upper corner oftye
vylinder away from the exhaust valve, causing the vortex to detach from the wall
and. partly sweep out of the cylinder, io the corner nearest the valve, the flow is
deflected around jhe valve. also tending to pull part of (he yortex out of the
chamber. Tr this wey it is possible for a large part ef the vortex, which tow
contains a substantial (ruetion of the unborned HC originally located wiljacunl 1
the cylinder wall, to leave the cylinder al ithe end of (he exhanst stroke, Thus
vortex flowis thaught to be the mechanenr that leads to the hiwly HO eoncentm-
tions oreastired at (be end ofthe exhaust process, which contributes the ocher tralf
of the exhausted HC muss (see Pig, 11-24), and to be responsible for the WC
concentrations measure! in he residoal gases being much bigher than averape
exhaust HC levels." ‘This atudy showed that al close to Wide-open-throtle Gun-
ditions, anly about (wortbirds of the HC which fail to oxidize maide (he cylinder

! were exhausted, though ¥5 perceol of the eas within the eylinder flows out
through (he exhaust valve. Uhe residual gas HC concentration was about 1}
limes the uveraye exhaust level, At pari-throttle conditions, where the cesrdial
pas fraction is higher, it has been estimated (hat anly about half of the unreacted
HCin the cylinder will enter the exhaust.

HYDROCARBON OXIDATION, Unbursed hydrocarbons which cscape lhe
primary ciigine cimbustion process by the mechanisms. described above cus
(hen survive the expansion and exhaust process without oxidizing if they wre to
appear in (he exhaust, Smee the fermatuion mechanisnis produce Wnburned HC al
temperatures close to (he wall temperatnre, mixing with bulk burned pais must
take place first tw raise the MC temperutare to ihe paint where reschlon call
oveur. The sequence of processes which links the soiree mechanisms lo bydrocir
hons at (he exhaust exit is iustrated to Pip. 11-31; it Invalves mixing and oxida-
Gen in both (he cylinder and the extiaust systern.

There is considerable evidence thal substantial oxidation does occur The
ovidauion of unburned WO in the quench tityers formed an the combustion
chamber walls on a time seule af order 1 ms after Ure flume 1s Extinwtished las
already bee discussed, Recause the quench layers are thin, diffusion of HCinte
the bulk burned gas is rapit Heeause ihe burned gases are still at a high (em
perature, Oxidation they oecurs qiackly, Measurcments of in-eylinder HC com
ceniralions by pais sampling prior fa exhaust valve opening showlevels ubout ls
lo 2 times (he average exhaust level. "The exhaust unburned HC arc 4

on compouids ond pyrolysis and partial oxidation pre   

 
mixture of fucl hydrocarb  
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FIGURE 11-31

Schematic of complete SI engine HC formation and oxidation mechani:sm within the cylinder andexhaust system.°?

ducts. While the relative proportionoffuel compared to reaction product hydro-
carbon compounds varies substantially with engine operating conditions, an
average value for passenger car vehicle exhausts is that fuel compoundscomprise
40 percent of the total HC. Thoughpartially reacted HC are produced in the
flame-quenching process, these are closest to the high-temperature burned gases
and are likely to mix and burn rapidly That such a large fraction of the exhaust
HC are reaction products indicates that substantial postformation HC reactions
are occurring. There 1s direct evidence that HC oxidation in the exhaust system
occurs.®* Since in-cylinder gas temperatures are higher,it is likely that mixing of
unburned HC with the bulk cylinder gaseslimits the amountof oxidation rather
than the reaction kinetics directly

Overall empirically based expressionsfor the rate of oxidation of hydrocar-
bons of the form of Eq. (11.31) have been developed and used to examine in-
cylinder and exhaust burnup. A characteristic time ty. for this burnup process
can be defined

11 dfHc]
 

tuc [HC] dt (11.34)

8 an expression similar to Eq. (11.31) for d{HC)/dt, Weiss and Keck** have
Nown that any HC mixing with the burned gases in the cylinder prior to exhaust
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616 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

blowdown wall oxidize. The in-cylinder yas temperature prior to nlewdowl gen-
erally exceeds L250 K; the chiractrixtie reaction (ime tye is then less than 1 ms,
During blowdown the temperature fills rapidly to values typically less than
L000 Ks aye is then yreuter than about 50 ms. An experimental study of HC
exuiny, from a simulaled crevice volume has shown that complete HC oxidation
only eceurs when the cylinder gas Lenyperature is above 1400 K.®* Thusa large
fraction of (he HC leaving erence regions or oil layers during the exhaust process
cau be expected io survive with htue further oxidation. Gas-sampling data show

cancetilrations during the exhaust stroke, thuslitte decrease in weeylinder HC
supporting this conclusion?’ Overall, probably about half of the inbumed
HC formed by the source mechanisms described above will oxidize within the
engine cylinder (the exact amount vannet yer be predicted with airy accuracy, 1
is likely 1o depend on engine design and opening conditions”*),

As shown schematically tn Fig, 1-31. oxidation of HC jo the exbainsi
system can OceMy Often this is enhanced by air addition mio the por reguto
ensue Lhat adequate oxygen for burnp is available However, since the Bas (om,
perature steadily decreases is ithe exhaisl gases flow through the eaharist port
and manifold, tre potuntal for HE burdwp capily diminishes To oxidize the
hydrocarbons jn the gas phasc is resitience lime of arder 50 ms oF longer il
tomperalures in exeess of 600°C are required. To oxidize carbon monoxide tem-
peralures in excess of 7OU"C are required. Average exhaust gas temperatures at
the cylinder exit (al the extiaugt valve plane) are ubout 800°C; average gas tem-
peratures at the exhaust port exit are about 400'C.t Figure 6-21 shows an
example af the qweasured ¢ylinder pressure, measured gas temperature at the
exhaust port exit, and estimated mass flow rate into Lhe port and gas lempenalire
in the cylinder, during the exhatist process al a partthrottle operating cemdition,
Port residence time and gas (emperatures vary significantly Uirough (he process,
Precise valued of these varnibles obviously depend on enpone operating cond
tions. {0 is apparent that only 1h (he exbaust port and ipstream end af the man
fold can wny significant gas-phase HC oxidation occur.

The importance of exhaust pas iomperuture lo exhaust system em isaians
buraup 4 illustrated by the results shown mn Fag. | 1-32!" The exhaust system of
a foureylinder engine was modified by installing a section af beated and inst
jdted pipe to manntain the exhaust pas lemiperature canstant the absence of
any HE or CO bump. The exhaust temperature entering this test section Waivaried by adjusting the engine operating conditions, The figure shows CO acl
HCconcentrations as finetions of residence time in the exhaust test section (or
effectively us a function ob distance from the enpine). Ff, is the entering gis ten
peritiire, The exhaust composition was fuel lean wilh) 3 percent O. on ihe barnad

Slow that there is a sigmiheayt Varution in the tamperature of the exhaust gises throiglinul thehan the gas exhiosied at the end of
ealmbust process. The gas exhausted firsi is about tH) & hotter t
the process (see Sec.6.5).
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FIGURE 11-32

Effect of exhaust gas temperature on HC and co
hurnup in the exhaust, SI engine at 1600 rev/miti,
engine uir flow = 7.7 dm4/s, lean mixture with 3%
O, and 13% (CO + CO,) inexhaust,®®

 
ORaae) a 1K? =a 20 350

Residence timc, ms

gas stream. HC oxidation starts immediately (for T > 600°C), the rate of oxida-
tion increasing rapidly with increasing temperature. Under fuel-lean conditions,
incomplete HC oxidation can result in an merease in COlevels. CO oxidation
commenceslater, when the gas temperature rises above the entering value due to
heat released by the already occurring HC oxidation. The further heat released
by CO oxidation accelerates the CO burnup process. These data underline the
importance of the exhaust port heat-transfer and mixing processes. Both mixing
between the hotter blowdown gases (with their lower HC concentration) and the
cooler end-of-exhaust gases (with their higher HC concentration) and mixing
between burned exhaust gas and secondaryair are important.

Engine experiments where the exhaust gas reactions were quenched by
timed injection of cold carbon dioxide at selected locations within the exhaust
port have shownthat significant reductions in HC concentration in the port can
occur, Parallel modeling studies of the HC burnup process (based on instantane-
ous massflow rate, estimated exhaust gas temperature, and an overall hydrocar-
bon reaction-rate expression), which predicted closely comparable magnitudes
and trends, indicated thal gas temperature and port residencetime are the critical
variables, The percent of unburned HC exiting the cylinder which reacted in the
exhaust system (with most of the reaction occurring in the port) varied between a
few and 40 percent, Engine operating conditions that gave highest exhaust tem-
peratures (stoichiometric operation, higher speeds, retarded spark timing, lower
eOMpression ratio) and longest residence times (lighter load) gave relatively
higher percent reductions, Air injection at the exhaust valve-stem base, phased to
Soincide with the exhaust process, showed that for stoichiometric andslightly
tich conditions secondary air flow rates up to 30 percent of the exhaust flow
Substantially increased the degree of burnup. Thetimingof the secondary air flow
Telative to the exhaust flow andthe location ofthe air injection point in the port“4knownto becritical.©4

Reductions; in exhaust port heat losses through theuse of larger port cross-‘Stetional areas (to reduce flow velocity and surface area per unit volume), inser-
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618 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

tion of port liners to provide higher port wall teraperaluires, and attention to port
design details to minimize hat extatist gs impingement on the walls are known
lo increase the degree of reaction occurring in the port,

SUMMARY.It will be apparent from the above that the HC emissions formation
process jn spark-ignition engines is extremely complex and Uhat Mere are several
paths by which a small but important amount of the fuel escapes combustion Tt
is appropriate here to stimmarizé the overall structure of (he spark-ignition
engine hydrocarbon emission problem anu identify the key factors and engine
variables that influence the different parts of that problem. Table 11,7 provides
such a summary. Thetotal process is divided into four sequential steps: (1) the
formation of unburned hydrocarbon emissions; (2) the oxidation of a fraction of
these HC emissions within the cylinder, following mixing with the bulk gases; (3)
the flow of a fraction of the unoxidized HC from the cylinder into the exhaust; (4)
the oxidation in the exhaust system ofa fraction of the HC that exit the cylinder.
The detailed processes and the design and operating variables that influence each
of these steps in a significant way are listed.

The four separate formation mechanisms identified in step 1 have substan-
tial, though as yet incomplete, evidence behind them. They are listed in the most
likely order of importance. Each has been extensively described! in this section. 1)
is through each of these mechanisms that fuel or fuel-air mixture escapes (he
primary combustion process. That fuel must then survive the expansion and
exhaust processes and pass through the exhaust system without oxidation if it is
to end up in the atmosphere as HC emissions. The rate of mixing of these
unburued HC with the hot bulk cylinder guses, the temperature and composition
of the gases with which these HC mix, anid the subsequent lemperature-time and
composition-time histories of the mixture will govern the amount of in-cylinder
oxidation that wecurs: The distribution of these HC around the combustion
chamber is nonuniform (and changes with time); they are concentrated close to
the walls of the chamber. The fraction of these HC that will exit the chamber
during the exhaust process will depend vo the details of the in-cylinder llow
patterns that ake (hens through the exhaust valve. Overall, (he magnitude ofthe
residual feaction will be one major factor; the residual gas is known ta be miuch
richer in HC than the average exhaust. In particular, the flow patterns in the
cylinder toward the end of the exhaust siroke as the was seraped off the cylinder
wall by the piston moves toward the exhaust valve will be important. Finally, 4
fraction of the unburned HC which leave the eylinder through the exhaust vulvé
will burn up within the exhaust system. Gas-phase oxidation in the exhaust ports
and hotter parts of the exhaust manifold is significant. The amount depends on
the gas temperature, composition, and residence time, If catalysis or a thermal
reactor are included in the exhaust system, very substantial additional reduction
in HC emission levels can occur. These devices and thetr operating chanaelensies
are described in Sec. 11.6.
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TABLE 117

Critical factors and engine variables in HC emissions mechanisms

1, Formation of HC 2. In-cylinder mixing and oxidation  (a) Crevices (a) Mixing rate with bulk gas
(1) Crevice volume (1) Speed
(2) Crevice location (2) Swirl ratio

(relative to spark plug) (3) Combustion chambershape
(3) Load (6) Bulk gas temperature during
(4) Crevice wall temperature expansion and exhaust
(5) Mixture composition} (1) Speed

(b) Oil layers
(1) Oil consumption
(2) Wall temperature
(3) Speed

(c) Incomplete combustion
(1) Burn rate and variability
(2) Mixture compositiont (d) Wall temperature
(3) Load (1) Important if HC source
(4) Spark timingt near wall

(d) Combustion chamberwalls
(1) Deposits
(2) Wall roughness

3, Fraction HC flowing 4. Oxidation in exhaust system |out of cylinder

(a) Residual fraction (a) Exhaust gas temperature |
(1) Load (1) Speed \
(2) Exhaust pressure (2) Spark timingt
(3) Valve overlap (3) Mixture compositiont
(4) Compression ratio (4) Compressionratio
(5) Speed (5) Secondary air flow

(5) In-cylinder flow during (6) Heatlosses in cylinder
exhaust stroke and exhaust
(1) Valve overlap (b) Oxygen concentration
(2) Exhaustvalve size and (1) Equivalence ratio

location (2) Secondaryair flow
(3) Combustion chamber shape and addition point
(4) Compressionratio (c) Residence time i
(5) Speed (1) Speed i

(2) Load |
(3) Volumeofcritical

exhaust system component
(d) Exhaust reactor§

(1) Oxidation catalyst
(2) Three-way catalyst
(3) Thermal reactor

(2) Spark timingt
(3) Mixture compositiont
(4) Compression ratio i
(5) Heat losses to walls I

(c) Bulk gas oxygen concentration
(1) Equivalence ratio

(2) For crevices: importance
depends on geometry  

} Fuel/air equivalence ratio and burned
} Relative to MBT timing.POF atleas

gas fraction (residual plus recycled exhaust gas).

t aN great an importance as engine details if present in total emission control system. See Sec. 11.6
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620 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

11.4.4 Hydrocarbon Emission Mechanisms in
Diesel Engines

BACKGROUND. Diesel fuel contains hydrocarbon compounds with higher
boiling points, and hence higher molecular weights, than gasoline. Also, substan-
Ual pyrolysis of fucl compounds occurs within the fuel sprays ducing the diesel
combustion process. Thus, the composition of the unburned and partially oxi-
dized hydrocarbons in the diesel exhaust 1s much mare complex than in the
spurk-ignilion engine and extends over 4 larger molecular size range. Gaseous
hydrocarbon emissions froin diesels are measured using & hot particulate filter (al
199'C) and @ heated fame ionization detector. Thus the HC constituents vary
from methane to the heaviest hydrocarbons which remain in the vapor phase in
the heated sampling line (which is also maintainedal about 190°C), Any liydre
carbons heavier than this are therefore condensed and, with the solid-phase soot,
are filtered from the exhaust gas stream upstream of the detector. The particulate
emission measurement procedure measures a portion of total engine hydrocar-
bon emissions also. Particulates are collected by filtering from a diluted exhaust
gas stream at a temperature of 52°C or less. Those hydrocarbons that condense
at or below this temperature are absorbed onto the saat. They are the extractable
fraction of the particulate: ie., that fraction which can be removed by a powerful
solvent, typically between about 15 and 45 percentof the total particulate mass.
This section discusses gaseous hydrocarbon emissions; particulate emissions—
soot and extractable material—are discussed in Sec. 11.5.
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Schematic representation of diesel hydrocarbon formation mechanisms: (a) for fuel injecte!
delay period; (b) for fuel injected while combustionis occurring.??

d during

FORD Ex. 1125, page 168
IPR2020-00013



FORD Ex. 1125, page 169
                       IPR2020-00013

bon compounds with higher
s, than gasoline. Also, substan-
ie fuel sprays during the diesel
ye unburned and partially oxi-
ch more complex than in the
molecular size range. Gaseous
using a hot particulate filter (at
Thus the HC constituents vary
h remain in the vapor phase in
+d at about 190°C). Any hydro-
| and, with the solid-phase soot,
of the detector. The particulate

tion of total engine hydrocar-
filtering from a diluted exhaust

yse hydrocarbonsthat condense
he soot. They are the extractable
h can be removed by a powerful
snt of the total particulate mass.
\issions; particulate emissions—
ec, 11.5.

_ we
if Slow mixing or

Pyrolysis|jack of oxygen
‘

 of
3 ‘.
Sa Locally

Combustible —<_ overrich
mixture mixture

‘ Slow reaction,

\ no ignition or
‘flame propagation
Bulk

Flammation Oe
\

Products of Products of
complete incomplete
combustion combustion

(5)

f \
1 mechanisms: (a} for fuel injected unity
ring.?3

 

Tupich

POLLUTANT FORMATION AND CONTROL 621

The complex heterogencous nature of diesel combustion, where fuel evapo-
ration, fiiel-air and burned-tinburned gas mixing, and combustion can occur
simultaneously, las been discussed extensively in Chap. 10. As a result of this
complexity, tere are many processes that could contribute to diesel engine
hydrocarbon emissions. In Chap. 10) the diesel’s compression-ignition combustion
process Was divided ini four stages: (1) the ignition delay which is the time
between thestart of injection and ignition; (2) the premixed or rapid combustion
phase, during which the fuel that has mixed to within combustible limsts during
the dulay period hiirns: (3) the Mixing controlled combustion phase, during which
{he rale of birning depends on the rate of fuelair mixing ta within (he combusti-
ble limits; (4) the Jate combustion phase where heat release continues at a low
rate governed by the mixing of residual combustibles with excess oxygen and the
kinetics of the oxidation process. There are two primary paths by which fuel can
escape this normal combustion process unburned: the fuel-air mixture can
become too lean to autoignite or to support a propagating flame at the condi-
tions prevailing inside the combustion chamber or, duritig the primary com-
bustion process, the fucl-air mixture may be too rich to ignite or support a flame,
This fuel can then be consumed only by slower thermal oxidation reactions later
in the expansion process after mixing with additional air. Thus, hydrocarbons
remain unconsumed due to incomplete mixing or to quenching of the oxidation
process.

Figure |1-33 shows schematically how these processes can produce incom-
plete combustion products, Fuel injected during the ignition delay (Fig. |1-33a)
will mix with air to produce a wide range of equivalence ratios. Some ofthis fuel
will have mixed rapidly to equivalence ratios lower than the lean limit of com-
bustion (locally overlean mixture), some will be within the combustible range,
and some will have mixed more slowly and betoo rich to burn (locally overrich
mixture). The overlean mixture will not autoignite or support propagating
flame at conditions prevailing inside the combustion chamber (though some of
this mixture may burnlater if it mixes with high-temperature burned products
early in the expansion stroke). In the “ premixed" combustible mixture, ignition
occurs where the local conditions are most favorable for autoignition. Unless
quenched by thermal boundary layers or rapid mixing with air subsequent
autoignition or flame fronts propagating from the ignition sites consume the
combustible mixture. Complete combustion of overrich mixture depends on
firther mixing with air or lean already-burned gases within the time available
before rapid expansion and cooling occurs. Ofall these possible mechanisms, the
‘Averletn mixture path is believed to be the most important.~*

For the fuel injected after the ignition delay period is over (Fig. | |-33b),
oxidation of fuel or the products offuel pyrolysis, as these mix with air

Note that under normal engine operating conditions, the combustion inefficiency is less than 2
HétPenr) see Sec. 4.9.4 and Fig. 3-9.
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622 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

results in complete combustion. Slow mixing of fuel and pyrolysis products with
air, resulting in overrich mixture or quenching of the combustion reactions, can
result in incomplete combustion products, pyrolysis products, and unburned fuel
being present in the exhaust."

Hydrocarbon emission levels from diesels vary widely with operating condi-
tions, and different HC formation mechanismsare likely to be most important at
different operating modes. Engineidling and light-load operation produce signifi-
cantly higher hydrocarbon emissions than full-load operation. However, when
the engine is overfueled, HC emissions increase very substantially. As will be
explained more fully below, overmixing (overleaning) is an important source of
HC, especially under light-load operation. Undermixing, resulting in overrich
mixture during the combustion period, is the mechanism by which some of the
fuel remaining in the injector nozzle sac volume escapes combustion, andis also
the cause of very high HC emissions during overfueling. Wall temperatures affect
HCemissions, suggesting that wal! quenching is important, and under especially
adverse conditions very high cyclic variability in the combustion process can
cause an increase in HC dueto partial burning and misfiring cycles.

OVERLEANING. As soon as fuel injection into the cylinder commences, a dis-
tribution in the fuel/air equivalence ratio across the fuel sprays develops. The
amount of fuel that is mixed leaner than the lean combustion limit (6, ~ 0.3)
increases rapidly with time.’ Figure 11-34 illustrates this equivalence ratio dis-
tribution in the fuel spray at the time of ignition. In a swirling flow, ignition
occurs in the slightly lean-of-stoichiometric region downstream of the spray core

Air swirl

\
_- > J, rich

= o=0

é =o
Injection nozzle i

Fuel jet boundary

Ignition location oO % ixed HC

FIGURE11-34 4
Schematic of diesel engine fuel spray showing equivalence ratio (¢) contours al time of ignition
¢,, = equivalence ratio at lean combustion limit (#03). Shaded region contains fuel mixed feaner
than ¢, .°"
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FIGURE 11-35

Corrélution of exhaust HC concentration with dura.
lion of ignition delay lor DY diesel engine, Various
fuels, engine loads, injection timings, boast pres-

Ignition delay, deg sires, at 2RO0 rev/min.”

where the fuel which has spent most time within the combustible limits is located.
However, the fuel close to the spray boundary has already mixed beyondthe lean
limil of combustion and will not autoignite or sustain a fast reaction front. This
mixture can only oxidize by relatively slow thermal-oxidation reactions which
will be incomplete. Within this region, unburned fuel, fuel decomposition pro-
ducts, and partial oxidation products (aldehydes and other oxygenates) will exist:
some of these will escape the cylinder without being burned. The magnitude of
the unburned HC from these overlean regions will depend on the amountoffuel
injected during the ignition delay, the mixing rate with air during this period, and
the extent to which prevailing cylinder conditions are conducive to autoignition.
A correlation of unburned HC emissions with the length of the ignition delay
would be expected. The data in Fig. 11-35 from a direct-injection naturally aspi-
rated enginc show that a good correlation between these variables exists. As the
delay period increases beyond its minimum value (due to changes in engine oper-
ating conditions), HC emissions increase at an increasing rate.°’ Thus, overlean-
ing of fuel injected during the ignition delay period is a significant source of
hydrocarbon emissions, especially under conditions where the ignition delay 1s
long.

UNDERMIXING. Two sources offuel which enter the cylinder during combustion
and which result in HC emissions due to slow or under mixing with air
Nave been identified. One is fuel that leaves the injector nozzle at low velocity,
Often late in the combustion process. The most important source here is the
Nozzle sac volume, though secondary injections can increase HC emissionsif the
Problemis severe. The second source is the excess fuel that enters the cylinder
itnder overfueling conditions.

At the end of the fuel-injection process, the injector sac volume(the small
Yolumeleft in the tip of the injector after the needle seats) is left filled with fuel
AS the combustion and expansion processes proceed, this fuel 1s heated and
Yiporizes, and enters the cylinder at low velocity through the ttozzle holes. This
{uel vapor (and perhapslarge dropsoffuelalso)will mix relatively slowly with air

FORD Ex. 1125, page 171
IPR2020-00013

 

|

|

   



FORD Ex. 1125, page 172
                       IPR2020-00013

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

624 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

Standard sac, volume = 1.35 mn}
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Nozzle sac volume, mm

FIGURE 11-36
Effect of nozzle sac volume on exhaust HC concentration, DI diesel engine, at minimum ignition
delay. V, = 1 dm3/cylinder, 1700-2800 rev/min.°’

and may escape the primary combustion process. Figure 11-36 shows HC emis-
sions at the minimum ignition delay for a direct-injection diesel engine as a func-
tion of sac volume, along with drawings of someof the injector nozzles used. The
correlation between HC emissions (under conditions when the overleaning
mechanism is least significant) and sac volumeis striking. The extrapolation to
zero HC emissions suggests that the fuel in the nozzle holes also contributes. Not
all the fuel in the sac volume is exhausted as unburned hydrocarbons. For
example, in Fig. 11-36 a volume of 1 mm? gives 350 ppm C, while 1 mm? offuel
would give 1660 ppm C,. The sac volume may not befully filled with fuel. Also,
the higher-boiling-pointfractions of the fuel may remain in the nozzle. Significant
oxidation may also occur. In indirect-injection engines, similar trends have been
observed, but the HC emission levels at short ignition delay conditions are sub-
stantially lower. The sac volume in current production nozzles helps to equalize
the fuel pressures immediately upstream of the nozzle orifices. A small sac volume
makes this equalization less complete and exhaust smoke deteriorates. The con-
tribution of sac and hole volumes to exhaust HC can be reduced to below 0.75 g/
kW -h for a 1 dm? percylinder displacement DI engine.°’

In DI engines, exhaust smokelimits the full-load equivalenceratio to about
0.7. Under transient conditions as the engine goes through an acceleration
process, overfucling can occur. Even though the overall equiyalence ratio may
remainlean, locally overrich conditions may exist through the expansion stroke
and into the exhaust process. Figure 11-37 shows the effect of increasing the
amountof fuel injected at constant speed, with the injection timing adjusted to
keep the ignition delay at its minimum value (when HC emissions from overlean-
ing are lowest). HC emissions are unaffected by an increasing equivalence rato
until a critical value of about 0.9 is reached whenlevels increase dramatically. A 
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similar trend exists for IDI engines.°” This mechanism is not significant under
normal operating conditions, but can contribute HC emissions under acceler-
ation conditions if overfueling occurs. However, it produces less HC than does
overleaningat light load and idle.23

QUENCHING AND MISFIRE. Hydrocarbon emissions have been shown to be
sensitive to ol and coolant temperature: when these femperalures were increased
from 40 to 90°Cin a DI diesel, HC emissions decreased by 30 percent. Since
ignition delay was maintained constant, overmixing phenomena should remain
approximately constant Thus, wall quenching of the lame may also be a signifi-
canl source of HC, depending on the degree of spray impingement on the com-
bustion chamber walls. ;

While cycle-by-cycle variation |i) the combustion process in diesel engines is
generally much less than in spark-ignition engines, it can becomesignificant
under adverse conditions such as low compression temperatures and pressures
und tetarded injection timings. Substantial variations, cycle-by-cycle, in HC emis-
sons: are thought to result. In the limit, if misfire (no combustion) occurs in a
ntetion of the operating cycles, then engine HC emissionsrise as the percentage
Sf misfires increases. However complete misfires in 4 well-designed and ade-
juately controlled engine are unlikely to occur over the normal operating
ratio.

SUMMARY. There are two major causes of HC emissions in diesel engines under
eni operating conditions (1) fuel mixed to leaner than the lean combustion
isaR delay period ; (2) undermixing of fuel which leaves the fuel injec-
»ae. ni ow velocity, late in the combustion process. At light load andidle,
Pic. ne 18 especially important, particularly in engines of relatively small
eu e at high speed. In IDI engines, the contribution from fuel in the

sac volumeis less important than with DI engines. However, other sourcesHl low veloc; a OWS
A, ocity and late fuel injection such as secondary injection can be signifi-
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11.5 PARTICULATE EMISSIONS

11.4.1 Spark-Ignition Engine Particulates

There are three classes of sparkeignition engine particulate emissions! lead,
organic particulates (inchiding eoot), and sulfates.

Significant sulfate emissions can occur with oxidation-catalyst equipped
engines, Unleaded gasoline contains 150 to 600 ppm by weight sulfur, which 1
oxidized within the engine cylinder to sulfur dioxide, SO,. This SO; can be oxi-
diged by the exhaust catalyst to SO, which combines with water al ambient
temperatures to form a sulfuric acid aerosol. Lovels of sulfate emissions. depend
on the fuel sulfur content, the operating conditions of the engine, and (he details
af the catalyst system used. Typical average automobile sulfate emission rates are
20 mg/km orless,"*

For automobile engines operated with regular and premium leaded gas-
olines (which contain about 0.145 g Pb/liter or dm*) the particulate emission rates
are typically 100 to 150 mg/km, This partioulate is dominated by lead com-
pounds: 25 ta 60 percent of the emitted mass is lead.°” The particulate emission
rales are considerably higher when the engine is cold, following start-up. The
exhaust temperature has a significant effect on emission levels. The particle size
distribution with leaded fuel is about 80 percent by mass below 2 wm diameter
and about 40 percent below 0.2 wm diameter. Most of these particles are pre-
sumed to form and prow in the exhaust system due to vapor phase condensation
enhanced by coagulation. Some of the particles are emitted directly, without set
tling, Some of the particles cither form or are deposited on the walls where
agglomeration may occur. Manyof these are removed when the exhaust flowrate
is suddenly increased, and these particles together with rust and scale accountfor
the increase in. mass and size of particles emitted during acceleration. Only a
fraction (between 10 and 50 percent) of the lead consumed in the fuel ts
exhausted, the remainder heing deposited within the engine and exhaust system.

Use of unleaded gasoline reduces particulate emissions to about 20 mg/km
in automobiles without catalysts. This particulate is primarily soluble
(condensed) organic material, Soot emissions (black smoke) can result from com-
bustion of overly rich mixtures, In properly adjusted spark-ignition engines, 3001
in the exhaustis not a significant problem.

115.2 Characteristics of Diesel Particulates

MEASUREMENT TECHNIQUES, Diesel particulates consist principally of com-
bustion generated carbonaceous material (soot) on which some orgame com
pounds have become absorbed. Most particulate material results from
incomplete combustion of fuel hydrocarbons; some is contributed by the lubn-
cating oil, The emission rates are typically 0.2 to 0.6 g/km for light-duty diesels in
an automobile, In larger direci-injection engines, particulate emission rates ar
0.5 to 1.5 p/brake kWh. The composition of the particulate material depends on
the conditions in the engine exhaust and particulate collection system. At tem-

FORD Ex. 1125, page 174
IPR2020-00013



FORD Ex. 1125, page 175
                       IPR2020-00013

Ls

1 engine particulate emissions: lead,
fates.

cur with oxidation-cutalyst equipped
0 600 ppm by weight sulfur, which is
ir dioxide, SO,. This SO, can be oxi-
ich combines with water at ambient
ol. Levels of sulfate emissions depend
nditions of the engine, and the details
: automobile sulfate emission rates are

th regular and premium leaded gas-
or dm*) the particulate emissionrates
‘culate is dominated by lead com-
iss is lead.°? The particulate emission
igine is cold, following Start-up. The
: On emission levels. The particle size
2rcent by mass below 2 ym diameter
‘ter. Most ofthese particles are pre-
‘em due to vapor phase condensation
cles are emitted directly, without set-
r are deposited on the walls where
2 removed when the exhaustflow rate
sether with rust and scale account for
emitted during acceleration. Only a
the lead consumed in the fuel is

thin the engine and exhaustsystem.
iculate emissions to about 20 meg/km

particulate is primarily soluble
3 (black smoke) can result from com:
adjusted spark-ignition engines, soot

ates

ticulates consist principally of com:
s00t) on which some organic com
particulate material results from
8; someis contributed by the [ubtie
’ to 0.6 g/km forlight-duty diesels im
zines, particulate emission rates uf
“the particulate material depends of
iticulate collection system. At telll=

 

|

POLLUTANT FORMATION AND CONTROL 627

peratures above 500°C, the individual particles are principally clusters of many
small spheres or spherules of carbon (with a small amount of hydrogen) with
individual spherule diameters of about 15 to 30 nm. As temperatures decrease
below 500°C, the particles become coated with adsorbed and condensed high
molecular weight organic compounds which include: unburned hydrocarbons,
oxygenated hydrocarbons(ketones, esters, ethers, organic acids), and polynuclear
aromatic hydrocarbons. The condensed material also includes inorganic species
such as sulfur dioxide, nitrogen dioxide, and sulfuric acid (sulfates),

The objective of most particulate measurement techniques is to determine
the amount of particulate being emitted to the atmosphere. Techniques for
particulate measurement and characterization range from simple smoke meter
opacity readings to analyses using dilution tunnels. Most techniques require
lengthy sample-collection periods because the emission rate of individual species
is usually low. The physical conditions under which particulate measurements are
made arecritical because the emitted species are unstable and may be altered
through loss to surfaces, change in size distribution (through collisions), and
chemical interactions among otherspecies in the exhaust at any time during the
measurement process (including sampling, storage, or examination). The most
basic information 1s normally obtained on a massbasis: for example, grams per
kilometer for a vehicle, grams per kilowatt-hour for an engine, grams perkilo-
gram of fuel or milligrams per cubic meter of exhaust (at standard conditions).
Smoke meters measure the relative quantity of light that passes through the
exhaust or the relative reflectance ofparticulate collected on filter paper. They do
not measure mass directly, They are used to determine visible smoke emissions
and provide an approximate indication of mass emission levels Visible smoke
from heavy-duty diesels at high load is regulated. In the standard mass emission
measurement procedure, dilution tunnels are used to simulate the physical and
‘chemical processes the particulate emissions undergo in the atmosphere. In the
dilution tunnel, the raw exhaust gases are diluted with ambient air to a tem-
Perature of 52°C orless, and a sample stream from the diluted exhaustis filtered
{6 remove the particulate material.

PARTICULATE COMPOSITION AND STRUCTURE. The structure of diesel
pirticulate material is apparent from the photomicrographs shownin Fig. | 1-38
Of particulates collected from the exhaust of an IDI diesel engine. The samples
ure seen to consist of collections of primary particles (spherules) agglomerated
IMO aggregates (hereafter called particles). Individual particles range in appear-
ice from clusters of spherules to chains of spherules. Clusters may contain as
Many as 4000 spherules, Occasional liquid hydrocarbon and sulfate droplets have

een identified. The spherules are combustion generated soot particles which
Y@Tyin diameter between 10 and 80 nm, although most are in the 15 to 30 nm

MiMige. Figure | 1-39 shows a typical distribution of spherulesize (solid line) deter-
Mined by sizing and counting images in the photomicrographs. The number-
Mean diameter (=) N,d/N) is 28 nm. The volume contribution of these
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FIGURE 11-38

Photomicrographs of diesel particulates: cluster (upper left), chain (upper right), and collection from
filter (bottom).7°

Numberofspherules Volumecontribution
FIGURE11-39

Typical distributions of spherule diameter and
Spherule diameter, nm volume. 7°
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—_ TABLE 11.8
Chemical composition of particular matter”°

e—_—_—_—_SSS

Kr Idle 48 km/h4

Extractable
composition C43H2904,7No.21 C143902.5No.18
H/C 1.26 1.63

(> Dry soot
composition CH9.2799.22No.01 CH.2199.15No.01 !
H/C 0.27 0.21 |—_—_—<$—$———

spherules is shown as the dashed curve in Fig. 11-39. The volume-mean diameter,
(SN,dp/N)'?, is 31 nm.

Determmation of the particle size distributlon with a similar technitylie
.™ involves ussigring a smgle dimension to a complex and irregular aggregate, and

y Introduces uncertainties arising from oaly having two-dimensional images of pur-
£ . ticles available, Other approaches based on inertial impactors and electrical

gerosol anulysere have been used. Some of the data siiggest that the particle size
distabulion is bimodal The smaller-size range is thought to be liquid hydrocar-} ; bon drops and/or individual spherwles characterized by number-mean diameters

e of 10 to 20 nin; the larger-size range is thought to be the particles of agglomer-
ated spherules characterized by number-mean diameters of 100 to JO) nm,
However, other parucnlate samples have not shown a bimodal distribution:
volume-mean diameters ranged from 50 to 220 nm with no notable trend with
vilher speed or load.”°

The exhaust particulate is usually partitioned with an extraction solvent
‘} milo 4 soluble fraction and a dry-soot fraction, Two commonly used solvents are

dichloromethane and a benzene-ethanol mixture. Typically 15 to 30 mass percent
Is extractable, though the range of observations is much larger (~10 to 90

chain (upperright), and collection from Percent), Thermogravimetric analysis (weighing the sample as it is heated) pro-
dices: comparable results, Typical average chemical compositions of the two par-
Weiilate fractions are given in Table 118, Dry soot has a much lower H/C ratio
thiin the extractable material, Although most of the particulate emissions are
formed through incomplete combustion offuel hydrocarbons, engine oil may also
“ontribute significantly. The number-average molecular weight of the extractable
Midterm! shown in Table 11.8 ranged from about 360 to 400 for a variety of
‘ngine conditions. This fell between the average molecular weight of the fuel (199)
‘nil that of the lubricating oil (443 when fresh and 489 when aged).7° Radioactive
iTaeer studies in a light-duty IDI diesel have shown that the oil was the origin of
Metweer 2 to 25 percent by mass of the total particulate and 16 to 80 percent of
Mit extractable organic portion, the greatest percentages being measured at the
Wahost engine speed studied (3000 rev/min). All of the oil contribution appeared

a { spherule diameter Ant IMthe extractable material. The contributions from the different individual com-
Eibutions of splerd WSurds in the fuel have also been studied. All the compounds tested——paraffins,
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FIGURE 11-40

Lattice-imaging micrograph of a diesel particulate.7?

olefins, and aromatics—contributed to the particulate emissions; as a group, aro-
matics were the greatest contributors. Eighty percent of the carbon-14 usedto tag
individual fuel compounds was foundin the insoluble fraction and 20 percent in
the soluble particulate fraction.”!

In addition to the elements listed in Table 11.8, trace amounts of sulfur,

zinc, phosphorus, calcium,iron, silicon, and chromium have been found in parti-
culates. Sulfur and traces of calcium, iron, silicon, and chromium are found in
diesel fuel; zinc, phosphorus, and calcium compounds are frequently used in
lubricating oil additives.”°

A lattice image of a diesel particle is shown in Fig. 11-40; it suggests a
concentric lamellate structure arranged around the center of each spherule. This
arrangement of concentric lamellas is similar to the structure of carbon black.
This is not surprising; the environment in which diesel soot is producedis similar
to that in which oil furnace blacks are made. The carbon atoms are bonded
together in hexagonal face-centered arrays in planes, commonly referred to as
platelets. As illustrated in Fig. 11-41, the mean layer spacing is 0.355 nm (only
slightly larger than graphite). Platelets are arranged in layers to form crystallites.
Typically, there are 2 to 5 platelets per crystallite, and on the order of 10° crys-

|

ehnm
ap

Platelet Crystallite

 

 FIGURE 11-41

Substructure of carbon particle.”
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tallites per spherule. The crystallites are arranged with their planes more orless
parallel to the particle surface, This struciore of unordered layers is called turbe
static. The spherules, 10 to S50 nm in dixmeter, are fused together to form par-
ticles ws shown in Fig. 11-40. A single spherule contains 10° to 10° carbon

A surface area of about 200 m?/g has been measured for diesel soot. A
enooth-surfaced 30-nm diameter sphere with a density of 2 gfem* would have a
surfiee/mass catia of 100 m?/g, so the measured value is aboul twice (he super-
ficial tet, Approximating @ particle of agglomerated spherwles by a single sphere
of 200 rim diwmeter gives a surface/mass ratio of 15 m*/p.7 These data and esti-
mates of superficial area per unit mass indicate that diesel soot has low porosity.

SOLUBLE FRACTION COMPONENTS,Theextractable organic fraction of diesel
particulate emissions includes compounds that may cause health and
environmental hazards. Thus chemical and biological characterization of the
soluble organic fraction are important. Both soxhlet and sonification methodsare
used fo extract (he organicfraction Tram particulate samples, Because tie partic-
uliiics ure mixtures Of polar and nonpolar components, full extraction reqjulres
different salvaits; any one solvent is a compromise Methylene chloyiille is the
most comajonly used extractant, however. Since a complex mixture of organic
compounds is associated with diesel particulates, a preliminary fractionation
scheme is used to group similar types of compounds before final separation and
Wunlsficition. The scheme most frequently used results in seven fractions gener-
ally labeled as: basics, acidics, paraffins, aromatics, transitionals, oxygenates, and
wher insolubles. Table 11.9 indicates the types of components in each fraction
Anu the approximate proportions. The biological activity of the soluble organic
fidetion and its subfractions is most commonly assessed with the Ames
Bulmuriella/wucrasomal test. With this test, a quantitative dose-response curve
sliwing the mutagenicity of a sample compoundis obtained. The Amestest uses
Ntutan! strain of Salmonella (yphimurium that is incapable of producing histi-
inv. Mutagenicity is defined as the ability of a tested compound to revert
DUEk-iutste—this bacterium to its wild state, where it regains its \\bility to
pioduer histidine. '5

115.3. Particulate Distribution within the
Oylinder

Meiisnrenienis have been made of the particulate distribution within the com-
~bilavion chamberof operating diesel engines. The results provide valuable infor-
Walion on the particulate formation and oxidation processes and how these
Velie to the fuel distribution and heat-release development within the com-
bilat}oy) chamber Techniques used to obtain particulate concentration data
WGINUe- use of rapid-acting poppet or needle valves which draw a small gas

oiinple from the cylinder at a specific location and time for analysis (e.g., Refs. 21
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TABLE11-9

Components of the soluble organic fraction**

| | Percent ofFraction Componentsof fraction total

Acidic Aromatic or aliphatic 3-15
Acidic functional groups
Phenolic and carboxylic acids

Basic Aromatic or aliphatic <1-2
Basic functional groups f
Amines

Paraffin Aliphatics, normal and branched 34-65
Numerous isomers

From unburned fuel and/or lubricant
Aromatic From unburnedfuel, partial combustion, and 3-14

recombination of combustion products; from
lubricants

| ! Single ring compounds| Polynuclear aromatics ||
}
| Oxygenated. Polar functional groups but not acidic or basic 7-15

Aldehydes, ketones, or alcohols
Aromatic phenols and quinones .

Transitional Aliphatic and aromatic 1-6
| Carbonyl functional groups

Ketones, aldehydes,esters, ethers
Insoluble Aliphatic and aromatic 6-25

Hydroxyl and carbonyl groups |
High molecular weight organic species ;
Inorganic compounds
Glass fibers from filters

and 74), optical absorption techniques (e.g. Refs. 75 and 76), and cylinder
dumping where the cylinder contents are rapidly emptied into an evacuated tank
at a preset time in the cycle (e.g., Ref. 77). Both DI and IDI engines have been
studied, Of course, concentration data taken at specific locations in the cylinder

)) during the engine cycle are not necessarily representative of the cylinder contents
t in general; nor do they represent the time history of a given massof gas. Thefuel

distribution, mixing, and heat-release patterns in the cylinder are highly nonuni
form during the soot-formation process, and the details of gas motion in the
vicinity of the sampling location as the piston changes position are usually
unknown.

In direct-injection diesel engines, the highest particulate concentrations are
foundin the core region of each fuel spray where local average equivalence ratios

| are very rich (see Secs. 10.5.6 and 10.7.2). Soot concentrations rise rapidly soon
after combustion starts. Figure 11-42 shows a set of sample-valve saol
concentration data from a large (30.5-cm bore, 38.1-cm stroke), quiescent, direc!
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FIGURE 11-42

Pirlicwiale concentrations, in g/m? at standard temperature and pressure, in various regions of the
‘vel spray as « function of crank angle in quiescent DI diesel engine, measured with rapid sampling
valve. Different sample valve locations tn combustion chamber and spray indicated on left. Cylinder
hore = 30.5 cm, stroke = 38.1 cm, n,=12.9, engine speed = 500 rev/min, bmep = 827 kPa.7*

Inlectiont diesel engine which illustrates these points.7* The particulate
Soneentritions on the fuel spray axis close to the injector orifice are remarkably
high (~200 to 400 g/m?at standard temperature and pressure). This corresponds
10 « large fraction of the fuel carbon in the extremely rich fuel vapor core being
*IMpled as particulate (as soot and condensed HC species). Such high particulate
Mhustions of the local fuel carbon (~50 percent) have also been found in the very

el rich cores of high-pressure liquid-fueled turbulent diffusion flames. Pyrolysis
Ol the fuel is therefore an important source of soot. These very high local soot
Honeentratious decrease rapidly oncefuel injection ceases and the rich core mixes
(ileangs equivalence ratios. Soot concentrations in the spray close to the piston

“HOw! outer radius and at the cylinder wall rise later, are an order of magnitude
% and decay more slowly. Away from the fuel spray core, soot concentrations
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634 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

FIGURE 11-43
Particulate concentrations at various distances
from wall of prechamber in awirhehumber 1!
diesel engine, weasured will rapid eampliny: valve
fingine speed = L000 revirnin, iniechior at 12
ATC, igmibon at 5’ ATE

 
Crank angle, deg

Injection

decrease rapidly with increasing distance trom the centerline. A useful compan
son wilh these soot concentrilions is the fuel cuncentration in a stoichiometric
misfure, about 75 g fuel/m>. Approximate estimates of the mean sal comeentm
tion inside the cylinder through the combustion process suggests that almostall
(over 90 percent) of the soot formed is oxidived prior to exhuust. Similar results
have been obtained in a small direct-injection engine with switl7?® 7? Peak soot
concentralions in (ye outer regions of the fuel spray were comparable (~ 10 o/
m*), Measurements were not made in ihe spray core near the injector orifice:
however, based on the equivalence ratio results in Fig. 10-46, sool concentratins
would be expected to be lower de to the more rapid mixing with air that occurs
with swirl.

Sinmular data ure available from sampling in the prechamber of an IDI swirl
chamber engine?! Figure | |-43 shows soul concentrations 2, 10, and 15 mm
from the wall of the prechamber. Equivalence ratio distributions from this study
have already been shown in Fig. 11-17. Concentrations peak 5 to LO ATC at
levels ~2 g/m’; these are substantially lower than DL engine peak sool concen
(rations (presumably due to the more rapid mixing of fuel and air in the 1D)
engine). Concentnations in the prechamberit (ese locations then decrease sub-s
stantially.A better indication of average concentrations within the cylinderis given by
total cylinder sampling experiments. Measurements of the total number ofseal
particles and soot volume (racton through the cambustion process hwve been
made to an WL passenger car diesel. The contents of (he engine cylinder, al 4
preselected point in the evele, Were rapidly expelled through a blowdewn por,
dilured, and collected in a sample bai. Finure 11-44 shows ont set of results
Particles first appear shortly after the start of combustion (4 ta 3 ATC) The
number density rises to a maximum at ag? ATC and thenfalls rapidly as a cosa
of purtiel coagulation and, possibly, oxidation, The exhaust particulate numbec
density is less than one-tenth of the peak valine. The volume fraction soot dati
jsoob mass concentration 1s proportional to volume fraction) show a much Malte
maximum earlier in the combusiian proorss and a decrease (due to oxida ien)
from 20 to 40° ATC to aboutone-third of the peak valoc. Ovidahon apna rently
ceases at about 40° ATCat these conditions.
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FIGURE 11-44
 0
08
Eye Cylinder-average papticlesnumber density N and~ 0.6 he, , . .E o4 ¢ on paricle-volinn tmetion fy ay a function of crank
02 Lf “ _Exhaust angle in IDI diesel engine determined from

O Leh$d cylinlin-duimypriny. experiments. 1000 Tev/min,
10 20 30 40 50 pifdeo %=022, iniectun starts at 3.5° BTC. Gas

Crank angle, deg volumesat standard temperature and pressure. ?”

11.5.4 Soot Formation Fundamentals

The soot particles, whose characteristics have been deseribed in tlhe abave jwu
sections, form primarily from the carbon in the diesel fuel, Thus, the formation
process sharts wil a fuel moleciile containing 12 10 22 carbon atoms and an A/C
rauio of sbout 2, and ends up with particles \yplcully a few hundred nanometers
in diumicter, composed of spherules 20 fo 30 nm in diameter cach containing
some [0° carbon atoms and having an H/C ratio of about U1. Most of the
Infermatiag avaiable on the fiindamentals of soot formation in combustion
comes froor studi¢s in simple premixed und diffusion flames stirred reactors,
shack jubes, and constant-volume combustion bombs A recedt ceview®" sip
Mmarizey (he extensive literature available from such studies, Also. the production
of carbon black requires a high yield of sooc from pyrolysis of a hydrocarbon
feedstock, and iheliterature from that field has much to contribute (sce Ref 81)
However, the characteristics of diesel comMistion which make it unsuitable tor
more fundamental studies—ihe high fas lemperaiures and pressures, conrplex
fuel composition, dominance of turbulent mixing, the Unsteady nature of the
Process, and the three-dimensional geometry—also make it dificult to interpret
Ninduinental ideas regardiog soot formationin the diesel context, There is much
Abo! Lhe soot formation process in diesel engines, therefore, phat is poorly and
Moampletely linderstoncd

Soot formation takes place in the diesel combustion environment at tem-
Peratiires between about 1000 and 2800 K,al pressures of 50 to 100 atm, and
With sufficient air overall to burn fully all the fuel. The time available for the
formation of Solid soot particles from a fraction of the fuel is in the order of
Milliseccars » Theresulting aerosol—dispersed solid phase particles in a gas—can
he characterized by the total amount of condensed phase (often expressed as the
8661 volume fraction, F. the volume of soot/total volume), the number of soot
Particlvs per unit volume (N), and the size of the particles (e g., average diameter
a) Fv. N. and d are mutually dependent [e.gfor spherical particles Fy =
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636 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

in/6)Nd?], and any two of these variables charucterwe. the system. [It ts mast
convenient to consider N and Fy as the independent vanubles since they cach
relate to the “almost-separate” stages of soot particle generation (the source of
N) andsootparticle growth (the source of Fy).

These stages cin be summarized as follows 2°

1. Particle formation, where the first condensed phase material arises from the
ficl molecules via thea oxidauion and/or pyrolysis products, These praduers

uusncurated hydrogarbons, particularly acetylene and
iix higher analogues (C,,H), and polyeyelic aromatic hydrocarbons (PAH),
These two types of molecules are considered the most likely precursors of soo)

} sy Hames. The condensation reactions of gas-phase species such as these Jenilo the appearance of the first recognizable sout particles (often called nucle),
| These first partieles are very simall (d <2 um) and the formation of large

| numbers of them 1mwolve neglipible soot loading in the region ul their forma:

typreally include various

tion.

Particle erowth, which includes both surtace growth, cougulation, dod aggre
gation, Surface growth, by whiel) the bulk of the solid-phase material is gener:
ated, mvolves the altechment of dus-phase species: Lo the Surfdec of particles
and their incorporation into the particukue phase. Figure 11-45, where the log
of the molecular weight of a species is plotted against its hydrogen mole [rag
tion Xy, illustrates some important points about ihis process. Slirung willta
fuel molecule of X, 2 0.5 it is apparent thal neither purely polyacetylone chain

N
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FIGURE 11-45 . . . ~ a0Paths to soot formation on plot of species molecular weight M versus hydrogen mole fraction *p-
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growth tor purely PAH growth would lead (o soot particles which lave %) in
the range 0.1 to 0.2. What is requived is condensation of species with the right
hydrogen content. or condensation of species with higher hydrogen content
follawed by dehydrogenation, or 4 combination of bath these processes, Obyi-
ously some polyacetylenes and some PAH cansatisfy these requirements, as
can saturated platelets (¢.g., C),H,7; see Sec. 11.5.2). Surface growth reactions
lead to an increase in the amountofsoot (F,) but the number of particles (N)
remains unchanged. The opposite is true for growth by coagulation, where the
particles collide and coalesce, which decreases N with Fy constant. Once
surface growth stops, continued aggregation ofparticles into chains and clus-
ters can occur.

These stages of particle generation and growth constitute the soot forma-
tion process. At each stage in the process oxidation can occur where soot or soot
precursors are burned in the presence of oxidizing species to form gaseous pro-
ducts such as CO and CO,. The eventual emission of soot from the engine will
depend on the balance between these processes of formation and burnout, The
emitted soot is then subject to a further mass addition process as the exhaust
gases cool and are diluted with air. Adsorption into the soot particle surface and
condensation to form new particles of hydrocarbon species in the exhaust gases
occurs in the exhaust system and in the dilution tunnel which simulates what
happens in the atmosphere. Figure 11-46 illustrates the relationsl\ip between
{hese processes.’° Although they are illustrated as discrete processes, there is
some overlap, and they may occur concurrently in a given elemental mixture
fegion within the diesel combustion chamber. Of course, due also to the non-
homogeneous nature of the mixture and the duration of fuel injection andits
overlap with combustion, at any given timedifferent processes are in progress in
different regions or packets offluid. The fundamentals of each of these processes
will now be reviewed.

Nucleation DehydrogenationOxidation
j=

DehydrogenationSi
urface growth | Oxidation

Agel ti DehydrogenationBplomeration - Oxidation
Ne" f

Adaurmtinn and
condensation FIGURE aaa
— Processes leading to net production of

1 diesel particulates,7°

 
m= Cylinder

 

Dilution tunnel 
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638 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

SOOT PARTICLE FORMATION, Empirically, it has been found useful to define
the composition of the fuel-oxidizer mixture at the onset of soot formation in
flames by the carbon/oxygen ratio. Equilibrium considerations indicate that soot
formation should occur when, in

C,H, + yO, + 2,CO + 5 H, + (m — 2y\Cg (11.35)
m becomeslarger than 2y: ie, the C/O ratio exceeds unity. The corresponding
fucl/air equivalence ratio is given by

ic

o= (Et + 6) (11.36)
where 56=n/(4m); @ is 3 for (C/O)=1, with n/m=2. The experimentally
observedcritical C/O ratios are less than unity, however, varying with fuel com-
position and details of the experimental setup from about 0.5 to 0.8. The critical
C/O ratio for soot formation increases with increasing temperature but is only
weakly dependent on pressure. Beyond the carbon formation limit, the yield of
soot increases rapidly with increasing C/O ratio and is strongly enhanced by
increasing pressure.*°

It is obvious that soot formation is a nonequilibrium process. Yet despite
decadesof study, the precise details of the chemistry leading to the establishment
of soot nuclei still elude investigators. Several different theories have been
advanced to explain the pyrolysis process—the extensive decomposition and
atomic rearrangement of the fuel molecules—that culminates in nucleation.
Reviewsof these theories can be found in Refs. 73, 80, and 81. Often-cited mecha-

nisms are thermal cracking that results in fragmentation of fucl molecules into
smaller ones, condensation reactions and polymerization that result in larger
molecules, and dehydrogenation that lowers the H/C ratio of the hydrocarbons
destined to become soot. Three different paths to the production of soot appear
to exist, depending on the formation temperature. At the lowest temperatures
($1700 K) only aromatics or highly unsaturated aliphatic compoundsof high
molecular weight are very effective in forming solid carbon through pyrolysis. At
intermediate temperatures typical of diffusion flames (21800 K), all normally
used hydrocarbon fuels produce soot if burned at sufficiently rich stoichiometry,
but appear to do so by following a different path. At very high temperatures,
above the range of interest for diesel combustion, a third nucleation process
seemslikely that involves carbon vapor.’°

A simple mechanistic model for nucleation in the low and intermediate tem-
perature ranges which has considerable experimental support for its basic fea-
tures has been advanced by Graham etal.®? It is illustrated in Fig. 11-47. At low
temperatures, an aromatic hydrocarbon can produce soot via a relatively fast
direct route that involves condensation of the aromatic rings into a graphitelike
structure. Above about 1800 K, however, a slower, less-direct route is favored
that entails ring breakup into smaller hydrocarbon fragments. These fragments
then polymerize to form larger unsaturated molecules that ultimately product
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“At CH i
~ “ix—Indirect (slow) Sooti ; CH, ————~"So

‘xceeds unity. The corresponding é Ay CH
Ae FIGURE 11-47

5 - —ee Mechanistic model for formation of soot» (11.36) [Aliphatcs|e from aromatic and aliphatic hydrocarbon
compounds. 7°

ch n/m =2. The experimentally
however, varying with fuel com- |

‘om about 0.5 to 0.8. Thecritical ;
creasing temperature but is only soot nuclei. Aliphatic molecules can only follow this latter less-direct route.
bon formation limit, the yield of Experimental measurementsin flames suggest that polyunsaturated hydrocarbontio and is strongly ene by | compounds are involved in nucleation, and acetylenes and polyacetylenes have

been detected that decrease in concentration as the mass of carbon formed
requilibrium process. Yet despite increases. Such observationsfit the indirect path in Fig. 11-47. Results of studies
istry leading to the establishment of pyrolysis of benzene between 1300 and 1700 Kk support a physical conden-
‘al different theories have been sation mechanism for the low-temperature path. This mechanism begins with the
he extensive decomposition and transformation of the initial hydrocarbon into macromolecules by a gas-phase |
—that culminates in nucleation. reaction. The partial pressure of these macromolecules grows until supersatu- |
73, 80, and 81. Often-cited mecha- tation becomes sufficient to force their condensation into liquid microdroplets. |an of fuel molecules into These become nuclei, and Subsequently formed gaseous macromolecules then |
ymerization that result in larger contribute to nuclei growth. |
e H/C ratio of the hydrocarbons |to the production of soot appear SOOT PARTICLE GROWTH.Nucleation produces a large number of very small
ture. At the lowest temperatures
ted aliphatic compoundsof high
olid carbon through pyrolysis. At
flames (21800 K), all normally
at sufficiently rich stoichiometry,
path. At very high temperatures,
stion, a third nucleation process

particles with an insignificant soot loading. The bulk of the solid-phase material
i8 generated by surface growth, which involves the gas-phase deposition of hydro-
carbon intermediates on the surfaces of the spherules that develop from the
Nuolei. A qualitative description of the changes that occur as a function of time in
ii premixed flame durmg nucleation and surface growth 1s shown in Fig. 11-48.
The'sootfraction F,,, in units of soot volume per unit volumeof gas,1s related to
the number density N and the volume-mean diameter ofthe soot particles by

.in the low and intermediate (em

mental support for its basic fed
is illustrated in Fig. 11-47. At low

Fy = : Na? (11.37) |
#18 the actual diameterof the spherules, or the diameter of a sphere of equivalent |roduce soot via a relatively fast Yollime to an agglomerated particle. The rate of change of particle numberiromatic rings into a graphitelike UBNSity With time t can be written

ower, less-direct route is favored

rbon fragments. These frazmerilé aN =N —N (11.38)tolecules that ultimately produc t " ‘  
 

FORD Ex. 1125, page 187
IPR2020-00013



FORD Ex. 1125, page 188
                       IPR2020-00013

 
 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

640 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

FIGURE 11-48
Variation in soot volume fraction F,, particle
number density N, particle size d, and soot

Time - hydrogen/carbonratio with time in a flame.7°

   SootvolumefractionF,,,particlesized, _particlenumberdensityN,hydrogen/carbonratio
,

where N,, is the rate at which fresh nuclei appear and N,, is the rate of agglomer-
whom of spherules or particles thal collide and shiek, At the peak of the N curve;
N, = WN. To the left of the peak, W, > N,, the particle diameter remains essen:
Lally conslint at (he minimum detectable diameter and the (small) rise in soot
volume ts dominated by nucleation, To the rigof the peak te the A’ ciieve,

N,>N,. The number of agglumerating collisions is high becuase of the high
number densily; at the same hme nuclealion ends because there is enougl) Uis-
persed surface area for gaseous deposilion of bydrocarbon intermediates so (he
probability of generating new nuteles falls vo zero. With nucleation halted slightly
to the right of the WV curve peak, all the subsequent increase in sool velume
fraction (the majority) Stems from surface prowth, To the righ) of the N curve
peak, the number densityfalls in the case illustrated by three orders of tmani-
tude. Ttus is the result of agglomeration, which is responsible fara portion ofthe
increase in particle diameter. Agglomeration does not contribute to the rise in
soot volume fraction, F,. Surface growth that takes place on nuclei and on
spheriiles is responsible for forming the concentric shells (Somewhat distorted aod
arped) that constitute the outer portions of spherules and which are distinct

from the less-organized splierwle center (see Figs, 11-40 and 11-41). Surtace
wrowth on digglomorated particles may partly fill in the crevices at the jugcbures
of adjoining spherules (o provide the nodular structure evident in Fig. 11-40, i?

Once partizles have formed, interparticle collisions can lead to agglomers
ation, thereby decreasing the number ofparticles and increasing their size, Thee
types of agglomeration have beenidentified in soot formation. During the eurly
slaves ofparticle growth, collision of (wo spherical particles may result 19 thetr
coamilation into a single spheroid This ts easy to visualize in hydrocarbon pyro
ysis where the beyannings of a soot paruele mney have the viseosity of a tarry
liquid.”Also, when the individual particles are small, rapid surface growth will
quickly restore the original spherical shape.”* This process ovcurs up Lo dian
Hers of about [0 nm. On the over hand. if spherules have solidified before colliy
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in soot volume fraction F,, particle
density N, particle size d, and soot
/carbonratio with time in a flame.7°
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astrated by three orders of magni-
1 is responsible for a portion of the
does not contribute to the rise in

yat takes place on nuclei and on
itric shells (somewhatdistorted and
f spherules and which are distinct
: Figs. 11-40 and 11-41). Surface
fill in the crevices at the junctures

itructure evidentin Fig. 11-40.7°
e collisions can lead to agglomer-
cles and increasing their size. [hires
n soot formation. During the curly
ierical particles may result in [heir
to visualize in hydrocarbon pyrelr
may have the viscosity of a talry

wre small, rapid surface growth will
> This process occurs up to diane
sherules havesolidified before cull
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sion and suclace growtly rittes have diminished, (he resulling particles resemble a
cluster m whieh (he orizinal spherules retain uneh of their individual identity
Aller surface grow(h essentially ceases, continued couleseence af the seu! partivles
resiills in (he formation of chainlike structures of discrete spherules, This au eests
electrostatic forces are signifeant. Positive charge measured on these particle
ghains is claimed to be the cause of their chaiolike steueture, This latter
coalescence once surface growth ccases is termed aggregation.

It has been shown experimentilly that during coagulation. the rate of
dversiise of particle number density way propertional to the product of a coagu-
late comfiaient and the square of the number density:

dN KN2
ah (11.39)

This is the Smoluchowski equation for coagulation of a liquid colloid. Based on
browrlit motion, this equation is applicable when the Knudsen number iratio of
mncani [ree path to particle diameter) exceeds 10, K depenils on such factors as
pacuicle sive aid shape, swe disipibunon, and the lemperafure, pressure, and
densily of the gas. Equation (11.3) has been used to predict couUgulatiOn rates in
low-pressure sooting Miumes.7™™" Tt has also heen modified ao that {I applies
where the particle size and mein free pail are comparable by using a more
complex ¢xpresston for & (see Ref, 83). These sides show tbat under conditions
gpproomatiog those in engine lames, the fraction of the initial number density
No remuningat limet is given approximately by

N

Ny ¥ KNo t)? (11.40)
Thus as ¢ increases, N/No decreases rapidly Although these coagulation calcu-
latins are simplistic (in that manyof the assumptions madeare not strictly valid
iinet soot particles are not initially distributed homogeneously in the combustion
spice, they are not monodisperse, and surface growth and oxidation may be
taking place during agglomeration), an overall conclusion 1s that the rate of coag-
ilalion of spherules and particles to larger particles js very sensitive to number
density Thus the number of particles decreases rapidly with advancing crank
Wnglein the diesel engine during the early part of the expansion process(see Fig.
'1-44) and agglomeration is essentially complete well before the exhaust valve
yen.

Throughout the soot formation process in |i flame, the H/C ratio of the
HYdroearbons formed in the pyrolysis and nucleation process and of the soot
PArlivles continually decreases. The H/Cratio decreases from a value of about 2,
ical of commonfuels, to of order | in the youngest soo! particles thal can be
‘Mipled. and then to 0.2 to 0.3 once surface growth has ceased in the fully
ee soot.®° The latter stages of this process are indicated in Fig, 11-48.
HiSleciiec“ch of mass to the soot particles occurs by reaction with gas-phase
tee € reacting gas-phase hydrocarbons appear to be principally acety-

* with larger polymers adding faster than the smaller Small polyacetylenes
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642 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

undergo hirther polymerization it the gas phase, presumably by the same mecha.
nisin leading to nucleation, Asa result of preferential addition of the larger poly.
mers, the H/C ratio ofthe particles decreases toward ils steady-state value, Thus
most of the polyacetylenes added rust be of very high molecular weight or dehy-
Jrogenation must also fake place 38

11.5.5 Soot Oxidation

iu the Overall scot formation process, shown schematically in Fig. 11-46, oxida-
tien of soot at (he prectirsor, nuclei, and particle stages Can occur. The etwine
oylinder sool-cancentration data reviewed in Sec. 11.5.3 indicate that a larwefrac-
tion of the soot formed is oxidized within the cylinder before the exhaust process
commences, bv the discussion of dese! combustion movies in See, 10.3.1, dark
brown regions were observed in the color photographs (see color plate, Fig,
10-4); these were interpreted as soot particle clouds, and were seen to be sur-
rounded by a diffiision flame which appeared white from the luminosity of the
high-temperature soot particles consiimed in this flame. As air mixed with this
sout-rich reaion, the white flame esgilicated the dark soot clouds as the particles
were burned up.

In general, the mile of heterogencous reachons such as the oxidation ef sear
depends on the diffusion of reactants to and products from the surface as well as
the kinehes of ihe reaction. Por particles leas (hau about | yan diameter, duM-
sional resistance is minimal. The soot oxidation process in the diese) cylinder 15
kanetivally controlled, therefore, since particle sizes ure gmaller than ibis ‘mit,
There are many species in or near Lhe flame that could oxidize svot: examples are
O,, O, OH, CO;, and H,0. Recent reviews of soot formation” 7* °° have con-
cluded that at high oxygen partial pressures, soot oxidation cube correlated
with a semiempirical formala bused on pyrographite oxidation studies, Por fuel
rich and cluse-to-sloichiometric combustion products, however, oxidation by OH
has been shown to be more importan! thun O, altack, al lenst al atmospheric
pressure.

LL is areued on the basis of structural sunilarities that the rites of codatiol
ol soot and uf pyrographiles should be the same, This is a sigmificant sina plified =
lion. Tt has proved difficult to follow (he oxidation of soot werosals 1) flames, and
if cave is taken to avond diffusional resistance, studies of bull samples of pyr-
aruphite cua then be used asa basis for understanding soot oxidation. The semeempirical formula of Nagle and Strickland-Constable bas been shown? Locorrelate pyrograptate oxidation for oxygen parlial pressures Po, = i aim and
(emperalures between 1100 and 2500 K. This formula ts based on the coriceptthat there are lwo types of sites on the curbon surface available for C1, aLtack
For the morereactive typeAsites, the oxidationrate is controlled by the fraction
of sites not covered by surface oxides (and therefore is of mixed order, betwee 0
and | in po,) Type 8 siles are less reactive, and react al a rate which1s first ordet
in po,- A thermal rearrangement of A siles Into B sites ts also allawed (with rate
consiat ky): A stendy-state analyais of this mechanisin gives a gurface mass OAR
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TABLE 11.10

Rate constants for Nagle and Strickland-
Constable soot oxidation mechanism ®*——eeeee

Rate constant Units 

k, = 20 exp (—15,100/T) g/cm? -s-atm
kg = 4.46 x 107? exp (—7640/T) —g/om?-s-atm
ky = 1.51 x 10° exp (—48,800/T)—p/om?-g
kz = 21.3 exp (2060/T) atm~!Ka

dation rate w (g C/cm?-s):

w ka Po,Do ( z ele + kg Po,(1 — x) (11.41)
where x is the fraction of the surface occupied by type A sites and is given by

kp \7}x= (14 | (11.42)Pos kz,

The empirical rate constants determined by Nagle and Strickland-Constable for
this model arelisted in Table 11,10. Accordingto this mechanism,the reaction is
first order at low oxygen partial pressures, but approaches zero order at higher
pressures. At a given oxygen pressure, the rate initially increases exponentially
with temperature (equivalent activation energy is ky/kz or 34,100 cal/mol).
Beyond a certain temperature the rate decreases as the thermal rearrangement
favors formation of less reactive B sites. When,atsufficiently high temperature,
the surface is completely covered with B sites, the rate is first order in oxygen
Partial pressure and increases again with temperature,®°

Park and Appleton** have compared this formula with oxidation rate data
obtained from pyrographite samples, carbon black particles, and with the avail-
able flame soot oxidation data. Figure 11-49 shows both the soot oxidation rate
Predicted by Eqs. (11.41) and (11.42) as a function of temperature and oxygen
partial pressure, and the above-mentioned data. The formula correlates the data
shown to within a factor of 2. Under diesel engine conditions, the O, partial
Pressure can be high (~ several atmospheres), as can the temperatures of close-to-
stoichiometric mixtures( $2800 K).

Equations(11.41) and(1 1.42) have been used to estimate the amountof soot
that can be oxidized in a typical IDI diesel engine. It was assumed that soot was
Present in stoichiometric combustion products at selected times in the cycle and
that mixing with air leaned out the burned gas mixtureatdifferent rates until the
Overall fuel/air equivalence ratio was reached. The surface recession rate duringthis process was computed. Figure 1|-50 shows sample results at an engine speed
of 1600 tev/min and an overall cylinder equivalence ratio of 0.58, Fast, interme-
dite, and slow mixing occurred in 30, 70, and 140°. Tespectively. The surface
TéCession rate rises to a maximum as Po, Mcreases and then decreases as the
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Oxygen partial pressure po,, atm
FIGURE 11-49

Specific soot oxidation rate measurements and predictions as a function of temperature and oxygen
partial pressure.®*

falling gas temperature more than offsets the increasing oxygen concentravion,
While the shape of the recession rate versus time curves depends on the mixing
rale, the total amount of carbon burned (the area under each curve in Fig:
1 1-50h) is about the same (0.1 jig/mm*). However, the point in the cycle at which
the soot-containing burned gas mixture passes through stoichiometric is much
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FIGURE 11-50

Soot particle burnup rate in diesel combustion environment: (a) in early- and late-burned fuel-air
elements with intermediate mixingrate; (b) for fast and slow mixing for early-burning elements."? }

more important. For the late mixing element shown (mixing lean of stoichiomet-
ric at 40° ATC), the total carbon mass oxidizedis only 40 percent ofthat for the

9 x 10-4 early mixing calculation. This is due primarily to the decreasing gas temperatures
as the expansion stroke proceeds, and not the longer time available for burnup,®*

For a spherical particle, the mass burning rate w (g/em?-s) can be con-
verted to a surface recession rate using

dr —-w

at p

where p is the density (+2 g/cm). The integrated values of w(t) when divided by
p then give the maximum radiusof a soot particle that can be burned up. Inte-
grated values of 0.1 g/mm?(estimated for TC start of burnup) correspond to a
tadius of about 50 nm or diameter of 100 nm. Individual spherule diameters are
about 30 nm, so soot which mixes with air early in the expansion strokeis likely
to be fully burned. Thus the soot present in the exhaust would be expected to
come from regions which mix with air too late for the oxidation rate to be suffi-
cient for particle burnup.

. en Agglomeration will have an indirect influence on the amountofsoot oxi-Buunction of tenaperatuetand Sas dized throughits effect on surface area. In the limiting case of a spherical cluster,
monodisperse spherules (10 <n 100) can be imagined as compacted into a

i Siigle sclid sphere of equal volume. Alternatively, the same n spherules can beweasing oxygen concentration. Imupined compacted into a cylinder of diameter equal to that of the originalcurves depends on the ne ‘Pherules. Since oxidative attack is essentially an exterior surface phenomenon,
rea under each curve in P16 Whe: surface/volume ratio is the appropriate measureoftheeffectofparticle shapeint i hich :aee _ oS ay ich 5M soot mass burnuprate. It can be shown that the surface/volume ratios for thearough stoichiometric 1s me
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646 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

single sphere, cylinder, and individual spherule are in the ratio n~'*, 3, and 1,
respectively. Thus agglomerationwill decrease the relative oxidation rate. In the
limit spherical clusters are less desirable than a chain, the larger the cluster the
bigger the relative reduction in surface area. However, the densely packed spher-
ule limit does not appear to be approached in practice. A specific surface area, of
about 200 m?/g for diesel soot, has been measured." A smooth-surfaced 30-nm
diameter spherule with a 2-g/cm? density has a surface/mass ratio of 100 m?/g;
the measured value is about twice this value, indicating low porosity and an
agglomerate structure whichis loosely rather than densely packed.®°

Equation (11.41) shows a maximum recession rate in combustion products
correspondingto a fuel/air equivalenceratio of about 0.9. Recent evidence shows
that in an atmospheric pressure environment with rich and close-to-
stoichiometric combustion products where O, mole fractions are low, oxidation
by OH radical attack is much moresignificant than oxidation by O or O,. The
OHradical may be important in oxidizing soot in the flame zone under close-to-
stoichiometric conditions.

11.5.6 Adsorption and Condensation

Thefinal process in the particulate formation sequenceillustrated in Fig. 11-46 is
adsorption and condensation of hydrocarbons. This occurs primarily after the
cylinder gascs have been exhausted from the engine, as these exhaust gases are
diluted with air. In the standard particulate mass emission measurement proccss
this occurs in a dilution tunnel which simulates approximately the actual atmo-
spheric dilution process. A diluted exhaust gas sampleis filtered to remove the
particulate. After equilibrating the collection filter at controlled conditions to
remove water vapor, the particulate mass is obtained by weighing. In the pre-
scribed EPA procedure, the filter temperature must not exceed 52°C. For a given
exhaust gas temperature, the filter (and sample) temperature dependsonthe dilu-
tion ratio, as shown in Fig. 11-51.

The effect of the dilution ratio (and the dependent sample temperature) on
collected particulate mass is shown in Fig. 11-52 for a standard dilution tunnel,

ws=

600/- |

§ so,B= Owe§ ‘,a. | \T, = 400K Epa maximum
B 40D) \2 ~, \ termperature
8 fTx == ><.

& f= akn FIGURE 11-51

Effect of exhaust gas dilution ratio on the temperiture
4 6 8 10 of the collected particulate sample as a function of

Dilution ratio engine exhaust temperature T,.’°

SS
Ambient temperature

rm=>
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~ Extractablefraction 

Particulates,mg/m?atSTP
FIGURE 11-52

Typical effect of dilution ratio on particulate mass
2 5 10 20 50-100 emission and its partitioning between extractable

Dilution ratio and nonextractable fractions.”°

 
where the total sample is partitioned into extractable and nonextractable frac-
tions. The nonextractable fraction is the carbonaceous soot generated during
combustion andis not affected by the dilution process, With no dilution (dilution
ratio of unity) the difference between the total and nonextractable mass is small:
the bulk of the extractable fraction 1s acquired after the exhaust gas is mixed with
dilution air. Extensive studies of this dilution process have shown that both
adsorption and condensation occur Adsorption involves the adherence of mol-
ecules of unburned hydrocarbonsto the surfaces of the soot particles by chemical
or physical (van der Waals) forces, This dependsonthefraction of the available
particle surface area occupied by hydrocarbons and on the partial pressure of the
gaseous hydrocarbons that drives the adsorption process. As the dilution ratio
increases from unity, the effect of decreasing temperature on the numberofactive
sites dominates and, as shown in Fig. 1\-52, the extractable fraction increases, At
high dilution ratios, the sample temperature becomesinsensitive to the dilution
ratio (see Fig. 11-51) but the decreasing hydrocarbon partial pressure causes the
extractable mass to fall again. Condensation will occur whenever the vapor pres-
sure of the gaseous hydrocarbon exceedsits saturated vaporpressure. Increasing
dilution decreases hydrocarbon concentrations and hence vapor pressure.
However, the associated reduction in temperature does reduce the saturation
pressure, High exhaust concentrations of hydrocarbonsare the conditions where
condensationis likely to be most significant, and the hydrocarbons most likely to
condense are those of low volatility. Sources of low-volatility hydrocarbons are
the high- boiling-point end of the fuel, unburned hydrocarbons that have been
Pyrolyzed but not consumedin the combustion process, andthe lubricating oil.”°

Experiments with 2 passenger car IDI diesel, where the oil was tagged with
i radioactive tracer. have shown that the oil can contribute from 2 to 25 percent
of the total particulate mass, with the greatest contribution occurring at high
Specd. On average, over half of the extractable mass was traceable to the oil. All
(he material traceable to the oil was found in the extractable fraction, indicating
(at the oil did not participate in the combustion process. However. the oil is not
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648 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

always a significant contributer: in another engine, fuel was the dominant source
of extractable material.”°7+

11.6 EXHAUST GAS TREATMENT

11.6.1 Available Options

Our discussion so far has focused on engine emissions. Further reductions in
emissions can be obtained by removing pollutants from the exhaust gases in the
engine exhaust system. Devices developed to achieve this result include catalytic
converters (oxidizing catalysts for HC and CO,reducing catalysts for NO, and

Hi three-way catalysts for all three pollutants), thermal reactors (for HC and CO),
andtrapsorfilters for particulates.

| The temperature of cxhaust gas in a spark-ignition engine can vary from(i | 300 to 400°C during idle to about 900°C at high-power operation. The most
common range is 400 to 600°C. Spark-ignition engines usually operate at fuel/air
equivalence ratios between about 0.9 and 1.2 (see Sec. 7.1). The exhaust gas may
therefore contain modest amounts of oxygen (when lean) or more substantial
amounts of CO (whenrich). In contrast, diesel engines, where load is controlled
by the amountof fuel injected, always operate lean. The exhaust gas therefore
contains substantial oxygen and is at a lower temperature (200 to 500°C).
Removal of gaseous pollutants from the exhaust gases after they leave the engine
cylinder can be either thermal or catalytic. In order to oxidize the hydrocarbons
in the gas phase without a catalyst, a residence time of order or greater than
50 ms and temperatures in excess of 600°C are required. To oxidize CO, tem-
peratures in excess of 700°C are required. Temperatures high enough for some
homogeneous thermal oxidation can be obtained by spark retard (with someloss
in efficiency) and insulation of the exhaust ports and manifold, The residence
time can be increased by increasing the exhaust manifold volume to form a
thermalreactor (see Sec. 11.6.3). However, this approach has limited application.

Catalytic oxidation of CO and hydrocarbons in the exhaust can be
| achieved at temperatures as low as 250°C. Thuseffective removal of these pol-

lutants occurs over a much wider range of exhaust temperatures than can be
achieved with thermal oxidation. The only satisfactory method known for the
removal of NO from exhaust gas involves catalytic processes. Removal of NO by
catalytic oxidation to NO, requires temperatures <400°C (from equilibrium

| considerations) and subsequent removal of the NO, produced. Catalytic reaction
of NO with added ammonia NH,is not practical because of the transient varia-

i tions in NO produced in the engine. Reduction of NO by CO, hydrocarbons, or
H, in the exhaust to produce N, is the preferred catalytic process. It is only
feasible in spark-ignition engine exhausts. Use of catalysts in spark-ignition
engines for CO, HC, and NO removal has become widespread. Catalysts are
discussed in Sec. 11.6.2.

|| Particulates in the exhaust gas stream can be removed bya trap. Due to the
small particle size involved, some type of filter is the most effective trapping
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moltiod. The vccumulution of mass within the (rap und the iterease in exhaust
munlold pressure during (ap operation are major development problems Diesel
particulates, once (rapped. can be burned up either by iniiadagoxidation within
the Gajy WIN an external beal source or by using a irap which contains cali
lytically achve material, The operation of partictiate traps is ceviewed briefly in
Seo 11,64 ,

11.6.2 Catalytic Converters

The catalytic converters used in spark-ignition engines consist of an active cata-
lytic material in a specially designed! metal casine which directs the exhuust gas
flow through the calalyst bed. The active material employed for CO and HC
oxidation or NO reduction (normally noble metals, though base metals oxides
ii) be used) must be distributed over a large surltiwe area so that the mass-
jranster characteristics between the pas phase and tle actve catalys! surface nee
sufficient to allow close te 100 percem! conversion with high catalytic setivity,
The we configurations commonly used are shown in Fig. 11-3, ‘One system
sinploys & ceramic honeycomb structure or monolith held in a metal can in the
exhaist stream. The achive (noble oyetall catalyse maternal ts omprepnated inte a
highly porous alimina washeoal about 20 jam thick that is applied to the [21S
sapeway walls, The typical monolith has squarc-cross-seelion passageways with
Inside dimensions of ~ | mm separated by thay (LES to O38 mini porous walls
The dumber of passageways per square ventimeten yaries between about 30 and
oll The washeoat, 5 to 15 percent of the weight of the monolith, has a surface
area of 100 ta 200 7/g. The other converter design uses a bed of spheneul
veranic piclle(s to provide a large surluce area in contact with the flaw, Wath
pellet walilysts, the Woble metal catalyst is impregnated into the highly porous
surface of the spherical aluminas pellets (typically 9 mm diameter) te a depth of
Abou 250 ym. The pellet material is chosen (o have wood ecugh and abraaien
Meistince aller exposure to lemperatures of order WON'C The wis flow ts
Hirccted down throtgl the bed as shown to provide a large Tow acea and law
Pressure drop. The gas flow is turbulent which restlts in fugh masserransler races
Nyihe monobth catalyst passagewwys, i is laminar -

OXIDATION CATALYSTS.Thefunction of an oxidation catalyst is to oxidize CO
and hydrocarbons to CO, and water in an exhausi gas stream which typically
contains ~ 12 percent CO, and H,O, 100 to 2000 ppm NO, ~20 ppm SO, | to
, Percent O, 0.2 to 5 percent CO, and 1000 to 6000 ppm C, HC,often with
me amounts of lead and phosphorus. Abouthalf the hydrocarbons emitted by
i SI engine are unburnedfuel compounds. The saturated hydrocarbons (which

SOMPric some 20 to 30 percent) are the most difficult to oxidize. The ease ofUne : arn .

Oe Increases with increasing molecular weight. Sufficient oxygen must be
“iil to oxidize the CO and HC. This may be supplied by the engine itself
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FIGURE11-53

Catalytic converters for spark-ignition engine emission control: (a) monolith design; (b) pelleti
design.®?
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runoiny lean of steichiometric of wilh a purnp that introduces alr into the
exhaust ports just downstream of the valve, Venturi air addition inte the exhaust

; port wing the pressure pulsations generated by the exhaus| process can also be
; usecl to lide (he required air.

: fiecause of their high iririnsic acuivily. ooble metals are most sunable as the
callymatenal. They show higher specific activity for NC oxidation, are more
iermally resistant to loss of low-temperature activily, and are much less deaeti-
vated by the sulfur in the foel than base metal oxides. A wixture of platinum (Pt)
and palladium (Pd) is most commonly used. For ihe oxidation of CO, olefins,
and methane, the specific activity of Pd is bigher thun that of Pe. For the oxida-
ion af aromatic compounds, Pi and Pd have similar aclvity. For oxidation of
paraiiin bydrocarbons (with molecular size preater Liban Cy), PC is more aetive
(hi Pel. Pure noble metals Siler rapidly in Lhe S00 te YOO léeniperature rine
oxpenieuerd by exhaus) catalysts, Since catalylic behavior 1s manifesied exelu-
sively ly surface atoms, the noble metals wre dispersed as finely as possible on an
inerl support such as 7-A.O, which prevents pacbcle-to-pirticle metal contaee
and suppresses sintering. The particle size of the pable metal particles in 9 fresh
vatalyst o less than 50 nn, This can increase (o ~100 nm when the calilyst is
exposed to the ligh temperatures of the exhaust in vehecle operation, Typical

Juter wrap noble mek) concentrations in a commercial limeycomb extalyst are between |
and 2 g/d" of honeycomb volume. with Pt/Pd = 2 on 4 weight basis As a
rough rile of thumb, the ceramic honeycomb volume required os about half the
engine displaced volume. This gives a space velocity (hrough ihe converter
(volume [low rate of exhaust divided by converter volume) aver the normal
cTigin’ Operating tinge of 5 te 30 per second.

The conpersion efficiency of a catalyst is (he ratio of the rate of mags
removal im the calalyse of the pardeular constituent of Interest to the mass flow
rate of (hit constituent into the catalyst: 2 g.. for HE

        

 
_ Mac in ~ Myc,out sl Muc,outNea = an

(11.43)
Muc,in ™xc,in

Lhe vayiition of convession efficieney of a typical oxidizing catalytic converte;
a With) Lemparalure is shewn in Fig: 11-34. AQ high enough temperatures, the2 ra stiyniaie conversion effteiencies al a new oxidation catalyst ace typically 98 10
; DY porount tor COV and 95 percent ar above for WC. However, ihe catalyst tsay iheffective until its lemperature has risen above 250 to JOC. The termlight-v/i
= fempeviture is offen used ja describe the temperature at Which the earalyst
fouter gas becomes northan 30 pereent effective

The above numbers apply to fresh noble metal oxidation catalysts; as calu-
Vets spend dime in service their effectiveness deteriorates Cutalysis involves the

adsorpuion of the reactants onto surface sites ol high activity, followed by chemi- i
Ssh reachion, then desorption of the products. Catalyst depradation invalves both
We Veaelivation of these sites by catalyst poisons and a reduction in the effective !
Stes of these sites through sintering, Poisoning affects both (he warm-up and

(a) monolith design; (6) pelletized
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652 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

 ae 100 —— = _ 7]
e
go)Q ;

€ 1 co/ / HC
& |
2
z 40
8 | i
3 20 ifg | fd FIGURE 11-54
0 o| i? ' : Conversion efficiency for CO and HC as a

200  ~—«300 400. «500 function of temperature for typical oxidizing
Temperature, °C catalytic converter.°?

steady-state performance of ihe catalyst: Whee poisoning occurs, catalyte activ
ity 1s impeded through prolonged contact wilh tertecing elements that either
physically block the active siles or mleract chemieully with the aetive material
The lead in fuel antknock agents and the phosphorus in oil additives are (te
most amportint poisons, Though lead antiknock agents are not added (i the
gasoline used with catalyst-equipped vehicles, Lis “unleaded” fuel can be con-
laminated with small antounts (~ (Ome Pb/dm*) from Lhe fuel distabutioy
system. Between 10 and 30 percent ofthe lead in the fuel ends up on the catalyst.
Its effect on catalyst gonversion efficiwney depends on the amountof lead on the
catalyst, ay shown in Fig. 11-55. Lead depresses the catalytic oxrdwtion of HC fo
a ereater extent than oxidalion of CO, The oxidation uctivily of saturated hydro-
carbons is parhwularly depressed. The extent of the poisonme that results fren
traces of critical elements in the fuel and oil depends on which elements are
present and the amounts absorbed, as well as ire composilion of the catalyst and
ils Operating conditions (espectully its temperaiure).“" Sintering is promoted by
expostre of the cutulyst to high operating lemperatures, 1 involves the migealion
and agglomeration of sites, thus decreasing their active surface area, Sinteriwiy
slows warm-up bul has minimal effect on the steady-state conversionefficiency.

The oxidutiog kinetics of CO over Pt and Pd noble metal catalysts can be
described by

a[CO] : K1Pco Pop (11.44)
dt (1+ K2Pco + K3 Puc)"(1 + K4 Pro)

where K, 1o Ky and # are constants aLany piven temperatitre, and Plog. Po. Puc:
and pyp are the partial pressures af carbon monoxide, oxygen, hydrocarbons, and
nitrie oxide, respectively, A aimilar relationship can be wnilen for the oleftnie and
aromatic HC oxidation rate (these being the most reactive hydrocarbons), ‘These
relalionships incorporate the fact Uhat the rates of CO and HC oxidation are
inhibited by high CO and reactive HC concentrations, and that NO coneentta
tions. in the range 0 to 1000 ppm strengly inhibit oxidation also. The oxidation
rate of paraffin hydrocarbons varies with the first power of the HC partial pres=
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% 9=

HCconversionat500°C. & :
.

iI

a) ..
-} - » 285 HCconversionat500°C,% (methaneexcluded) FIGURE11-55

HC conversionefficiency as a function
of lead concentration on catalyst.
Total HC conversion on left; non-
methane HC conversion on right.
0.001-0.013 g Pb/dm?in fuel.6®

0 aveysihe 6 pl doessbl!Q
001 G1 1.0 10

Lead on catalyst, weight %

sure, is inhibited by CO, olefins, and NO,and increases as the O,partial pressure
is dewreased Lo near-stowhiomeiric vilues.®®

It will be apparent from the above that two extremely important consider-
ations lor successful use of catalysts for automotive uyrplivations are the test pro-
cediire that is sed to measure emissions and the methods used to determine if
the catalyst has the required durability, The U.S. Federal Test Procedure requires
that the vehicle undertest be at a temperature of 16 to 30°C for 12 ljours prior to
the test and that emissions are measured from the time the ignition key is turned
on until the test has ended. In spark-ignition engines the mixture fed into the
engine during start-up is enriched substantially (carburetors have a choke to
accomplish this; additionalfuel is injected with port or manifold fuel injection),
The ionwle is that if sufficient fuel is added to theinlet air, enough will evapo-
rate to start the engine. However, until the rest of the fuel is consumed,the engine
then runs rich and emits high concentrations of CO and HC.Thecatalyst is cold
at this time, and until it warms up, these emissions will pass through without
seuction. It is ligportant that the catalyst be broughttoits lighr-off temperature
a5 quickly as possible (preferably in less than 60 s) and that mixture enrichment
during start-up be held to a minimum. Thuscatalysts should have low thermal
inert tor rapid warm-up age Jow light-ofl temperatures for CO and HC, sa they
become effeelive quickly The closer they are placed Lo the engine (he faster they
Will rexeh Jight-off, However, they will thea experience Higher temperatures when
Ny warmed up wud so be more susceptible to (hermul degradation. While it is
Hot (oo difficult to prepare vatalysis (hat are highly effective when (resh, it is
Nuch more diGeull fo maintain effectiveness over extended mueage (50,000 miles)
In which the catalyst is exposed tohigh temperafuces and ealalyst poisons, These
CU degrade both coll-start and warmed-np performance. Also, catalyst dura-
bility t uflocted hy engine durability. Any engine malfunction that will expose the
CHlalyst (oO excessive amounts of unburned fuel (such as inition faalore, misfire
With (oo lan a mixture, or excessively rich operation) will severely overheat the
watAlyst

chudation-catalyst-equipped vehicles may emit sulfuric acid aérusol.
Unleaded gasoline contains 150 to 600 ppm by weiplit of S, which leaves the
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- Thermodynamicequilibrium

SO,conversion,%
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20 7 FIGURE 11-56

i 4 PtPd 2/1 SO, conversion to SO, as a function of temperature
B go ceatater with 5% ©, concentration and no reducing gases
if i present. Space velocity (volume flow per unit

200 an 600 800 volume) ~ 10 s~!. Results for Pt-Pd, Pt-Rh, and Pd
Temperature, °C catalysts.°*

 
combustion chamber as SO,. This SO, can be oxidized by the catalyst to SO,
which combines with water at ambient conditions to form an H,SOy,aerosol.

The SO, can be chemisorbed on the alumina catalyst surface; when large pellet
beds are used, considerable storage of SO, at temperatures <500°C can occur.
At higher catalyst temperatures, this stored SO, is emitted as an SO,-SO,
mixture. SO, production can be controlled by lowering or raising the catalyst
temperature. Figure 11-56 shows that at low temperatures SO, production is
kinetically limited; at high temperatures SO, production is thermodynamically
limited. Palladium and rhodium produce less SO, than Pt and have comparable
HC and COcatalytic activity. By decreasing oxygen concentrations leaving the
catalyst to ~1 percent, SO, production can be substantially reduced.°*

NO CATALYSIS. NO is removed by reduction using the CO, hydrocarbons, and
H,in the exhaust. The reactions are shown in Table 11.11. No catalyst is avail-
able for the decomposition of NO to O, and N, (thermodynamically favored at
exhaust temperatures) which is sufficiently active for use in engine exhausts. NO
reduction can be carried out under rich conditions where there is an excess of
reducing species over oxidizing species. The catalyst used under these conditions
is referred to as an NO reduction catalyst. Such a system requires a follow-up
oxidation catalyst, together with addition of air from an air pump before the
oxidation catalyst, lo remove the remaining CO and hydrocarbons. Such 4
(wo-bed system can remove all three pollitants (NO, CO, and HC) from the
exhaust. However, the rich operation necessary for NOreduction results in a fel
consumption penalty and constrains the performance of the NO catalyst since 4
fraction of the NO removed is converted to ammonia NH, rather than N,. NH3
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TABLE 11.11

Possible NO_ reactions under
reducing conditions®® 

1. NO + CO+43N, + CO,
2, 2NO + 5CO + 3H,0—> 2NH, + 5CO,
3. 2NO + CO+N,0+CO,
4.NO+H,>43N,+H,0
5, 2NO + 5H, > 2NH, + 2H,O
6. 2NO+H,>N,0+H,0—_————$J>a~

Reactions 3 and 6 occur at 200°C, which is below
that usually found in auto exhausts.

formation under rich operation in the first bed must be small in this two-bed
system because the second (oxidation) catalyst readily oxidizes NH, back to NO,
Reduction of NO by CO or H, can be accomplished by base metal catalysts (ep.
cuO0, NiO) in the temperature range 350 (0 600°C. However, these catalyst
materials uré deactivated by sulfur and have shown limited thermal stability
when used in Velncle exhausts, Alumina-supported noble metal catalysts reduce
NO with CO-H, mixtures. Their NO-reduction activily is in the order
Ru > Rlh> Pd > Pt Ruthenium (Ru) and rhodium (Rh) produce considerably
less NH, than Pd or Pt under slightly rich conditions, While these properties
make ruthenitim a desirable NOcatalyst, i forms volatile oxides wader oxidizing
conditions which results in loss of rotheniun from the-alumina supporl.?®

THREE-WAY CATALYSTS, If an engine is operated at all times with an air/fuel
ratio tt or close to stoichiometric, then both NO reduction and CO and HC
oxidation can be donein a single catalyst bed. The catalyst effectively brings the
exhaust gas composition to a near-equilibrium state at these exhaust conditions:
i€., | composition of CO,, H,0. and N, Enough reducing gases will be present
to reduce NO and enough O,to oxidize the CO and hydrocarbons. Such a
catalyst is called a three-way catalyst since it removesall three pollutants simulta-
neously Figure 11-57 shows the conversion efficiency for NO, CO, and HC as it
function of the air/fuel ratio. There is a narrow range ofair/fuel ratios near stoi-
chiometric in which high conversion efficiencies for all three pollutants are
achieved. The width of this windowis narrow. about 0.1 air/fuel ratios (7 x 10-3
in equivalence ratio units) for catalyst with high mileage use, and depends on
catalyst formulation and engine operating conditions.

This window 1s sufficiently narrow to be beyond the control capabilities of
an ordinary carburetor, though it can sometimes be achieved with sophisticated
carburetors and fuel-injection systems. Thus closed-loop control of equivalence
Tatio has been introduced. An oxygen sensor in the exhaust 1s used to indicate

Whether the engine 1s operating on the rich or lean side of stoichiometric, and
Movide: a signal for adjusting the fuel system to achieve the desired air-fuel
MAtline (sce Sec. 7.4). Holding the equivalenceratio precisely on the chosen near-
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i | Stoichiometric FIGURE 11-57air/fuel ratio : .

[ | - Conversion efficiency for NO, CO,0 : '
143 144 14.5 14.6 14.7 14.8 14.9 and HC for a three-way catalyst as

Rich Lean a function of exhaust gas air/fuel
Air/fuel ratio ratio.68

stoichiometric value is not a practical expectation of such a feedback system, and
the equivalence ratio oscillates around the set point in an approximately periodic
manner as the fuel flow is varied. Experimental data show that there is a con-
siderable widening of the air/fuel ratio window where all three pollutants are
elleetively removed, with cyclic variation of the fuel flow. The maximum conver
sion in the middle of the window is reduced, however, from its value when thers
are no fluctuations. The effect of fluctuations depends on the frequency; fre-
quencies of about 0,5 to 1 hertz are most effective and the usable winduw(at
lower conversionefficiencies) can be broadened to about 1 air/fuel ratio, Some of
the benefits of fluctuations in equivalence or air/fuel ratios are available even
without any deliberate attempt to produce stich variations with closed-loop [exd-
back. Open-loop systems exhibit variations in the air/fuel ratio ducing normal
vehicle operation.

Because of these cyclic variations in exhaust gas composition about a set
point close 1o sidichiometric, it 1s desirable that the cutalys( be able to reduce
NO when a slight excess of oxygen is present (on the lean side) and remove oo
and HC when there is a slight deficiency of oxygen (on the rich side}, Rhodiunis
ihe principal ingredient used in commercial catalysts to remove NO. fas yory
active for NO reduction, is much less inhibited by CO and sulfur componnds,
and produces less NH, than Pt. To remove NO under slightly lean-ol
stoichiometric conditions, the catalyst must react the CO, H,, or HC with NO
rather than with O,, as the exhaust was passes through the catalyst bed,
Rhodium shows same NO reduction activity slightly lean of stoichiometrig. On
the rich side, the three-way catalyst window is determined by hydrocarbon and
CO removal. Platinum is most commonly used for HC and CO oxidation: tt has
good acivily under stoichiometric and slightly lean conditions, When gulficien!
rhodiumjs present, the participation of Ptin NO removalts minimal, In the rch
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FIGURE 11-57
Conversion efficiency for NO, CO,
and HCfor a three-way catalyst as
a function of exhaust gas air/fuel
ratio,"
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regime, the three-way catalyst consumes all the oxygen that is present in the
exhaust, and as a consequence removes an equivalent amount of CO, H,, and
hydrocarbons; it is thought that the H, is removed first. In addition, the water-
gas shift reaction

CO +H,0 =H,+ CoO,

and the steam-reforming reaction

Hydrocarbon + H,O0 > CO, CO,, H,

can consume CO and HC. The exhaust contains an H,/CO ratio of about 4 (see
Sec. 4.9.1), where the equilibrium ratio at 500°C is about 4. Considerable CO
removal can be expected if the water-gas shift equilibrium is approached. Plati-
num is active in promotingthis equilibriumi. For large molecular weight paraffin
hydrocarbons, andforolefins and aromatic hydrocarbons, the equilibrium for the
steam-reforming reactions lies to the right. This reaction can therefore lead to
considerable hydrocarbon removal. Rhodium is particularly active in the steam-
reforming reaction; platinumis also active.°®

The conversions of NO, CO, and hydrocarbons in a three-way catalyst
operated with cyclical variations in equivalence ratio are larger than estimates
based on summation of steady-state values during the cycle. At least part of the
improved performance is thought to be due to thé ability of the catalyst to
undergo reduction-oxidation reactions. Such a catalyst component is usually
referred to as an oxygen-storage component.In its oxidized state it can provide
oxygen for CO and hydrocarbon oxidation in a rich exhaust gas environment,
and in the process be reduced. When the exhaust cycles to lean conditions, this
reduced componentcan react with O, or NO (which removes NO directly or
indirectly by reducing the O, concentration). The oxidized component can then
oxidize CO and HC in thenext rich cycle, ete. Components such as ReO, or
CeO, which exhibit this “redox” behavior can be includedin three-way catalyst
formulations. Commercial three-way catalysts contain plalinum and rhodium
(the ratio Pt/Rh varying substantially in the range 2 to 17) with some A,O3;,
NiO, and CeO, . Aluminais the preferred support material.°8

11.6.3 Thermal Reactors

In Secs. 11.3 and 11.4.2 it was explained that oxidation of CO and HC occurred
duting the expansion and exhaust processes in the cylinder of a conventional
spark-ignition engine and, under certain circumstances, in the exhaust system.
Oxidation after passage through the exhaust port can be enhanced with a thermal
reactor ~an enlarged exhaust manifold that bolts directly onto the cylinder head.
Its function is to promote rapid mixing of the hot exhaust gases with any second-
Ary air injected into the exhaust port (required with fuel-rich engine operation to
ee a net oxidizing atmosphere), to remove nonuniformities in temperature

composition in the exhaust gases, and to retain the gases at a high enough
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[ Exhaust gas-| [ Outer shell   
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To exhaust
system

FIGURE 11-58

Schematic of exhaust thermal reactor
for HC and CO oxidation.

temperature for sufficient time to oxidize much of the HC and CO whichexits
the cylinder. An example of a thermal reactor design is shown in Fig. 11-58,

The temperature levels typically required for bulk gas oxidation of HC and
COin a reactor are about 600 and 700°C, respectively. Note that they are con-
siderably higher than those required for equivalent conversion in a catalytic con-
verter and that higher temperatures are required for CO oxidation than for HC
oxidation. The exhaust gas temperature in the manifold of a conventional engine
is not sufficient (o achieve any substantial reduction in engine exhaust port cmis-
sions. To achieve greater reductions, the reactor must be designed to reduce heat
losses and increase residence time. In addition, to achieve rapid warm-up after
engine start, a low thermalinertia reactoris desirable. Typically, a thin steelliner
acts as the core of the reactor inside a cast-iron outer casing; with suitably
arranged flow paths, this construction holds heat losses to a minimum by ther-
mally isolating the core.

The effectiveness of the reactor depends on its operating temperature, the
availability of excess oxygen mixed throughout the reacting gases, and the
reactor volume. The operating temperature depends on the reactorinlet gas tem-
perature, heat losses, and the amount of HC, CO, and H, burned up in the
reactor. This latter factor is important: 1.5 percent CO removal results in a
220 K temperature rise. As a consequence, reactors with fuel-rich cylinder
exhaust gas and secondaryair give greater fractional reductions in HC and CO
emissions than reactors with fuel-lean cylinder exhaust (which do not require any
secondary air). As has already been explained, a higher core gas temperature is
required to burn up the samefraction of CO which enters the reactor as of HC
which enters. For lean engine exhaust gas, where the reactor core gas tem-
peratures are a hundred degrees K lower than underfuel-rich operation, substan-
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FIGURE 11-58
Schematic of exhaust thermal reactor
for HC and CO oxidation.
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tial reductions in CO emissions are difficult to achieve. For very lean operation,
HC burnup becomes marginal.

A practical limilalion ta reactor effectiveness with fucl-riel cngine Oper.
aljon ts Mixing of secondary dir and engine exhaust gases tn (he exhaust port and
ihe reactor cere, The secondary air flow with a conventional air Pillip is efleo-
tively shut off by the exhaust blowdown process, and virtually no oxidation
vecurs in the exhaust port beeause (he aiy and exhaust gases are scepregaied,
Mixing in the reactor itself is promoted by suitably arranging (he reactor inlet
and exif ports and by using baffles, In sysiems with conventional secondury aur
pumps, Masimum reductions in CO and HC oceur with 10 to 20 percent excess
wir i the mimture, However, even with very ligh reactor core was Temperatures,
00 percent HC and CO oxidation is not achieved due to incomplete mixin.
Improved contral of secondary air flow has been showy lo inercase Significantly
CO emissions burnup

11.6.4 Particulate Traps

An exhaust treatment technology that substantially reduces diesel engine particu-
late emissions is the trap oxidizer. A temperature-tolerantfilter or trap removes
the particulate material from the cxhaust gas; the filter is then “cleaned off” by
oxidizing the accumulated particulates. This technology is difficult to implement
because: (1) the filter, even when clean, increases the pressure in the exhaust
system; (2) this pressure increase steadily rises as the filter collects particulate
matter; (3) under normal diesel engine operating conditions the collected particu-
late matter will not ignite and oxidize; (4) once ignition of the particulate occurs,
the burnup process must be carefully controlled to prevent excessively high tem-
peratures and trap damage or destruction. Trap oxidizers have been put into
production for light-duty automobile diesel engincs. Their use with heavy-duty
diesel engines poses more difficult problems due to higher particulate loading and
lower exhaust temperatures.

Types of particulatefilters include: ceramic monoliths, alumina-coated wire
mesh, ceramic foam, ceramic fiber mat, woven silica-fiber rope wound on a
porous tube. Each ofthese has different inherent pressure loss and filtering effi-
ciency. Regeneration of the trap by burning up the filtered particulate material
tun he accomplished by raising i$ lemperature to the ignition point while pro-
Viding oxyien-conliining exhaust (its Co support combustion and carry away the
heal released. Diesel particulate matter ignites at about 500 to 600°C. This is
fibove (he normal lemperature of diesel exhaust so either the exhaustgas flowing
(hvestieeh the Wp during regeneration must be heated (positive regeneration) or
KNON must be made to occur at a lower temperature with catalytic materials
On the tray) or added to the fuel (cutalylie regeneration), Catalytic coatings on the
lap reduce the ignition lommpera(ire by up to 200°C

Figure 11-39 shows 4 ceramic-coated trap oxidizer mounted on the exhaust
System of a turbocharged IDI diesel engine. The trap is a ceramic honeycomb
with half the vells closed at the inlet end and the other half of the cells closed ut
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FIGURE 11-59

Catalytic ceramic-monolith partic-
ulate trap oxidizer mounted on
exhaust of turbocharged automo-
bile diesel engine.*®

 
the exit end. Thus the particulate laden exhaust is forced to flow through the

| porous ceramiccell walls. The outside of the honeycombis insulated and the trap
is mounted close to the engine to maintain as high a trap temperature as possible.

Nh The pressure drop across the unloaded trap increases from 0.02 atm at 1000
| rev/min to 0.15 atm at the maximum engine speed of 4500 rev/min. As the trap

loads up, the pressure drop increases, requiring more fuel to be injected to com-
pensate for the loss in power. This leads to higher exhaust temperature which
eventually results in catalytic ignition of the particulate. The particulate oxida-
tion rate depends on the trap temperature. With suitable trap location and
design, the regeneration process is largely self-regulating. The particulate emis-
sions from the engine are reduced by 70 percent or more.®®

PROBLEMS

11.1. Figure 11-2 shows concentrations of NO, CO, and HC in a spark-ignition engine
exhaust as a function of fuel/air equivalence ratio. Assume the concentration scale
is parts per million. Explain the trends shown as the mixtureis first made richer
and then leaner than stoichiometric.

11.2. Figure 11-2 is for a spark-ignition engine. Construct a similar qualitative graph of
I NO, CO, and HC concentrations versus equivalence ratio for a direct-injection

four-stroke cycle diesel engine.

11.3. A spark-ignition engine driving a car uscs, on average, 120 grams ofgasoline per
mile traveled. The average emissions from the engine (upstream of the catalyst) are
1.5, 2, and 20 grams per mile of NO, (as NO,), HC, and CO,respectively. The
engine operates with a stoichiometric gasoline-air mixture. Find the average con-
centrations in parts per million of NO,, HC (as ppm C,), and CO in the engine
exhaust.

i}}) 11.4. Calculate the average combustion inefficiency corresponding to the spark-ignition
| engine emissions levels given in Prob. 11.3. Include any hydrogen you estimate

would be present in the exhaust stream.
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FIGURE 11-59

Catalytic ceramic-monolith partic-
ulate trap oxidizer mounted on
exhaust of turbocharged automo-
bile diesel engine.®®
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A three-way catalytic converter is used witli the spiirk-ignition engine in Prob. 11.3,
For 10 percent of the driving time, the catalyst is cold and incflective, and dues not
reduce the engine's emissions. For 90 percent of the time, the catalyst is hot and has
conversion efficiencies as given in Fig. 11-57. Estinmte the average vehicle emissions
of NO,., HC, and CO in gramspermile.

Figure 15-11 shows the variation in NO and HC emissions as concentriilions (ppm)
in the exhaust of a spark-ignition engine as a function of speed and Inad. Convert
theme data to graphs of indicated specific NO aud HC emissions (w/kW h) verstis
speed and imey Assume 9, (based on simospteric air denyity) = imep
(kPal » 1073

Use the data in Fig. 11-44 to estimate:

(a) The exhaust particulate emissions as a fraction of the maximum particulate
loading during the cycle.

(6) The miaximim measured soot loading and the exhaust soot loading as fractions
of the fuel carbon.

(c) The equivalent sphere size of each soot particle at the number density peak (22°
ATC) and in the cewhaust,

Ass\ime a particulate density of 2 g/cm?. Note that the gas volumes in Fig, 11-44
are (lvtermined at standard temperaliire and pressure.

Explain the following emissions trends. Highest marks will be given for succinct
summariesof the important technical issues.
(a) Nitric oxide (NO) emissions Irom diesels and spark-ignition engines as (he

equivalence nitio i6 Varied show significantly different bebiavior (see Vigs. 11.9
and 11-16) Redraw (hese graphs om the same plot and ewplain ibe different
trends for these two types of engines as @ decreases onthe lean side of stoichio-
metric.

(b) Recirculation of a fraction of the exhaust gases to the intake is used to control
engine nitric oxide emissions at part load. Exhaust gas recycle is usually more
effective with spark-ignition engines than with diesels, as shown in Fig. P11-8.
Explain why these trends aredifferent.

 me
i

S| 2
416

Zz a, ™ ~

— = did
10 20 30

EGR, % FIGURE P11-8

(c) Hnike specitie purticulate emissions from diesels are a urajar problem, Partiou-
lule emissions fram conventional sparkeionition engines are negligible, Brieily
eypluin why the particulate emission levels from those two types of enwiney are
Se shifferent in magnitude,

 
FORD Ex. 1125, page 209

IPR2020-00013

 



FORD Ex. 1125, page 210
                       IPR2020-00013

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

 
 

 
 
 
  

662 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

(d) Diesels have low carbon monoxide (CO) emissions. Spark-ignition engine CO
emissions when averaged over a typical urban automobile trip (cold enging
start, warm-up, cruise, idle, acceleration, etc.) are substantial and require a cata-

| lyst for effective control. Explain this difference in average CO emissions
(upstream of any catalyst) from these two types of engines.

11.9. The following questions refer to an engine with these geometric and operating char.
acteristics (see Fig, 11-26a): ¢ = 1.0; compression ratio = 8:1; bore = 100 mm,
stroke = 100 mm; piston diameter above top ring = 99.4 mm; distance from piston

| crowntop to top ring = 9.52 mm; volumetric efficiency = 0.8; temperature in cylin-
der at the start of compression = 333 K; pressure in cylinder at start of

| compression = 1 atm; mixture temperature before entering cylinder = 30°C; brake
| specific fuel consumption = 300 g/kWh.

A substantial fraction of spark-ignition engine hydrocarbon emissions comes
from the crevice between the piston crown and cylinder wall. Gas is forced into this
crevice as the cylinder pressure increases and flowsoutof this crevice as the cylin-
der pressure decreases. The gas in the crevice can be assumed to be at the wall
temperature, 400 K. Thc gas pushedinto the crevice aheadof the flame is unburned
mixture; the gas pushed in behind the flame is burned mixture. About two-thirds of
the crevice gas is unburned. The maximum cylinder pressure is 3 MPa.

i |I (a) Calculate the mass fraction of the cylinder gas which is in the crevice between
the piston and cylinder wall and above the first piston ring, at the time of peak
pressure.

(b) Assuming that half of the unburned fuel in this region is oxidized within the
cylinder and a further one-third is oxidized in the exhaust port, calculate the
engine HC emissionsfrom this source in parts per million (ppm C,) by volume.

(c) Calculate the ratio of brake specific hydrocarbon emissions to brake specific
fuel consumption.

(d) Calculate the brake specific hydrocarbon emissions in grams of HC per
kilowatt-hour.

11.10. Nitric oxide, NO, forms via reactions (11.1) to (11.3). Reaction (11.1) is “slow” and
| reactions (11.2) and (11.3) are “fast,” so the initial rate of formation of NO is given

by Eq.(11.8):

 

d{NO]
dt

 
= 2k7[N2].[0].

| where [ ] denote concentrations in gram-moles per cubic centimeter, k; is the rate
| constant for reaction (11.1), and the factor of 2 enters because the N atom formed

in (11.1) immediately reacts via (11.2) or (11.3) to give an additional NO molecule:
— 38,000

ky = 7.6x10131 x exp ( 7 ) cm3/gmol-s
whereTis in kelvin.

Using the equilibrium composition data provided for mole fraction atomic
oxygen (Q), molecular nitrogen (IN), and nitric oxide (NO):
(a) Plot the formation rate of NO as a function ofthe equivalence ratio at 3000 K

and 5.5 MPa, and as a function of temperature for a stoichiometric mixture at
5.5 MPa.  
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(b) Estimate approximately the time taken to reach equilibrium NO levels at
¢@ = 1, 2750 K and 3000 K, 5.5 MPa.

(c) If the stoichiometric mixture inducted into the engine reaches 3000 K and
3.4 MPa after combustion, in (he absence of any exhnust pas reeirenlition, cal
vuliste the percentage of the exhaust that must be recyeled to the wyuke (ar the
initial intake temperature) (o reduee (he NO formation rate by a facia of a
(assume the final pressure 5.5 MPa stays the same; of course, the final tem-
perature decreases as the exhaust gas is recycled).

  

 

 

p=5.5 MPa o = 1.0, p=5.5 MPa

Mole fraction Mole fraction

o T(K) oO N, 7(K) oO N, NO

0.9 3000 2.1 x 1073 0.73 2500 6 x 1075 0.73 _
1.0 3000 1.5 x 1073 0.73 2750 5x 1074 0.73 4x 1073
Ll 3000 1x 1073 0.73 3000 1.5 x 1073 0.73 8 x 1073 eee
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This chapter reviews the operling characteristics of the common Wvpes of syark-
lemiUon and compression-ignition cogoes. The performance, efficiency, ud emis
ons of these engines, and the effect of chanyes in major design and Operating
variables, are related to the more fundaiental material on cozimne combitstion,
thermodynamics,fluid flow, heat transfer, and friction developed in carties chap.
ters, he intent is to provide data on, and an explanation of, actual engine operating cehitracteristics.

13.1) ENGINE PERFORMANCE
PARAMETERS

The practical engine performance parame
Specific fuel Consiimption. Pe (CES Of interest ars power. tordyue. anil |
Yolliine, In Chap. wer and fergie depend on an engine's displaced

24 set of normalized or itimensionless performance and emus:
SONY parameters. were defined to climimale the effects of engine size. Pawer,
lorque, aad fuel CONSUMPiOH Were Expressed in terms of hese parameters (See,
214) aiid Whe significance of these parameters over an engine's load and speed
MNge was discussed (See. 2.//S), Using these normalized parameters, the offecd of
EMELINE sie can be tude explicit. The power P can be expressed as:

P=mep 4,S,/4 (four-stroke cycle)
7 (15.1)P=mep A, 5,/2 (two-stroke cycle)

823
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824 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

: The torque T is given by /

T = mep V,/(4z) (four-stroke cycle)
15.2T = mep V,/(27) (two-stroke cycle) (15.2)

Thus for well-designed engines, where the maximum values of mean effective | 2

pressure and piston speed areeither flow limited (in naturally aspirated engines)
or stress limited (in turbocharged engines), power is proportional to piston area |

and torque to displaced volume. Meaneffective pressure can be expressed as |F

mep = "ry Quy pa“) (15.3)
for four-stroke cycle engines [Eq.(2.41)], and as

F

mep = 4y Mi, AQuy p.(7) (15.4)A

for two-stroke cycle engines [Eqs. (2.19), (2.38), and (6.25)]. The importance of
high fuel conversion efficiency, breathing capacity, and inlet air density is clear,
Specific fuel consumptionis related to fuel conversionefficiency by Eq.(2.24):

|! |
(15.5) |

 

“fe 4p Quy
} These parameters have both brake and indicated values (see Secs. 2.3, 2.4, and

i 2.5). The difference between these two quantities is the engine’s friction (and
| pumping) requirements and their ratio is the mechanical efficiency 4,,.| The relative importance of these parameters varies over an engine’s oper-

| ating speed and load range. The maximum or normal rated brake power(sce Sec.
2.1) and the quantities such as bmep derived from it (see Sec. 2.7) define an

i}| engine’s full potential. The maximum brake torque (and bmep derived from it),
over the full speed range, indicates the ability of the designer to obtain a high air
flow through the engine over the full speed range and use that air effectively.
Then over the whole operating range, and most especially those parts of that
range where the engine will operate for long periods of time, engine fuel con-
sumption andefficiency, and engine emissions are important. Since the operating
and emissions characteristics of spark-ignition and compression-ignition engines
are substantially different, each engine type is dealt with separately.

| 15.2 INDICATED AND BRAKE POWER
AND MEP

The wide-open-throttle operating characteristics of a production spark-ignition
automotive engine are shown in Fig. 15-1. The power shown is the gross powe!
for the basic engine; this includes only the built-in engine accessories.” The
maximum net powerfor the fully equipped engine with the complete intake and
exhaust system and full cooling system is about 14 percent lower. The indicated

|
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FIGURE 15-1

Gross indicated, brake, and friction power (P;, P,, P,), indicated, brake, and friction mean effective
pressure, indicated and brake specific fuel consumption, and mechanicalefficiency for 3.8-dm? six-
cylinder automotive spark-ignition engine at wide-open throttle. Bore = 96.8 mm, stroke = 86 mm,
r, = 8.6.1

power was obtained by adding the friction power to the brake power; it is the
average rate of work transfer from the gases in the engine cylinders to the pistons
during the compression and expansion strokes of(le engine cycle (sce Sec. 2.4),
The indicated mean effective pressure shows a maximumin the engine’s mid-
speed range, just below 3000 rev/min. The shape of the indicated power curve
follows from the imep curve. Since: the Tull-load indicated specific fuel constump-
Non (and hence indicated fuel conversion efficteney) varies little over the full
speed range, this variation offull-load imep and power with speed is primarily
“ue to the variation in volumetric efficiency, n, [see Eq. (15.3)]. Since friction
mean effective pressure increases almost linearly with increasing speed,friction
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2000 Speed,rev/min

 FIGURE15-2

..224aspiratedindirect-injectionswirl-chamberdieselengine:bore=84mm,stroke=82mm,r.
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power will increase more fapidly, Hence mechanical eticieney
Increasing speed from a oywximum of about 9 ar |
mo. Thus bmep peaks at lower specd than
TMAMIHUM at about 4400 rey/nao:
deersase to Py,

decreases with

ow spaced to 7 at SO pey/
imep. The brake power shows a

creases in speed above this value result in a
Phe indicated fuel conversion elficiency increases by about 10

percent from 0.3! to 0.34 over the speed range (100 to 4000 rev/min. This is
primanly due io the deer 8ifig impurtance of heat transfer per cycle with
increasing speed,

At part load at fixed tHrottle pesihion, tiese paranielers behave similarly
however, at higher Shecds torque and mean effective pressuré de¢rease mire
rapidly with Mncredsing speed than at full loud The throttle chokes ile flaw at
lower and lower speeds as the throttle open area is reduced, increasingly limiting
the air flow (see fig, 7-22). The pumping component of total friction also
Mereases as the engine ws throttled, ilécreasing mechanical efficiency (see Figs.13-9 and 13-10),

Figure 15-2 shows full-load indicated and brake power and meaneffective
pressure for natucally aspirated DE and IDI COMPressiOn-Tgnilon engines Axcept
al high engine speeds, brake ferque and mep vary only moe
speed since ihe intake system of the diese
fake of ST engines with

estly with capine
} cun have larger flow areus (how the

their intake-system fuel transport requirements. The
part-loud torque and bmeép characteristics (al fixed
eyele) have a siyuilar shape to (he full-load characteristics in Pig 18-2 The
decrease in torque and bineyy with increasing Cheine Speed ts due primarily ta the
iheréase in friction mep with speed (see Figs. 13-7, 13-11, and 13-12). Decreasing
enige heat traasfer per cyele and decreasing air-fiow rate. as Speed increases.
Nilve moxlest addijjonul inipacts,

WOOL Of toe! Mijeetod per

15.3 OPERATING VARIARLES THAT
APPECT Sl ENGINE PERFORMANCE,
EFFICIENCY, AND EMISSIONS

The major operating variables that affect spark-ignition engine peciormunce, effi-
cieney, and Emissions at why given loud and speed are; spark timing, fuel/air o
air/luel ratio relative to the stoichiometne rado, and fraction of (he exhaust pases
hal are reeyeled for NO_ eniission control, Load is. of course, varied by vary/ow
the valet manifold pressure, The effect of these variables will now he reviewed,

 

15.3.1 Spark Timing

Figtire 93 and the ACCOMpAnyiog lext explin bow vy tations mm spark tinlogrelalive to topecenter allected the pressure development in the ST engine cylinde:
(8 foo early in the evele, the Werk transfor from the pislow to

ses in the cylinder at the end of the
SOMbUSHON starts too |

IT oombustion star

the gi COMpression sirgke is Loo Vapwes if
atc, the peak uylinder Presstme|s reduged and (he expan
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828 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

sion stroke work transfer from the gas to the piston decreases. There exists a
particular spark timing which gives maximum engine torque at fixed speed, and
mixture composition and flow rate. It is referred to as MBT—maximum brake
torque—timing. This timing also gives maximum brake power and minimum
brake specific fuel consumption. Figure 15-3a shows the effect of spark advance
variations on wide-open-throttle brake torque at selected speeds between 1200
and 4200 rev/min for a production eight-cylinder engine. At each speed, as spark
is advanced from aninitially retarded setting, torque rises to a maximum and
then decreases. MBT timing depends on speed; as speed increases the spark must
be advanced to maintain optimum timing because the duration of the com-
bustion process in crank angle degrees increases. Optimum spark timing also
depends on load. As load and intake manifold pressure are decreased, the spark
timing mustbe further advanced to maintain optimum engine performance.

The maximum in each brake torque curve in Fig. 15-3a is quite flat. Thus
accurate determination of MBTtimingis difficult, but is important because NO
and HC emissions vary significantly with spark timing. In practice, to permit a
more precise definition of spark timing, the spark is often retarded to give a 1 or
2 percent reduction in lorque from the maximum value.

In Fig. 15-3a the mixture composition and flow rate were held constant at
each engine speed. If the mixture flow rate is adjusted to maintain constant brake

| --- 1% loss line
x BL spark advance440

2600) rev/min

 

 
 

420

20°. Aa,

Fi 11 L100° 10% EGR| z .
vg 400
5 e
fl 5 $= 08
a B =

a 380 ©
1.0

¢ = 1.0, A&, = 60°, 0% EGR
| except where noted

| 360 | | | |—20 ~10 -5 MBT +5

T 1 20 30 40©50 + Retard|Advance

Spark advance, deg BTC Spark advance
(a) 2)

FIGURE 15-3

(a) Variation in brake torque with spark advance, eight-cylinder automotive spark-ignition engine at
wide-open throttle, at engine speeds from 1200 to 4200 rev/min. 1 percent torque loss from MBT and
spark advance for borderline knock are shown.* (6) Predicted variation in brake specific fuel con-
sumption (normalized by MBT value) with spark retard at several different part-load engine condi-
tions.®7 
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larguc, the effect af spark ting yariations on fuel VODSUNIPLON al coms tri
engine load can be evalusted Figure )S-3h shaws resiilts obtuined with w com.
puter simulition of (he SAEINE operating cyele™ ’ The curves for sever) different
part-loud Operating conditions and born durations fram fast (o slaw) have bein
normalized and fall essentiaily on lop of etch other, Fyve degrees. of retard jn
Spark Wotiog have only vu modest effect on fivel Conslimnpion: for 10 to 20° pevarel,the mmpaet is much more Siprilicayy|

Spark turing affects peak cylinder pressure and therefore peak unburned
nnd burned eys feniperatures (sor See, 92,1) Retanding spark Lining [rom the
OPlimim reduces (hese variables, Retarded litnog is sometimes usec therefore (or
NO. emission conres) (see hip. 1-13 and Accompanying (ext) and to avoid
Kaovk (see Sec. 9.6), The exhaust (cinperature is ise allecced by spark fiming
Retarding tining from MR increases exhaust lemporature: both engine effi-
crency and heat loss (uo the vombushon chamber Walls (seu Pig, (2-77) ure
decreased. Retarded liming is sametimes used to rediice hydrocarbon ENSSTO TLS
by increasing the traetion oxidized ducug expansion and exhaust due to the
higher burned pas leriperatures that result (see See 14,3), Retarded timing may
be Used of engine idle 16 bring the ignilion point closer ta TC where conditions
lor avejding misfire are nrore favorable:

15.3.2 Mixture Composition

The unburned mixture in the engine cylinder consists. of fuel foonmally
vaporized), wit, and burned gases. The biirned gus fraction is the residual gus plus
any recycled exhaust used for NO contvel, Mixture composition during com-
bustion is most critical, since this determines the development of the combustion
process which governs the ergine’s operating cleiracteristics. While subscanrial
cHoris ure made to produce a uniform mixture within the cylinder, some nonuni-
fonmilics remain (see Sec 9.4.2), Ina piven eylinden, cyele-by-cyele vaviations in
average charge compasition exixt. Also, within cuch cylinder in a given eneme
cyele, the fuel, air, EGR, and residual! gas ure not completely mixed, and cox
Pusihon nonuniermilies across the charge may be sipnifieant+ These fogether

the spark plup location (the critical ce“innsince the early stames of fame development influence the rest af the combustion
Process) whieh ¢an be of order + 10 perveny peuk-to-peak (see Fig. 9-34). In adai-
“On, i multicvinder engines, the averdge dir fuel, wid EGR flow cures eo each
dvlinder wre not identical. 7 ypteal eylindér-to-cylinder variations have siaudard
Hevisttions of +S percent ofthe mean for air flow rate and fuel flow rate (Bivinig a

produce variations in coMpasition at

t This aspect of mixture nonuniformity is least well defined, Mixingofthe fresh mixture(fuel, air, andEGR)with residual gasis likely to be incomplete (see Fig. 14-36), especially at light load when the
Tesidual gas fraction is highest. With intake-port fuel-injection systems, there is evidence of incompletefuel-air mixing due to the fact that the air flow and fuel flow processes are not in phase.? When theengineis cold, fuel distribution within the cylinder is knownto be nonuniform,
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$30 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

+-7 percent variition in the air/(uel ratio) for steady-state engine operavion. BGR
eylinder-(o-cylinder flow rates may have ‘higher variability, Under unsteady
engine operating conditions all these variations can be higher

IU is necessary to consider the effect of mixture composition chatiges on
engine operating and missions characferslics in Two regnmies- (1) wide-open
theattle (WOT) or full load and (2) part throtue oc load, At WOT, the engine air
flaw is the maximum Uhal the engine will induct? Fuel Dow ean be varied, but aiiy
flow is set by engine desigm varkibles and speed, Al part throtie, air flow. fel
flaw. and BGR flow ean be varied. Evaliwtion of mixture compasitran chanpes a
part load should be done ut fixed (brake) load and speed, 1c, under conditions
where (he engine provides the desired torque level af the specified speed, ‘lo
mainiain torque (or load or brep) constant as mixture composilion 1s Vurjed
normally requires changes in throttle setting (and if EGR as varied, chaliges in
EGR Now-vontrol valve setting). This distinction between part-load comparisons
at specified (arqae or broep, rather than at constant Ubrotite acltings (WHEN aves
essentially constant air How), is important because the pumping Work component
of engine friction will vary at constant engine load as mixture coniposilien
clinecs. ALconatant throttle setting aod speed, the pumping work remains essen:
tially unchanged.

r AWFUL CL OR KOUIVALENCE RATIO CHANGES. Mixture composition effects
ure usually discussed in terms of (he air/fuel ratio {or fuel/atr rilio) becausie jy
eine tests, Lhe anand fuel Now rates to the engine can be measured directly and
bevatise the {uel metering systent is designed to provide the appropriate fuel tow
for the actial air flow at excl speed and load. However, the relative proportions
of fuel and air can be stated more generally in terms of the fuel/iaye equivalence
ratio [the actual fuel/air ratio normalized by dividing by the stoichiometric
fuel/alr ratio, see Bq, (3.8)] or the relative air/fuel ratio 4 [see Fg. (497), The
combustion characteristics: of fuel-air mixtures and the properties of combustion
products, which govern engine performance, efficiency, und emissions, correlate
best for a wide range ofMels relative to the storehiometric mixture proportions.
Where appropriate, therefore. the equivalence ratio will be wsed aa the defining
parameter. Equation (7,1) camverts the air/fuel ratio with gasoline to the equirvas
lonee rata.

Phe theoretical busis for understanding, the effect of changes in the equiva
lence ratio is the fuel-arr cycle results in Wigs, 5) and 5-10, where the ineticsa teh
fuel conversion efficiency and mean effective pressure are shown as a function nf
(he fael/airequivalence ratio, @, The mean effective pressure peaks slightly rh of
sloichiormetne, between d= 1 and bd. Due ‘to dissociation al the high cme
peruturcs following combustion, molecular oxygen ts present in the burned pases
iinder stnichiomette conditions, so some additional fuel can be added jul par

+ EGRis normally zero at WOT,since maximum torqueis usually desired.
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2ver, the relative proportions
1s of the fuel/air equivalence
viding by the stoichiometric
ratio A [see Eq. (3.9)]. The

the properties of combustion
icy, and emissions, correlate
ymetric mixture proportions.
will be used as the defining
with gasoline to the equiva-

ect of changes in the equiva-
nd 5-10, where the indicated
‘e are shownasa function of

oressure peaks slightly rich of
ssociation at the high tem-

3 present in the burned gases
| fuel can be added and pat-

ly desired.
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tially burned. This incresses the temperature and the number of moles of the
burned gases in the cylinder. These cflects increase the pressure to give increased
power and mep. Fuel conversion efficieney decreases “approximately as 1/qh, a the
mixture is vichened above stoichiometric (@ >} dive to the decreasing com-
busijen efficiency assaciated with the nchening mixture

For mixtures lean of Stotehianetric, the theoretical fuel conversion effi-
ciency increases linearly as # decreases below 1.0. Combustion of mixtures leaner
(lian stoichiometric produces products al lower temperature, and willy less disse-
clation of the triatomic molecules CO, and H50, Thus the peeion of the chemi
cal energy of the fuel which is released ae sensible energy near TC is greater:
hence agreater fraction of the fuel’s energy is ianslerred as work to the piston
during expansion, and the fraction of the fucl's iwallable energy rejected’ to the
exhaust system decreases (see Scc. 5.7), There is « discontinuity in (he fucl conver-
ston efficiency and inyep curves at the slaichiometric point; the burned gas com-
position is substantially different on the rich and the lean sides ofgr = 1.

Figure 15-4 shows gross indicated specific fuel consumption data for a six-
cylinder spark-ignition engine at wide-open throttle and 1200 rev/min,? and
values of gross indicated mean effective pressure and fuel conversion efficiency
derived framthe isfe daw. In these engine fests, be fuel-air mixture was prepared
in two different ways: (1) with the normal carburetor and (2) with a heated yapor-
izing tank to ensure intake-mixture uniformity, Shupes of (be practical cMicieney
curves “nd the theoreticul curves in Fig. 4.9 differ Cylindes-to-eylindes nir/fne)
rmitia maldistribution prevents the carbureted Cngine operating leaner than
& © 0.85 (A/F = 17) without misfire under these conditions. While use of a fuel
vaporizing and mixing tank essentially removes this muldistribution and extends
(ye lean misfire limit, H,; does not continuc to inerease as @ decreases, The
reasons for this are that cycle-to-cycle pressure fluctuations and thetotal dura-
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Fuel/air equivalence ratio
(a)
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a0 bmep = 325 kPa
300+ 1400 rev/min FIGURE 15-5

MBTtiming Effect of combustion chamber design
= 370 and burn rate on spark-ignition engine
z 350|- brake specific fuel consumption. (a)
bo 1.6-dm> four-cylinder engine with con-
g 330 ventional combustion chamber and2

1.5-dm* four-cylinder engine with
compact fast-burning high-compression-
ratio chamber bencath the exhaust valve
with r, = 13, both at bmep of 250 kPa
and 2400 rev/min.'® (5) Predictions from
thermodynamic-based computer simula-
tion of engine cycle for 5.7-dm? eight-

Fuel/air equivalence ratio cylinder engine at bmep of 325 kPa and
®) 1400 rev/min with MBTspark timing.®

310

290

270|-
 

06 07 08 O9 10 1.1 1.2

tion of the burning process increase as the mixture becomes leaner: both these
factors degrade engine efficiency. Since the spark advance is set for the average
cycle, increasing cycle-to-cycle dispersion produces increasing imep (and hence
ny,;) losses in “nonaverage” cycles due to nonoptimum timing. The lengthening
burn duration directly decreases efficiency, even in the absence of cyclic varia-
tions.

Engine fuel consumption andefficiency well lean of stoichiometric depend
strongly on the engine combustion chamber design. Figure 15-5 shows twosets
of engine bsfc data, for a conventional combustion chamber and a compact high-
compression-ratio chamber, at constant load and speed (250 kPa bmep and
2400 rev/min) as a function of equivalence ratio. Also shown are bsfc results
obtained from a thermodynamic-based computer cycle simulation of the spark-
ignition engine operating cycle (at 325 kPa bmep and 1400 rey/min).° Thought
the load and speed are different, the behavior of the data and predictions for rich
mixtures, @ > 1, are comparable. Onthe lean side of stoichiometric, however, fuel
consumption depends on the combustion characteristics of the chamber, The
faster-burning compact high-compression-ratio chamber shows. decreasing bsie
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wit the lcogdiening bin dupition and hirger cyele-by-cyele variations Cilise
bsfé to ducrease, For the ower-hurning conventional chamber, this deterioration
IN Combusiion starts to wceur Alimust immediately on the lean side af sloichiomer-
re, and fuel ConstpTion Worsens fir oh << 09.

Thus the equivalence catia Ror eplirounm fuel consumpiion ata miven Jone
depends on the details of climber desige (ioclading compression ratio) yn
MINtlire Prepuration quality, Ut alsa varies for a given chamber over the part-
throtie load and speed fange. Por lothter loads and lower speeds il 1s closer te
stoichiometric since (he residual Bas Iriction is higher and combustion quality is
poorer wilh greater dilution and at lower speetis.

At part load, as the air/fuel ratio is varied al Constant brake load, the
pumping work varies, and this also contributes to (ie brake speeihe fuel con-
sumption and efficiency variation with equivalence ralio, Figure 15-6 shows the
aross and net indicated fiel conversion eficiencies and brake eflivioney asa fune-
tion of equivalence ratio at 44 parl-throtile constant lowed and speed poini
(325 kPa Omep and 1400 rev/min), colewlated Usine a thermody namic-based cam-
piler simulation of the eneine’s operating cycle. The difference between the net
und weovs indicated curves Wuistaies the mawnitude of the effect of (he panyping
work changes, Parct-throvtle comparisons af different opersting conlilians should
be done st constant brake loga (lorgue or bmep) and speed) the task the engine
is required to perform js (hen the same At Ccanstam! bmep and speed, the mecha:
meal rubbing triction is esseaally fixed: hus jet imep is constant (ind yrogs
imep will vary if the pumpior NEP Vitries).

Mele that all the engine dita show a smooth transition between the rich and
lean charicteristics at the stoichiorme#ne point, whereas the calculated sfc and
0

35pm a~ NN
30 |-Fuelconversionefficiency,percent   25+

bX

¥, FIGURE 15-6
20/- SS i Gross and net indicated, and brake, fuel conversion

— efficiencies predicted by thermodynamic-based cycle
Oaey] SIMMALION il maatany pari-load bmep (325 kPa)06 0.8 1.0 1.2

Hl spel Larev/min) fur a fixed burn duration
Fuel/air equivalence ratio (1) peruent, 0 ¢ Ay"
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834 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

efficiency churacteristics show a discontinuity in Slope, The difference is due to
cylinder-la-cylinder and cycle-by-cyele mixture composition variations’ and to
cycle-hy-cyelé cylinder pressure variations which exist (though to a lesser extent)
even it the absence of these mixture variations. Averaging over these variations
smooths out the theoretical discontinuity in slope at @ = 1.0.

The equivalence ratio. requirements of a spark-ignition engine over the full
load and speed! range can now be explained trom the point of view of per-
formance sad efficiency. However, Since emissions: depend on @ also, emission
control requirements may dictate a different engine calibration, as will be dis-
cussed later. The mixture requirements in the induction system are usually dis-
cussed in relation to steady and transient engine operation. Steady operation
includes operation at a given speed and load over several engine cycles with a
warmed-up engine. Tragsien! operation includes engine starting, cugine warm-bp
to steady-state temperatures, and changing rapidly from one engine load and
speed Lo another, The mixture requirements of the engine as defined by the cum-
position of the combustible mixture at the (ime of ignition, while they vary some-
what with speed aud load, are essentially the same forall these operating modes,
However, the methods used to prepare the mixture prior to entry to the cylinder
must be modified in the transient modes whenliquid fuels are used, to allow for
variations in the liquid fuel flow and fuel evaporation rate in the intake manifold
as the air flow varies and as the manifold and inlet port pressure and temperature
change. The transient fuel metering requirements for adequate mixture prep-
aration are discussed in Chap.7.

At all load points at a given speed, the ideal equivalenceratio is that which
wives minimum brake specie fucl consumption ul the required load, However,
once wide-open-throttle air low has been reached, increases in power can only he
abtained. by ineveusing the fuel flow rate. The equivalence rane requirements for
oplimum-elficiencysteady-state engine operation can be summanzed On # plot of
equivalenee ratio versus percent of muximurn air flow al any piven speed, A
typical plot was shown in. Fig. 7-1, For part-throtle operation, uniess dictated
otherwise by emission conirol requirements, the equivalence mutta 1s set elose (a
the eqmvalence ratio for minimum fuel consumption consistent wilh wveidiog
partial burning or mistire in one or more cylinders. AL very light lowe the best
belo mixture is richer to comperisate for slower Rame speeds at lower mixture
density and increused yesidual fraction. As wide-open throttle is approached. the
mixture is richened to obtain maximum power.

The exhaust gus temperature varies with the equivalence ratio, The exhaust
gas temperature alse varies continuously as (he gas leaves the engine cylinder
and flows \hrough the exhaust port and the manifold and pipe (sce Sec, 6.5), 86
an appropriate definition of an average exhaust gas temperature should be used

 

+ Except during start-up and cold engine operation, when a substantial part of the fuel within the
cylinder can be in the liquid phase.
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OY QUanUTYINg this variucian However, time-ave
rink he teed aged thermocouple measure.loci si 2 esi;
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836 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

lence ralio oxygen concentrations are low. As the mixture is leaned out,
increasing oxygen concentration initially offsets the falling gas temperatures and
NO emissions peak at ¢ ~ 0.9. Then, decreasing temperatures dominate and NO
emissions decrease to lowlevels.

Figure 15-7 also showstheeffect of variations in equivalence ratio for lean
mixtures on unburned hydrocarbon emissions. For rich mixtures, Fig, 11-2
shows that emissions are high. This is primarily due to the lack of oxygen for
afterburning of any unburned hydrocarbonsthat escape the primary combustion
process, within the cylinder and the exhaust system. HC emissions decrease as the
stoichiometric point is approached: increasing oxygen concentration and
increasing expansion and exhaust stroke temperatures result in increasing HC
burnup. For moderately lean mixtures, HC emission levels varylittle with equiv-
alence ratio. Decreasing fuel concentration and increasing oxygen concentration
essentially offset the effect of decreasing bulk gas temperatures. As the lean oper-
aling limit of the engine is approuched, combustion qualily deteriorates signili-
cantly and HC emissionsstart 10 rise again duc to the oceurrence of occasional
partial-burning cycles. For still leaner mixtiires, HO emissions rise yore rapidly
due to the increasing frequency of partial-burning cycles, and even (he occurrenvs
of completely misfiring cycles (see Sec, 9.4.4). The equivalence ratio at whieh
partial-burning and misfiring cycles just start (o appear depends on details of the
engine combustion and fuel preparation systems, as well as (he load and speed
point.

Theeffect of equivalence ratio variations on CO emissions hasalready been
explained in Sec. 11.3 (see Fig. 11-20). For rich mixtures, CO levels are high
because complete oxidation of the fuel carbon to CO, is not possible duc to
insufficient oxygen. For lean mixtures, CO levels are approximately constant at a
low level of about 0.5 percentorless.

Figure 15-7 indicates that if an engine can be designed and operated so thal
its stable operating limit under the appropriate part-load conditions ts sufficiently
lean, excellent fuel consamption and substantial control of engine NO, HC, and
CO emissions can be achieved. Such an approach requires good control of
mixture preparation and a fast-burning combustion chamber design (see Sec.
15.4.1). However, this lean-engine approach is not compatible withthe three-way
catalyst system (see Sec. 11.6.2) which, with close-Lo-stoichiometric mixtures,
achieves substantial additional reductions in NO, HC, and CO emissions.

EXHAUST GAS RECYCLE. Exhaust gas recycle (EGR)is the principal technique
used for control of SY engine NO, emissions (see Sec. 11.2.4). A fraction of the
exhaust pases ave recyeled Lhrough a contro! valye from (he exhaust to the engine
intake system. The recycled exhaust gas is usually mixed wilh the fresh fucl-at
mixture just below the throtile valve, EGR acts, at part load, as an additional
diluent in the unburtied gas mixture, (hereby reducing the peak lurned gas cert
peratures and NO formation rates, Note that it is the (otal burned gas Traction
the unburned mixture in the cylinder that acts a9 a diluent, These bumed quasea
are comprised of both residual gas fram the previous cycle and exhausl Bile
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recycled ta the intake, As descrileed in See. 4, the residual Zas (raction is influ.
evwed by load and valve Liniiip lespevially the extent of Valve: Overlap) atid, to alesser degree, by the air/luel ratio and Compression ratio,
mass fraction ix piven by Eq. (43). Since the burned Bases dilute the unburoed
mature, (he absolyie fomperqture reached afte; combustion varies Inversely with
Ihe burned gas ass fraction, Hence inercasing the burned @as fraction reducesihe rate offormation of NO emissrons

Mgure 11-10 showa the effet on NO
fraction by recycling exhiust

The total burned was

EMhsslOris of increasing the hurted mas
mses TO the intake system, Substantial rediichions inNOconcentrations are achieved with 10 to 26 percent EGR, However, EGR also

reduces Ibe combustion rate winch makes stable combustion Mare difficult to
achieve (see Seo 93 and Fie, 236) The amount of BGR a particular can
buston charniber degen will (olerate depends on its combustian characteristics,
the speed and load, and (he equivalenee ratio. BGR perernlawes in the 18 io a0
range are about the maximum amourit of EGR 1
ate tinder nomial purt-throttle vandinions |
more bGR than slower -burning engmes
werease in eyele-byseyele combustion Variations, hydrocarbon emissians ineredse
with increasing BGR, a4 showa in ig. 11-2 At first ihe increase in HOismodesi anid is dive orimardy to degreased HO
and exhaust stroke temperatures. The HC
combustion, partral Diitaing, and even misfire, in turn, oecur w
quency, EGR has no significant effect on cnyine OO emisstons,

Phe cflect of extiause gas Fceycle on engine performance and eMficiency, for
mxtores With @ < 1.0, is similar (the addition af exvess ain, Roth EGR and
excess air dilute (he vaburned mixture, In practice since EGR i only used ut
mirt-throtle conditions, ¢& < 1.0 js the region af mterest, Because three-way vata-lyats Are AoW used where NO, cmission constraints are sev
his focused on dilution with EGR at d= 19, Figure (3-8 Shows the effect af
increasing RGR on bsfe anc enihalpysmnean exhaust temperature (defined by Eq(6.19)] at constane bmep, predicted USINE @
simulation of (he engine's operating cyele, Predicliong made for different burn
diurabons are shown, at MBT Oming for a steichiometric Ioxture. At constant
biira duration, bsfe and exhaust tempeniture decrease with increasme EGR Onlylar very long combustion proeesses is the burn mate especially sivnificant. This
Mmproverment ip fuel consumption wilh Increasing EGE is due to three faetars: (1)
reduce pumping Wark ay EGR |s Heruset al constant brake load (fel aud ait
flows remain almost constant: benve intake Pressure increases): (2) reduced heat
loss to the walls because the bined gas romporattire is decreased SIenificantly;
and (3).u reduetion in the degree of dissociation in the high-temperature burned
fases Which allows more of the fiel’s chemical energy to be converted (o sensible
iergy near TC. The frst two al these are comparable in magnitude and each isSbeur twice as important as the third,’

Figure (5-9. shows expernmental bsfe worsiy
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FIGURE 15-8

Effect of recycled exhaust on brake
specific fuel consumption and exhaust
temperature at constant bmep and
speed, stoichiometric mixture, and
various burn durations (0-100
percent). Predictions from thermo-
dynamic-based cycle simulation.®

FIGURE 15-9

Brake specific fuel consumption and MBT
spark advance as a function of percent recy-
cled exhaust, for four-cylinder spark-ignilion
engine with a moderate burn rate com
bustion chamber and a fast burn rate com:

bustion chamber. 1400 rev/min, 324 kPa
bmep, equivalence ratio 1.0.17
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burning chamber with open geometry und with induction-generuted swirl.
Though addition of EGR lengthens both the flume development and propagation
Processes (as indicated by Lhe inercasme MBT spark advance requirement with
Increasing LECrR), the (aster-burninp chamber follows the anticipated pattern of
significunt bf: reduetions until, al about 3 percent EGR, the vombustion
quality deteriorates. For the slower-burning combustion chamber, the tolerance
to dilution with EGRis muchless,

15.3.3 Load and Speed

One comiien way to present the operatiiy charicteristics of an internal com-
bustion enyine over its full load and speed range is to plot brake specific fuel
consumption contours on a graph of brake mean effective pressure versus engine
speed. Operation of the engine coupled to a dynimormeler on W teat stind, over
its load ail speed range, penerates: (he torque iiod fuel flow-rate dali fram which
such a per/ormiance mp is derived. Equation (2.20) relates brney to torque, and
bsfc values are obtained from Eq. (2.22) at each operating point. Figure 15-10
shows an example of such a performance mapfor a four-cylinder spurk-ipnition
engine. The upper envelope of the map is the wide-opeu-throttle perfarmance
curve. Points below this curve define the part-load operating characteristics,
While details differ trom one cnpine to another, the overall shapes of these maps
for spurk-renilion enpmnes are remarkably similar, When mean piston spocd 4, is
ustd insieid of crankshaft speed for the abseissa, the Quaniilttive similarity of
such mups over a wide range of enwijie sizes is more apparent.

Maximum bmepoccursin the mid-speed range; the minimum bsfe island is
located at a slightly lower speed nd at part load. Vhese map characteristics can
be understood in terms of vanations in volumetric elliciency 74,, gross indicated
fuel conversioncilicieney My j. ind mechanical efficiency 4, as 4/F, EGR(if used),
and the importance oflet losses arid freon change, via Eqs. (15.3) and (15.5),

Meanpiston speed, m/s
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840 INTERNAL COMBUSTION ENGINE FUNDAMENTALS
Hf

| | The maximum bmepcurvereflects the variation with speed of 4,, the decrease of
4, as S, increases, and the increase of n,,;, as 5, increases due to decreasing
importance of heat transfer per cycle. The bsfc contours have the following expla-
nation. Starting at the minimum bsfc point, increasing speed at constant load
increases bsfc due primarily to the increasing friction mep at higher speeds (which
decreases y,,). While 77>, ,, increases as speed increases,friction increases dominate.
Decreasing speed at constant load increases bsfc due primarily to the increasing
importance of heat transfer per cycle (which decreases ,;,). Friction decreases,
increasing y,,, but this is secondary. Any mixture enrichment required to main-
tain a sufficiently repeatable combustion process at low engine speeds (see Fig.
7-1) contributes too. Increasing load at constant speed from the minimum bsfc
point increases bsfc due to the mixture enrichment required to increase torque as
the engine becomes increasingly air-flow limited. Decreasing load at constant
speed increases bsfc due to the increased magnitudeof friction (due to increased
pumping work), the increased relative importance of friction, and increasing
importance of heat transfer (which decreases1,;,).

The effects of speed and load variations on NO and HC emissions are
shown in Fig. 15-11.14 NO concentrations increase moderately with increasing
speed at constant load. At lowerloads, the proportional increase in NOis greater
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FIGURE 15-11

Variation in spark-ignition engine HC and NO,emissions with (a) engine speed at 379 kPa imep and
(b) load (or imep) at 1250 rev/min. Equivalence ratio = 0.9, MBT spark timing, r, = 7.“
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than at highor loads.® The residual gas fraction decresses as speed increyses, (his
clfect being greater at lower inlet maniloli pressures (Inzhfer loads) (sve Fig, 6-19)
Also, the relative importance of heat trinsfier perevcle is less as speed increases
(see Fig. 12-25), which would also be ex pected (0 increase NO concy
With increasing loud (at constant speed), NO cenicentrations alse increase. Avetin,
as inlet munifold pressure and load increase, (he residual! gas fraetinn Geereases
(Fig. 6-19); also, the relative importance of heat transfer per cycle deoreises wath
increasing load (Fig. 12-25).

The hydrocarbon concentration trends with speed and load changesare the
opposite of the NO concentration trends. As indicated in Table 11.7, speed and
load are likely to affect several of the HC formation mechanisms, the in-cylinder
maing of unburned hydrocarbons whieh trcape combustion with the bulk gases,
and (he fraction af the w-cylinder HC which escape jito the exhauslL Hawever,
not snoneh is yel known about the details of (liesprocesses to maky these
deperidencies explicit. L! oxygen as evailuble, oxidation of unburned hydrocarbons
both within the cylinder and in the exhaust system will be significantly enhanced
by increases in speed since the expansion stroke and exhaust process gas tem-
peratures increase substantially, due to the reduced significance of heat transfer
per cycle with increasing speed. This more than offsets the reduced residence time
in the cylinder and in the exhaust. Measurements of the percent HC reacted in
the exhaust port as a function of engine specd show the same proportional
reduction in the exhaust emissions data in Fig. 15-11.'° The rationale for the
variation with load is less clear. As load increases at constant speed, expansion
and exhaust stroke temperatures increase, and the in-cylinder oxidation rate, if
oxygen is available, will increase, However, as the exhaust gas flow rate increases,
the residence time in critical sections of the exhaust system decreases and a
reduction in exhaust port HC oxidation occurs.!® The net trend is for HC con-
centration to decrease modestly as loadis increased.

TMrnon

15.3.4 Compression Ratio

The ideal avele analysis of Chap, 5 showed that indicated fuel conversion eff
HIeNCY Nereased contigueusly with compression ratin vcvording iy Eq. (5 3))
With ) = 03, ihis relation also mitches closely (he fucl-air eyele predicuions with
» = 1.0 However, in can wetual engive other processes Whoch Influsnee engine
perlormynce and efligency vary with changes in compression rato: namely, coim-
hustion fate and stability, teat teanster, and inetion. Over (he load and speed
faye, Ne relative impuct that these processes have on power aad elficieney
varies tsa. Henee, the applicability of Hq. (5.31) is open fo question. Also, while
Ihe feametric compression ratia (patia Of Maximioa to minimum eylinder
volume) is well defined, the actual COMPpPrcssion and expansion processes m
Sleines depend on valve (imine details and the Importance of flaw through the
Vilves while they are opening or closing (whiely depends oo engine speed), Of
POUFSE, Our ability tO inerease the compression rata is limed by the octane
‘ANY of available fuely aud knock (soe Sec. 96.1 ),
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842 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

Only a few studies have examined the effect of compression ratio on spark~
ignition engine performance and efficiency over a wide range of compression
ratios. Figure 15-12 showsresults obtained at wide-open throttle at 2000 rev/min
with a serics of eight-cylinder 5.3-dm? displacement engines, from the most exten-
sive of these studies.'? Gross-indicated and brake fuel conversion efficiencies and
mean effective pressures are shown. Indicated mep was obtained by adding
motoring friction mep to brake mep. The mep data were obtained with (A/F) and
spark liming adjusted to give maximum torque; for the efficiency data, (A/F) and
spark timing were adjusted to give maximumefficiency. The mechanical efficiency
remained essentially constant at 0.89 over the full compression ratio range. The
volumetric efficiency was also constant at 0.825. Both n,j, and mep show a
maximum at a compression ratio of about 17; for higher compression ratios
efficiency and mep decrease slightly, This trend was explained as being due to
increasing surface/volume ratio and slower combustion, and is also due to the
increasing importance of crevice Volumes: at the higher compression ratios
studied the combustion chamber height became very small.

To assess more broadly the effect of compression ratio variations on fuel
conversionefficiency, several data sets have been normalized and compared in
Fig. 15-13 which shows the ratio of fuel conversion efficiency at the given com-
pression ratio divided by the efficiency at r, = 8, for wide-open-throttle engine
operation. The agreement for r, = 14 is good, Over the compression ratio range
that is accessible to SY enpines with available fuels (r, < 12), fuel conversion efii-
ciency increases by about 3 percent per unit of compression ratio increase. Note,
of course, that engine power increases by about the same amount.
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844 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

efficiency improvement is between| und 3 pereent per voit of compression ratio
increase, depending on cylinder size and operaling, conditions.

The exhatist temperature deereases as compression ratio and efficiency
increase Until the conypression ratio corresponding, ty umakimtin efficiency is
reached, IL hag also been shown (hat heat losses to the combustion chamber
walls, as a fraction of the fuel's chemical energy, also deercase as the compression
ratin and efficieney both inerease.’’

The effect of compression rallo changes on WO emissions is small. Seme
studies show a modest Increase tn speetic NO emissions as the compression ratin
increases al constaut load and speed; other si\idies show « slight decrease.
Increasing (Ne compression ratio increases exhaust hydrovarlion emissions,
Several (rends could contribute: insrevsed importance of reviee volumes at high
rit lower was temperalires during, the latter part of (he expansion stroke, this
producing less 1f'C oadution in the cylinder; decreasing residual gas friction,
(hus increasing (he fraction, of in-cylinder HCexhaustad; lower exhaust tem-
peratures, henceless oxidation in the exhaust system.

15.4 Sl ENGINE COMBUSTION
CHAMBER DESIGN

15.4.1 Design Objectives and Options
There has always been extensive debate over the optimum ST engine combustion
chamber design. There are a large number of options for cylinder head and
piston crown shape, spark plug location, site and number of valyes, and iilake
port desigo.*" Debate reyolves around igsues such as chamber compactness,
sutface/volume rata, flame iravel length, and use of swirl and aquish types of
mixture motion. Figure 15-15 shows exaniples of several common types of contr
bustion chamber shapes. Over the pasl few years a consendus has developed
which favors faster-burning combustion-chamber designs: A ebamber design
where the fuel burning process takes place faster, ie., occupies a shorter crank
angle interval at a given engine speed, produces a more robust and repentable
combustion pattern that provides emission control andefficiency gains simulta:
neously. A faster-burning chamber with ite shorter buen time permits operation
with substantially higher umnounts of EGR, or with very lean mixtures, within the
normal constraints of engine smoothness and response. This yreater ernissions
control within the engine can be achieved, sad at part lond at this higher level of
dilution a faster-burniny chamber shows an improvement in) fuel consimption
due to (he reduced pumping work, reduced heat transfer (due (a lower burned
gas leinperatures), and reduced amount of dissociation iw the burned ases.”?

The maior combustion chaniber iicsign objectives whieh relate to engine
performance and emissions are: (1) 2 fast combustion process, with low cycle-hy-
cycle variability, over the full eogine operating range; (2).a high volumetrit ef
cienvy at wide-open throttle, (3) maori heat loss to the combustion chumber
walls; (4) a low fuel octane requirement.
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846 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

burning chamber designs exhibit much less cycle-by-cycle variability. This ability
to operate with greater dilution at part load while maintaining a short burn
duration and low cycle-by-cycle variability, permits much greater control of NO,
within the engine with 20 or more percent EGR without any substantial increase
in HC emissions(see Fig. 11-29), or permits very lean operation. In both cases the
efficiency gain relative to moderate burn rate engines, which must operate with less
dilution,is sizeable.?*

High volumetric efficiency is required to obtain the highest possible power
density. The shape of the cylinder head affects the size of valves that can be
incorporated into the design. Effective valve open area, which depends on valve
diameter and lift, directly affects volumetric efficiency. Swirl is used in many
modern chamber designs to speed up the burning process and achieve greater
combustion stability. Induction-generated swirl appears to be a particularly
stable in-cylinder flow. Swirl results in higher turbulence inside the chamber
during combustion, thus increasing the rate of flame development and propaga-
tion. Generating swirl during the intake process decreases volumetric efficiency.

Heattransfer to the combustion chamber walls has a significant impact on

engineefficiency. It is affected by cylinder head and piston crown surface area, by
the magnitudeof in-cylinder gas velocities during combustion and expansion, by
the gas temperatures and the wall temperatures. The heat-transfer implications of
a combustion chamber should be included in the design process.

Knock effectively limits the maximum compression ratio that can be used
in any combustion chamber; it therefore has a direct impact on efficiency. Knock
is affected by all the factors discussed above.It is the hardest ofall the constraints
to incorporate into the design process becauseof its obvious complexity.

Knowledge of the fundamentals of spark-ignition engine combustion, in-
cylinder gas motion, and heattransfer has developed to the point where a ration-
al procedure for evaluating these factors for optimum combustion chamber
development and design can be defined. The next (wo sections develop such a
procedure.

15.4.2 Factors That Control Combustion

Qur understanding of the structure of the spark-ignition engine flame as il
develops and propagates across the combustion chamber(see Secs: 9.3 and 9.4)
allows us to relate the physical and chemical factors that control this process to
the relevant engine design and operating parameters. The following factors affect
the flame development and propagation processes:

1. Geometry. Combustion chamber shape and spark pluglocation.
2. Flow field characteristics. Mean velocity, turbulence intensity, and character-

istic turbulence length scale in the unburned mixture during combustion.
3, Unburned mixture composition and state. Fuel, equivalence ratio, burned gas

fraction, mixture pressure and temperature.

FORD Ex. 1125, page 239
IPR2020-00013

 



FORD Ex. 1125, page 240
                       IPR2020-00013

ycle variability. This ability
maintaining a short burn
uch greater control of NO,
mut any substantial increase
yperation. In both cases the
which must operate withless

the highest possible power
size of valves that can be

va, which depends on valve
cy. Swirl is used in many
rocess and achieve greater
years to be a particularly
ulence inside the chamber

development and propaga-
ises volumetric efficiency.
has a significant impact on
ston crown surface area, by
abustion and expansion, by
1eat-transfer implications of
n process.
sion ratio that can be used

mpact onefficiency. Knock
iardest ofall the constraints

ovious complexity.
ion engine combustion, in-
to the point where a ration-
num combustion chamber

wo sections develop such a

gnition engine flame as it
nber (see Secs. 9.3 and 9.4)
that control this process to
The following factors affect

lug location.

ce intensity, and character-
re during combustion.

uivalence ratio, burned gas

1

 
ss,———|

ENGINE OPERATING CHARACTERISTICS $47

Cieomeiry primarily attects combustion through ike i
ira: tL tas @ lesser effecr on COMbuUstion development thro
in-cylinder motion. Geometsc caleiilalions (sce See. |ed 2), based sel
eSSUUIPLON Chat (he front surtuce ol the flame can ” rfid Nene ee fe
Sphere centered at the spark plug, provide duc Sinan dew ednic
volume bebind rhe fare front surface (the @
the combustion chamberay the appropriate 3

ame front surface
WETs nfuenees on

#0 flame front area and the
Mlamed volume), cantiined within

fT flame radii and pis imic ape : i AG PSLON posilians
a ates varies sieoifiecantly (row one chamber shape to anothe lorsean ; oat : = ATA er {ec i

ee am wmned volume. In the example shown jy Mig. 14-7, the bawl-in-pis
einber vives Mame surtiee areas 30 to ds Percent | ; ; iea airger ( 7 ose a
chamber under eyuevalent conditions thisinite

ae rs ' around fop-center. Memispheriea! atid one
aieee ee Gals BF about 30 perceny sdlattve lo the mie
ane aneatn at oa ms ee chamber shupe, flame ares depends even
ile eee Wee a a igure (4-7 shows (hat shifting the plug frora
Bie eee ee mn ic bowlin-piston chamber increased the poyk

y fou percent For hemispherical ard oped chitmbers, (he mereagns
y Sir ili reshil it pi ie ,W ‘ d o% IEPre Cspeefoe Hy Wu vi in H Lise lnea iia tie and J er . SELV chy

Viay s of la ne area as :iotitats ee a funchon of radius at different Crink angle locations. : ye a 1 j :

! Slowing jxillera. For chaniher keometries with side ignitionMe FAS Increases, the Bune grey fj ise hes| By 6 Manic Area firs! rives slowly, itate ona Aes Y, THEN feingins a IPTOX=
I . nstant, and then decregses slowly (0 vero, In contrast chamb ki itlentri mil Aematat|as oe ee c asl, chambers w

: tra , nition show, as flame radius INefeases, 4 rise im Aawic area t zalditrina the r the hi mid if me 6 Pt
oe 1e THOR part of the Name (travel foHowed by a capid deceeyse ; fie
ai encotnters lhe chamber walls. Moving ihe plug ioe ANiths paares

of the chamber produces a larger increase in Name
(he chamber shape more compact (though this has a

The effect of chamber geometry on buen
(hormoadynumig-based engine evele simulJ =| * x & i F

rie, pee the type developed by Keck and coworkers, see dec. 14.4.2). Fj*-Th shows results from one « tig #4. ric cobaractoetitice wkter(is fe such study"? The combusting « ifmor. . ip 5 COMDUSston characteristics of (ey7 Space Eeometrics were compared at fixed part-load engine operatingLoOndithons > ti = devele 4 ; ; tis

= a , he fame development and Proparation phases were separited int 00 ing Wito 90 percent mass frac i avers tieae # ;me S Iractioo burned times ‘hesese J pay s ese were then nornia)-. My re mauled burn limes of the slowest baming chamber —the dise withside junit i “rT ReOMetr j 4 Sine

EMNivm Chamber geometry bas the EPCALEST HINpPicl on the LO ta on percen!C “Poeburd time i effec i I
, WY effi on 0 ta TO pereent Ome is sienificane bul substaritiallyOr i} * a 2

wilieeeee kad, be reduced by between 20 to 30 percent by apti-
shape Comparing sf eo —coMmparing worst to best location for each chanyher
ee aray y orst wind hest chamber shapes, toll burn time with Gxe

MIBK locibOn can be reduced by about 10 percent “a
Increased turbulence in {he unbliened mixture

Mercoses (he burnin rate Turbulence js wavall
ring the j > ti 3 MW eatudiee>! [see Sec. B.2 arid below rh Cycle Simulation* lndiewte 3 of
Salerdae ute thay both the duration of the eacly stage of (he burning process

Me TOUT shige Wecrease when the turbulent velocity ,

ation toward the center
front area than docs TALK i(2
POSIFive JINpACl Coo)

ate has been examined \eing
abons with various types of combustion

al the time of combustion
¥ ineredsed by generating swirl

al the start of com-

 
FORD Ex. 1125, page 240

IPR2020-00013



FORD Ex. 1125, page 241
                       IPR2020-00013

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
  
  

 

848 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

Open

| $ |

| Hemi e Bowl-in-piston
®@ Spark plug location

| Disc

 

 

Hemi, side ff] 

0-10% burnChambergeometries
10-90% burn 

0 0.2 0.4 0.6 0.8 1.0
Burn angle ratio

 
FIGURE 15-16

Comparison of burn angles (0-10 percent burned, 10-90 percent burned, 0-90 percent burned, see
Fig. 9-13) for ten different spark-ignition engine combustion chamber geometries and spark plug
locations. Burn angles are normalized by angles for slowest burning chamber: disc with side plug.?°

bustion is increased. The faster combustion process comes primarily from the
higher turbulence intensity; however, the decreased characteristic turbulence
scale that accompanies the increased turbulenceis also significant since it results
in a shorter characteristic burning time [see Eq. (14.39) and the accompanying
text]. It is important to note that the fuel conversion efficiency of higher-
turbulence chambers at the same operating conditions can be lower than for
normal chambers, despite the faster burn rates, duc to the higher heat transfer
that accompanies the higher in-cylinder velocities. For example, predictions
based on the combustion model defined by Eqs. (14.33) to (14.35), where the
characteristic mixture speed u, was increased by a factor of two, showedthat the
0 to 10 percent and 10 to 90 percent burn durations decreased by about one-
third. However, the indicated fuel conversion efficiency decreased by about 6
percentdue to the predicted 15 percent increase in heat transfer,**

Mixture compositionandstate affect the burn rate through the dependence 
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OF Jamiaar tame speed on temperature, Pressure, fuel/air equivalence rauio, and
borned gis fraction (residual eas and EGR): see Sec, 9.3.3 anal Eqs. (14.33) to
(14,35). Table 95, | campires the burn durations for « stoichiometric imixture, alean mixture with f = 0.8, and a stoichiometric mixture with 20 percent EGR,The values of the jurminar fame speed ap ihe
(conditionsat spark as wull ax COM pUsToar
burn durations of the more diliite mixture
has 4 much more deleterious effect on co
imately equallevels of dilution.

All the aboveweseribed faclors—flame geometry, fluid motion, and mixture
COOIPOsOM -ean vary eycle-by-cycle, and therefore contribwle to combustion
variabilily (see See, 9.4), ¢ yclic differences in gas motion in the Vicinity of the
spark plug result im dillerences in motion of the flame kernel during its earlystages of development. Differences in turbulence result in difterences in the rates
at which the initially smooth surface of the flame kernel becomes wrinkled and
convoluted by the flow. Different initial flame center motions8 change the geo-metrical interaction ofthe flamefront with the combustion vhumber walls later in
the flame propigatien process. Differences in the amount of fuel, air, and EGR
which enter each eylinder cycle-by-cycle, the nonlinilormity in composition of the
entering charge, and any incomplete mixing of that entering charge with the
residual pases in the cylinder ulsa contribute to combustion variability. These
composition nonuniformities lead to differences in the early stages of flame devel-
opment. The vartations in the amoiols of fuel, air, and EGR that enter env)
evlinder eycle-hy-eyele and in the uniltrmity of that mixture are factors within
ihe direet cantrol of the engine desiener

A fast combustion process reduces cyclic combustion variability for the fol-
lowing reasons, Wilh 4 faster burn, optimum spark timingis closer to top-center:
mixtiire temperature and Pressure at the time of spark are Nighee, so the laminar
Hani speed at the start of comlistion is greater. This, combined with the higher
turbulence of most fast-burn concepts,results in faster Dane kernel development

lime of spark are alae given
are diferent in each vase). The lapger

Sire clear, Note thal EGR as a diluent
mbustion than doesair at these approx-

 

TABLE 15,1

Effect of excess air and recycled exhaust on burn dura-tion

Burn durations, degree
EGR, 4,. ——— S, at 6,,

® % degree 0-10% 10-90% cm/s
10 0 340 22 17 75
08 0 336 26 21 $2
10 20 324 31 28 23
 

400 cm? per cylinder displaced volume,
disc chamber, center plug location 15
8, = spark timing (MBT),
8, = laminar flame speed,?®

80 mm bore, 8.5 compression ratio,
00 rev/min, stoichiometric Operation,

inlet pressure 0,5 atm, inlet temperature 350 K,
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850 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

More rapid initial flame growth results in less variation in flame center motion
during the critical flame-development phase. The resulting geometric variations

| in the flame front/chamber wall interaction are therefore reduced; this decreases
the variations in burn rate that result from these geometric variations. Also, the
faster burning process ends earlier in the expansion stroke. Thus the problem of
occasional slow burning cycles, partial burning cycles, and eventually misfire,
which occurs with dilute mixtures under normal burning conditions due to quen-
ching of the combustion process as gas temperatures fall during expansion, is
largely avoided (see Sec. 9.4.3).

15.4.3 Factors That Control Performance

VOLUMETRIC EFFICIENCY. Combustion chamber shape affects volumetriceffi-
i ciency through its constraints on maximum valve size and through the degree of

swirl (if any) that the chamber and port designs produce to achieve the desired
combustion characteristics. To obtain maximum performance and to reduce
pumping losses, the size of the valve heads should be as large as practical; the
valve sizes that can be accommodated depend on cylinder head layout. Table 6.1
lists the typical maximum valve sizes that can be accommodated into several
common chambershapes(see Fig. 15-15). The approximate mean piston speed at
maximum poweris a measure of the maximum air flow that cach engine design
can pump. Note that of the two-valve configurations, the designs with inclined
valve stems permit substantially greater maximum air flow. The four-valve pent-
roof design, which also has inclined valve stems, is the best of those listed since it
accommodates the largest valve and port areas (there are other four-valve head
designs which are comparable).

Swirl can be generated during the intake process through suitable port,
valve, and head design. It requires either thal the flow through the intake valve
be directed tangentially into the cylinder so that gas flows through oneside of the
valve opening preferentially (e.g., through the use of masksto restrict flow at the |
mask location or through the use of a tangentially directed port or a flow deflec- i= |
tor in the port just upstream of the valve), or requires the use of a helical intake
port that imparts an angular velocity to the flow before it enters the cylinder. In
either case the inlet flow enters the cylinder with higher velocity than it would
have in the absence of swirl; hence the pressure drop across the valve is
increased, and maximum air flow throughthe cylinder is reduced. Well-designed :
helical swirl-generating ports (sce Sec. 8.3.2) appcar to be the best way to create
swirl. However, geometric and production constraints often prevent the incorpo-
ration of such ports into the cylinder head design, and other swirl-generating
methods must be used. The engine maximum-powerpenalty associated with gen-

ij| erating significant swirl is of order 5 to 10 per cent.
Since swirl is only required at part-throtile operation when enhancement of

the burn rate is most critical and is not usually required at full throttle when the!
| flow restriction penalty is most significant, induction systems with 4 separate

passage for the part-throttle air ow, where only this separate passage generates
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Awirl, are fh atirachve option. However, the gams i voluinetric efficiency are
olset by « higher cost due to the additional cumplexity in pert and manifald wf
the double passupe and the tndivadual throtile valves required in Gach part forflow conteal 5

; 1 a . a + i j
owl can be infensifed Curing compression with bowl-in-piston combustion

chambers by decreasing the moment of inertis
miston moves lowarc lop-center, and thereby 1
Sou; £.3,3). An advantage here is that the swirl |
less Hin would be required w

i of the in-cylinder charge as (he
Heredsing its angular velocity (see
evel generated during inductionjs

red without the compression-prodtced radially inward
motion of the charge. This approach can be used with combustion chamber
designs (Hal are axisymmetric and compact, Swol can alao be generated by squish
fotlon toward the end of compression wiih a suitable design of chamiber the
Advantage of (his approach js that there is no induelion-stroke sWirl-eenerating
volumotneefficiency penalty, However, ihe cylinder head geometries proposed e
date for either intensilying or generating swirl have vertical valve stemé and
henve have smaller valye stzes Which in Chemselyes restrict air How, Also the
cylinder head geometry required to generqte swirl during compression has x
lurger surfuce urca than more epen chamber designs and. therefore, hus «i itt
cantly hiher feat lossey, : . °

The impact of conventional radially inward squish mation (sce Sec #4)
in-cylinder lurbulenve, and hence combilsuion, is unclear. Chy
cant squish are also more compact; for this re
burning.

on

iinbers with siguili-
ason done they would be faster

WEAT MRANSTER, The convective engine heat transfer to the combustion
chamber walls ts described hy equations of the form of 112.2): eg, Eq. (12 21)
The heat-(ransfer coefficient {s usually correlated by expressinns of the form of
bq, (123), whieh relate the Nusselt. Reynolds, and Prandtl numbers (see Sec.o re] .

124) Thus combustion chamber surface area, and especially the surface area in
contier with the burned pases, is important. Gas velocity is also important: it
inTuences Ure heat-transfer rate (hrough the Reynolds number. Various charac-
erikhe velocities have beeo used in the Reynolds number to scale heat transfer:
MEAN PTOn speed. mean in-cylinder gas velocity. turbulence intensi(y either
lidividually or in combination. Both of these variables, area and velocit are
ifeeted by combustion chamber design x

Studies of engine performance Using thermodynamic-based simulations of
(hie enygune’s operaling eyele (see See. 144) provide data that indicate tbe iinper-
Wwike Of changes in heat tramsler, Aa iwirt-(hrotle operating conditions, such
Moulton calcolations show that a [0 Percent chaype im combustion chamber
hens losses results in a change of between 2 and 5 percent in brake specific foe!
SONSHMptOnN; ay AVerawe fucl constimption chance of about one-third the majztit-
tude of the heat<tragster change (and af Opposite sipn ‘
Chun ?s: 27 Ag wide-open thrattle, the effect on mean e

 

J's an appropriate rule of

lective pressure is commpa-r a) ¢ ql — 2 . :
et a 10 percem| change in heal transfer resultsin About a 3 percent change inney) .
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852. INTERNAL COMBUSTION ENGINE FUNDAMENTALS

This impact of heat transfer on engine efficiency and performance under-
lines the importance of combustion chamber details that affect heat transfer. For
the chamber shapes shownin Fig, 15-16, the total heat losses as a fraction of the
fuel’s cnergy, al fixed engine speed and intake conditions, were also calculated.
Both chamber shape and spark plug details affect heat losses since togetber these
govern the surface area of the hot burned gases in contact with the walls, The
epen und hemispherical chambers had least heal transfer. Geometries such as the
bowl-in-piston, which obviously have a higher surface area, had about 10 percent
higher heat transfer. The effect of shifting the plug from a side lo center location
depended on chamber shape. Open and bowl-in-piston chambers showed little
change; the hemispherical chamber showed a 4 percent reduction, Given u
general chamber shape choice, the details of the actual design are mmportant also;
it is easy to add substantial surface area with piston cutouis, plng bosses, and
cylinder head masking or squish regions which will deteriorale chamber per-
formance to a measurable degree.

Higherin-cylinder velocities affect heat-transfer rates through the Reynolds
number term in the heat-transfer voefficient correlation. Swirl- and squish-
generated flows increase in-cylinder gas velocities and will, therefore, increase
heat-transfer rates.

15.4.4 Chamber Octane Requirement

Knock limits an engine’s compression ratio, and hence its performance and effi-
ciency. The more fundamentalaspects of knock were reviewed in Sec. 9.6. Knock
occurs when the end-gas autoignites prior to its being burned up by the normal
flame-propagation process. The tendency to knock depends on engine design and
operating variables which influence end-gas temperature, pressure, and time
spent at high valuesof these two properties before flamearrival.

The presence or absence of knock in an engine depends primarily on the
antiknock quality of the fuel, which is defined by the fuel’s octane number (see Sec.
9.6.3). It determines whether or not a fuel will knock in a given engine under
given operating conditions: the higher the octane number, the higher the resist-
ance to knock. The octane number requirement of an engine is defined as the
minimum fuel octane number that will resist knock throughout its speed and
load range. The following factors affect an engine’s octane requirement: (1) com-
position of the fuel; (2) chamber geometry andsize; (3) charge motion; (4) spark-
advance curve; (5) inlet air, intake manifold, and water jacket temperatures; (6)
carburetor or fuel-injector air-fucl ratio calibration; (7) the ambient conditions—
pressure, temperature, and relative humidity—during the requirement determi-
nation.

The followingillustrates the interaction between fuel factors and engine
operating variables. Figure 15-17 shows the relation between spark advance,
torque, and speed in an engine operating at wide-open throttle. The dashedlines,
determined with a fuel of sufficiently high octane rating to avoid knock, show
MBTtiming as a function of speed, along with the spark-advance limits for con-
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ee spark Relation between spark advance, speed,
“ and torque loss, for spark-ignition

engine at wide-open throttle, showing
| | i | | knock limit for specific gasoline and

0 2000 4000 typical spark-advance schedule that
Engine speed, rev/min avoids knock problems.?®

stant specified percentage torque reductions. The uppersolid line traces the spark
advance for borderline knock with a particular commercial gasoline. To avoid
knock with this fuel, the spark advance must be set to lose one percent of engine
torque at 800 rev/min, with the torque loss diminishing to zero at 1200 rev/min.
Above that speed this particular fuel allows operation at MBT timing without
knocking. The lower solid curve represents a typical spark-advance schedule at
WOT.It lies below the borderline knock advance (and results in a significant
torque loss) for the following reasons. One is that different commercial gasolines
with the same research octane number can respond differently to variations in
engine operating conditions. Calibrating the engine (i.e., specifying the schedules
for spark advance, A/F, and EGR) mustbe done with sufficient margin of conser-
vatism to avoid objectionable knock with the normal range of commercial gas-
olines over the full operating conditions of the engine. A second reason is
engine-to-engine production variability despite the close dimensional tolerances
of modern production engineering. For example, the effective compression pres-
sure in each cylinder of a multicylinder engine is not identical, due to geometric
and ring-pack behavior differences. The cylinder with the highest compression
pressure is most knock-prone. Allowing for corresponding effects of cylinder-to-
cylinder variations in A/F, EGR rates, and spark timing, it is obvious that for a
given operating condition in a multicylinder engine, one cylinder is more likely to
knock than the others. It is that cylinder which limits the spark advance.t A third
teason for the discrepancy between actual spark-advance calibration and the
knock limit for a given engine andfuel is the octane requirementincrease associ-
ated with the buildup of deposits on the combustion chamber walls over
extended mileage (see Sec. 9.6.3).

{ There is no assurance that the same cylinder will be the principal offender in all engines of the same
Model, nor in a given engineatall operating conditions.
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854 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

In the example shown above, it was the problem of knock at low engine
speed which required the spark advance calibration to be retarded. Whether low-,
medium-, or high-speed knock is the limiting factor in a particular engine
depends onthe sensitivity of the fuel, on engine design features, and especially
upon the engine’s spark-advance requirements for MBT. The knock-limited
spark advance determined from road octane rating tests will vary with engine
speed and fuel sensitivity, as shown in Fig. 15-18. Low sensitivity fuels will toler-
ate more severe engine operating conditions and vice versa. Figure 15-18), c, and
d showsa typical engine spark-advance characteristic superposed on the knock-
limited spark-advance plot. Depending on the fuel sensitivity and shape of the
spark-advance curve, the knock region may occur at low, medium, or high speed
(or notat all).

It will be apparent from the above discussion that defining the effect of
combustion chamber geometry on knock can only be done in an approximate
fashion. The importanceof fuel composition details, differences in engine design,
the variability between engines of the same type, and the effect of deposits all
make the quantification of trends as chamberdesign is varied extremely difficult.
One of the most important chamber variables is the compression ratio.
Figure 15-19 shows the relationship between the octane requirement and com-
pression ratio for a number of combustion chambers. The octane requirement
was defined as the research octane numberof the fuel required to operate the
engine at WOT with the weakest mixture for maximum power with borderline
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FIGURE 15-18

Diagrams showing knock-limited spark-advance curves for fuels of different sensitivity and how these
can give low-, medium-, and high-speed knock in the same engine.?°
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Piston OoCompact chambers

ene = SAM Head v
0 oe|

Zz

© 100 |

5 |
a
&

2 oy enSoe or
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8 3 f | FIGURE 15-19
© f Octane requirement (gasoline research octanef nuinber), at wide-open throttle and MBT

mI = | tinting. to avoid knock as a function of com-
7 9 1! 13 pression ratio for various combustion chamber

Compression ratio designs,1°

(or light) knock coinciding with MET timing at the given spced. As is well
known, the octane reqiiirement incresse¢ with HLOTCHSIAG COMPMeSsiOn fabio: (here
are, however, differences in the octanu requirement between different types of
chamber at the sare compression ratio, The chambers studied were disc-shaped
chambers, bathtub and four-valve (open chambers with squish) and compact high
Compression ratio chainbers (bowl or cup-Lype chambers omthe piston erown ap
iW the evlinder head around one of the valves), In the 9 te 1] compression ratio
range there are only modest differences between the chambers studied. Al higher
compression ratios, 11 to 13, ihe compact chambers show's loWer octane req \ire-
ment! Which gives (hema L te 2 COMpression ratio advantige over (he more open
climbers. This advantage for the compact (And high-tucbulence) chambers comes
largely Irom the ineseased fiearerranstiy rates in these chambers. Whether the
\\ivher turbulence is generated during intake or at the end ofthe ci Wpressivn
stroke, it incresises the heat transfer from (he end-gus, redticing its temperature
ind therclore its propensity to knoek. However, this tighee heat transfer alse
meuces engine power and cfliciency. so the benelits of the COMPpression ratio
advanlage are reduced, Thereis some increase in the kyock-limited compression
Fallo With @ grven fuel as burn Une is decreased by using one, two, three. and
ihen four spark plugs simullancously, with a given Ghamber geomeiry, bul the
HHeclis much smaller than the differences suggested by Fig. 15-19,75

Spark plug location within the chamber is an iniportant factor Mfecting
HeUNLG Fequiremen(, More centrally located mlug. positions shorten the flame
lravel path to the eylinder wally and decrease the time hetween Spark discharge
4nd flame qrrival at the end-gas location. This decreases the aclane reqidremen(.
The positien of the spark plug in relagon to the exhaust valve és also impurunt:
it |s advantageous to burn tbe unburned mixture which has been heaped hy
contact with the hot exhaust valve early in (he combustion process
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TABLE 15.2

INTERNAL COMBUSTION ENGINE FUNDAMENTALS

Engine conditions affecting octane number requirement

Octane number requirement
tends to go up when:

 

Octane number requirement
tends to go dowa when: 

1, Ignition timing is advanced.
2. Air density rises due to

supercharging or a larger
throttle opening or higher
barometric pressure.

3. Humidity or moisture content
of the air decreases.

4. Inlet air temperature is
increased.

§. Coolant temperature is
raised.

6. Antifreeze (glycol) engine
coolant is uscd.

7. Engine loadis inercased.

1. Ignition timing is retarded.
2. Engine is operated at higher

altitudes or smaller throttle

opening or lower barometric
pressure,

3. Humidity ofthe air increases.

4. Inlet air temperature is
decreased.

5. Fuel/air ratio is richer or
leaner than that producing
maximum knock.

6. Exhaust gas recycle system
operates at part throttle.

7. Engine load is reduced. 

Operating variables that affect the temperature or pressure time histories of
the end-gas during combustion or the basic autoignition characteristics of the
unburned fuel, air, residual mixture will also affect the engine’s octane require-
ment. The most important additional variables which increase or decrease octane
requirement in a consistent manner are listed in Table 15.2. Relative spark

Moderate turbulence High turbulence15 
 

Fuel
——- RON = 100
—— RON = 92
 
 

Knock limit

Compressionratio  
0.8 1.2

FIGURE 15-20

Knock limits and lean engine operating limits as function of compression ratio and relative air/fuel
ratio A(A = 1/¢) for moderate and high-turbulence engine combustion chambers.°?
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Advance Has u Maer UIpAct on knock; since iL is also easy vo acljust. las the
cipine variable most commonly used to canteal knock, Studies show that typi
vally 0.5 to LO ROM rediction is achieved per deevee of retard?” Atmospheric
condiOns —pressiire, temperahice, and humidity—all affect the wetune number
requirement?!

Phe fuel/air equivalence ratio aflecis the octane requirement af an cagine.
Phe highest requirement is for slightly wich mixtures: increasing mebness and
lehoness about this point deereuse ihe oetwne requiremeat substantially
Figure 15-20 shows the kooek-linnted compression rao as a funetion of the rela
live air/fuel ratio (A= a; 2 > | for leat mixtures) for conventional atl high-
Wirbulence chambers, for two fuels with different ocline ratings, Substantially
higher compression ratios can be used with lean mixtures especially witli (he
Nigh-turbulenee chamber which extends the lean limit. The cook Lemperature
affects the octane requirement, Higher coolant lemperature increases Ure inlet
mixthre temperature, and reduces heat losses from the enid-vas t a modest
degree

15.4.5 Chamber Optimization Strategy

The discussion in the previous sections suggests that the following sequence of
steps in a combustion chamber development process is most logical. First should
come the selection of the best chamber geometry. Geometric optimization can
result in substantial benefits and carries no significant penalties. Chamber
geometry involves cylinder head and piston crown shape, and plug location.
Open chambers such as the hemispherical or pent-roof cylinder head, and clam-
shell, with near central plug location, give close to the maximum flame front
surface area (and hence a faster burn), have the lowest chamber surface area in
contact with the burned gases (and therefore the lowest heat transfer), and have
inclined valves which give high volumetricefficiency. Spark plug location close to
the center of the chamber is especially important in obtaining a fast burn rate.
More compact chamber shapes than the open chamberslisted above, such as the
bowl-in-piston or chamber-in-head designs, do produce a somewhatfaster burn,
but with lower volumetric efficiency and higher heat losses.

Following thisfirst step, two problem areas may remain: the chamber may
have a higher octane requirement than is desired and the burn rate may not be
fast enough to absorb the high dilution required at part load to meet the emis-
sions and fuel consumption goals.

Positioning the spark plug as close to the center as possible will have
Iriiiced the velane pequirement for that particular ehurmber shape. Depending on
dlitsoher design deills, some squish area could be introduced. However, Ne per-
ceived octane advantage of chamber designs which contain substantial squish is
offset, at least in part, by their higher heat losses. A unit compression ratio
increase results in a 3 percentor less increase iy efficiency at part load. However,
if the measures required to increase the compression ratio from, say, 9 to 10
resulted in a 10 percent increase in heat transfer, engine efficiency would not
Improve.
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858 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

The next step should be to reduce the cyclic variability in the combustion
process to the maximum extent feasible, by improving the uniformity of the
intake fuel, air, and EGR mixture. Delivery of equal amounts of each of these
constituents to each cylinder, provision for good mixing between constituents in
the intake manifold and port, and accurate control of mixture composition
during engine transients are all especially important. Also important is achieving
closely similar flow patterns within each engine cylinder during intake so as to
obtain equal burnrates in all cylinders. Attention to these intake process and
mixture preparation details will always improve engine operation and carries no
performancepenalties.

However, the burn rate maystill not be fast enough, especially during the
critical carly stages of flame development, and cyclic variability maystill be too
high to meet the engine’s performance goals. Then higher turbulence levels
during combustion must be achieved. This is usually best done by creating swirl
during the induction process. The appropriate method for introducing swirl will
depend on any geometric manufacturing constraints and cost issues. With no
geometric constraints, use of helical swirl-generating ports or a divided intake-
port system with valves to control the flow at light load are likely to have the
lowest power penalties. It is especially important that only the minimum addi-
tional turbulence required to achieve the performance objectives be added atthis
stage. Higher than necessary gas velocities within the cylinder result in excessive
heat losses and low volumetric efficiency.

In summary, to meet the objectives of a fast, repeatable, and robust com-
bustion process with high volumctric efficiency, low heattransfer, and acceptable
octane requirement, combustion chamber development should proceed through
the following steps.

1. Optimize the chamber geometry within the design constraints for the
maximum flame front area, minimum burned gas/chamber wall contact arca,
andlargest valve size.

2. Obtain additional reductions in the cyclic combustion variability by improv-
ing mixture distribution and uniformity and by creating flow patterns into
each cylinder that are essentially identical.

3. Achieve any additional improvement in burn rate and cyclic variability
required to meet objectives by increasing turbulence to the minimum extent.
This is usually best done by creating swirl during the induction process.

15.55 VARIABLES THAT AFFECT CI

ENGINE PERFORMANCE, EFFICIENCY,
AND EMISSIONS

15.5.1 Load and Speed

The performance of a naturally aspirated DI heavy-duty truck diesel engine and
a small IDI engine at full load over the engine speed range have already been
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860 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

larger DI engine in Fig. 15-21, the maximum bmepis slightly lower. The best bsfc
is about 10 percent higher largely due to higherfriction mep, but in part due to
higher heat losses resulting from the less favorable surface/volume ratio of the
smaller bore engine and higher swirl, and lower heat-release rate of the M.A.N.
system. Note that the maximum mean piston speed for this engine, 13.3 m/s
at 5000 rev/min, is comparable to that of the larger medium-swirl engine in
Fig. 15-21 (10.7 m/s).

Figure 15-23 gives the performance characteristics of an automotive natu-
tally aspirated swirl-chamber IDI diesel engine. Maximum bmep values are
usually higher than those of equivalent size DI engines because without the need
to generate swirl during the intake process, the intake port and valveare less
restrictive and volumetric efficiency is higher, and because the IDI engine can be
run at lower A/F without smoking. The best bsfc values are usually some 15
percent higher than values typical of equivalent DI engines. The best brake fuel
conversion efficiency of the engine of Fig. 15-23 is 32.5 percent.

Comparisons between naturally aspirated DI and IDI diesel engines of
closely comparable design and size indicate that the DI engine is always more
efficient, though the benefit varies with load. At full load, differences of up to 20
percent in bsfc have been noted, especially in engines with larger displacement
per cylinder. At part load, the gain is less—of order 10 percent. Comparisons
should be made at equal emission levels, a task that is difficult to accomplish in
practice. Emission control with the DJ engine is more difficult, so this constraint
reduces the benefit somewhat. Figure 15-24 shows a breakdownofthe indicated
efficiency differences between the two systems. At full load (A/F = 18 to 20) the
IDI suffers a penalty of about 15 to 17 percent due in large part to the retarded
timing of the IDI combustion process and its long, late-burning, heat-releasc
profile. At light load, about 300 kPa bmep (A/F = 50), these combustion effects
are small and the indicated efficiency penalty of the IDI (around 5 to 7 percent) is
due to the higher heat losses associated with the larger surface area and high-
velocity flow through the connecting nozzle of the divided-chamber geometry
and due to the pumping pressure loss between the main and auxiliary cham-
bers.°°

Note that all these diesel engine performance mapsare similar in general

Meanpiston speed, m/s
4 6 8 10 12 14T 

FIGURE 15-23

361 Performance mapfor 1.987-dm? five-cylinder natu-
20- Se20 $20: rally aspirated IDI swirlechamber dicsel engine.

“Road load_1 199—_—_———— Contours of constant bsfe in grams per kilowatt-
1000 2000 3000 4000 3000 hour shown. Bore = 76.5 mm, stroke = 86.4 mm,

Engine speed, rev/min r, = 23.35
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Direct injection

 
Injection timing
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bmep, kPa

FIGURE 15-25

Effect of load on naturally aspirated diesel engine NO, and HC emissionsat rated speed, with two
injection timings. Direct-injection and indirect-injection (prechamber) combustion systems. Six-
cylinder, 5.9-dm?displaced volume, engine. DI: r, = 17, rated speed = 2800 rev/min; IDI: r, = 16.7,
rated speed = 3000 rev/min.3?

Boschsmokenumber
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Indirect injection

Injection timing
18° BTC

———12° BTC

 

 
bmep, kPa

FIGURE 15-26

Smoke (Bosch smoke number) and
particulate mass emissions (in grams
per kilowatt-hour) as a function of
load and injection timing for six-
cylinder 3.7-dm? IDI swirl-chamber
diesel engine at 1600 rev/min (no
EGR).*®
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Hirnk= spevific HC, NO, ond fuel Comumplion, wil smoke «
MISO, as a futulion of percent recycledexhaust for 2.4-dm3 four cylinder hixh-swirt DI diesel engine
41 (250 rev/min and 255 kPa Nimep.3?

Recycled exhaust Wily, at part joad. dan be used! to reduce diesel enpine NO,emissiony. Note that since diese! engines Operate with the air flow untiirattled, at
part load the CO, and HO conventrations in exhaust gas are low: they areessentially proportional to the fuel/air ratio. Because of this, high EGRlevels are: ai . : .
NO, caneentrations decrease as a Df diesel Snyne inlet air Dow is diluted uta
constant fueling rate, The dilwion is expressed in terms of OKVEEN Concentration
in the mixture after dilution, Figure 15-27 shows how the GK alfects specificNO. wind HE, fuel consumiplian, and smoke for a small high-swirl OL diesel
engine at typical automobile eigine part-load conditions. Effective reduction of
bsNO,, is achleved and Mudest reductions in bse, with only a slight increase inhse. However, smoke increased as the PGR rate inureasea| *”

15.5.2 Fuel-Injection Parameters
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FIGURE 15-28

Effect of start-of-injection timing on diesel engine performance and emissions. (a) Mcdium-swirl DI
diesel engine with deep combustion bowl and four-hole injection nozzle, 2600 rev/min, fuel delivery
75 mm?/cycle, fuel/air equivalence ratio 0.69.37 (b) Swirl-chamber IDI engine, 2500 rev/min, 0 and 100
percent load.*°

bsfc and bmep ata specific start of injection for a given injection duration.t The
IDI engine experimentsare at fixed bmep; here, bsfc at full load and fueling rate
at idle show a minimum at specific injection timings. Injection timing which is
more advanced than this optimum results in combustion starting too early before
TC; injection retarded from this optimumresults in combustion starting too late.

Injection timing variations have a strong effect on NO, emissions for DI
engines: the effect is significant but less for IDI engines. Retarded injection is
commonly used to help control NO, emissions. It gives substantial reductions,
initially with only modest bsfc penalty. For the DI engine, at high load, specific
HC emissions are low and vary only modestly with injection timing. At lighter
loads, HC emissions are higher and increase as injection becomes significantly
retarded from optimum. This trend is especially pronounced at idle. For IDI
diesel engines HC emissions show the same trends but are much lower in magni-
tude than DI engine HC emissions.*! Figure 15-25 supports this discussion.*

 

+ This optimum injection timing gives maximum brake torque, though the designation MBTtiming
is less commonly used with diesels than with SI engines.
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Boschsmokenumber
FIGURE 15-30

Tradeoff between NO, and smoke emissions for
quiescient single-cylinder DI diesel engine with
bore = 140 mm,©stroke = 152 mm, _—r, = 14.3,
eight-hole injector nozzle. Various speeds, fueling

0 700 400 600 800 1000 [ati rates, injection timings, injection pressures, %
NO,, ppm EGR; constant A/F = 25.4%

  
with emission levels low enough to satisfy the constraints imposed by emission
standards. The variations of bsfc, NO,, and particulate emissions described
above involve tradeoffs that make achieving this goal especially difficult. One
well-established tradeoff is between bsfc and bsNO,. Injection retard from
optimum injection timing decreases bsNO, at the expense of an increase in bsfc.
A second important tradeoff is that between NO, and particulate emissions,illus-
trated for a DI diesel engine in Fig. 15-30. Smoke is plotted versus NO, for a
range of speeds, loads (fuel per cycle), injection timings, injection pressures, and
EGR rates. The air/fuel ratio was maintained constant at 25 (@ = 0.58). The
figure indicates that for a well-optimized DIdiesel engine, the smoke nitric oxide
tradeoff is relatively independent of engine speed, injection rate, injection liming,
and amount of EGR.A given reduction in oneof these pollutants through chang-
ing any one of these variables results in a given increase in the other pollutant.
This tradeoff exists for essentially all types of diesel engine, though the magnitude
depends on engine details.

15.5.3 Air Swirl and Bowl-in-Piston Design

Increasing amounts of air swirl within the cylinder (see Sec. 8.3) are used in
direct-injection diesel engines, as engine size decreases and maximum engine
speed increases, to achieve adequately fasi fuel-air mixing rates (sce Sec, 10.2.1),
In these medium-to-small size engines, use of a bowl-in-piston combustion
chamber(Fig. 10-1b and c) results in substantial swirl amplification at the end of
the compression process (Sec, 8.3.3), Here, the impacts of varying air swirl on the
performance and emissions characteristics of this type of DI engine are reviewed.

Since air swirl is used to increase the fuel-air mixing rate, one would expect
the overall duration of the combustion process to shorten as swirl increases and
emissions that depend on the local fuel/air equivalence ratio to be dependent on
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Swirl ratio measured’ in bowhin-pision at Libjees

. : }
ria.
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FIGURE15-32

Various bowl-in-piston chamberdesigns for DI diesel engines with swirl: (a) conventional straight-
sided bowl,37 (b) reentrant bowl,** (c) square reentrant bowl.*®

due to the geometric constraints imposed by the valves. An alternative design
with a reentrant bowl (Fig. 15-32b) is sometimes used to promote more rapid
fuel-air mixing within the bowl. The squish-swirl interaction with highly reen-
trant bowl designs differs markedly from the interaction in nonreentrant bowls.
Figure 15-33 shows the two different flow patterns set up in a diametral plane.
With a conventional bowl, the swirling air entcring the bowl flows down to the
base of the bowl, then inward and upward in a toroidal motion. In reentrant
bowls the swirling air entering the bowl spreads downward and outwardinto the
undercut region, and then divides into a stream rising up the bowl sides and a
stream flowing along the bowl base. Reentrant chambers generally produce .
higher swirl at the end of compression, and maintain a high swirl level further |
 

     
FIGURE15-33

Flow pattern set up in diametral plane
by squish-swirl interaction in (a) conventional
and (b) reentrant bowl-in-piston combus-
tion chambers. & cylinder axis.*”
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into the expansion stroke,47 Reentrant chambers usual
smoke emissions and ‘lightly lower bsfe, especially al ret

Squire cavity chambers (gee Fig. 15-32) are alsw used with swirl to achieve
low emissions in smaller-size MT diesel engines. The interaction between the swirl
and the chamber corners produces additional turbulence which, with fuel injected
into the corners as shown, achieves a more uniform Waxlure within the bowl.

The air flow field within bowl-in-piston combustion chambers when fuelinjection occurs is highly complex, Certain wonerial iesations hold: e.g., reducing thebowl dinmeter at a constant compression [aljo increases the swirl levels in thebowl ar TC [see Fg. (8.35) and the acc
Ompanying text) which decreases smoke

aod increases NO. and HCemissiong.27 However, the squish-swirl INTeraction Is
dificult to woravel, especially with the of-eenter bawls often required due to the
constraints on injector location caused by the valves, Figure 14-33 gives an
example of such a flow. It shows velocity vectors and turbulence intensilies in
two orthogonal bowl-diametral planes within an off-center reentrant bowl as TC
is approached in a small high-swirl DI engine. The off-center bowl location
coupled with the $wirl-squish interaction cuuise substantial asymimelcy mn the flowwithin the bow!

ly achieve lower HC and
irded injection timings.

15.6 SUPERCHARGED AND
TURBOCHARGED ENGINE
PERFORMANCE

Che equations for power, torque, und mMep Ww Sec. 2.14 show (hat these ChoirePerlOrnnce parameters
ite proportional to the mass of dir inducted per eyele.This depends primanty on inlet air density, Thus the performance of Hn Cnmoe of

given displacement can be increased by compressing the inlet air prior Co eniry to
the cylinder. Methoxds for achieving higher iolet air density in the pas exchange
processes—imechanical Superehareing,  turcbocha reing, and  pressure-wave
supercharging—are discussed in Sec. 6,X. The arrangements of the various Practi-
cal supereharging and turbocharging configuravons are shown in Fig. G-37
Figures 1-11, G40, 6-43, 6-49. 6-53, und 6-58 show examples of the different
devices used to achieve higher inlet air demsitices. In this section the effets ol
hoosiing air densily on engine performance ure examined, Spark-ignilion ind
SOmMpression-ienition engines are dealt with separitely. Power boostiag Via super
charging and/or turbocharging is common in dicsel enpines: few sparkagnition
fNgines are turbocharged, Knock Prevents [he full potential of boosting frambeing ccalived in the later Iype of eNgine. A more extensive discussion of turba-tharged engine operation is provided by Watson amd Junota*4

15.6.1 Four-Stroke Cycle SI Engines
The bmep of most Prodiichan spark-ignilion engines at wide-open throttle is
knock-limited over part of the enpine speed range (see Sec. (54.4). The conmpriss-
HOfutio ts usually set ata sulicien(ly high value se that some spiirk retard fro

_———

——

ee
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870 INTERNAL COMBUSTION ENGINF. FUNDAMENTALS

MBT timing is needed to avoid knock for the expected range of available fuel
octane rating and sensitivily (see Fig. |3-17), The propensity of the end-gas to
knock is increased by inercases 11 end-gas temperature and pressure (sce Sec.
9.6.2). ence attempts to bogst the oulput of a given size spark-ignilion engine
by an inlet air compression deviee that increases air pressure and temperature
will ugeravate the koock problem, since end-gas pressurc and temperature wiil
increase, However, the potential advanlages of power boosting are significant.
The higher output for a piven displaced volume will decrense engine specific
Weight and yolume (Sec. 2.11). Also, if the power requirements in @ specific apphi-
cation (auch us an automobile) can be met with either a naturally aspiruted SI
engine of a certain size or with a smaller size engine Whichis turbocharged to the
same maximum power, the smaller Lurbocharged engine should offer better fuel
economy at part load. At a given part-load torque requirement, the mechanical
efficiency of the smaller turbocharged engine Is higher, and. if the gross indicated
efficiencies of the engines are the same, the smaller engine will show a brake
efficiency benefit. In practice, it proves difficult tor realize much of this potential
efficiency gain for the reasons described below.

While a naturally aspirated spark-ignition engine may have sufficient
margin ofsafety relative to knock to allow modest inlet-air boost, any substantial
air compression prior lo cylinder entry will require changes in engine design
and/or operating variables to offset the negative impact on knock. The variables
which are adjusted to control knock in turbocharged SI enginesare: compression
ratio, spark retard from optimum, charge air temperature, and fuel/air equiva-
lence ratio.t Figure 15-34 shows how the knock limits depend on charge pres-
sure, temperature, fuel/air equivalence ratio and compression ratio for given
octane rating fuels. The difference in boost achievable with the premium and the
regular quulity gasoline 5 significant, as expected (Sec, 9.6.3). Charge-air tem-
perature has a airong influence on allowable boost levels: lowering the com-
pressed air lemperature prior to eatry to the cylinder with a charge-air cooler
allows a substantially higher gompression ratio to be used at a given boost level,
with a corresponding impact on engine efficiency.f The boost pressure benelits of
the richer mixtures in Fig. 15-34a (@ = 1.1 compared with 0.9) are largely due to
the cooling effect of the additional fuel on the air charge, For example, Fit.
15-34b shows that, with a rich mixture and charge cooling to 60°C, a charge
pressure of 1.5 atm can be utilized at optimum spark timing with a compression
ratio of 8. Without charge cooling, the same charge pressure can only be used
with a compressionratio of6.4°

In turbocharged SI engines, the knock limit is usually reached at spark
timings retarded from the MBT optimum. Figure {5-35 shows the brake mean

+ Valve timing changes are often made too. These are done primarily to improve low-speed torque
where turbocharging has a limited impact.
+ The turbocharged engine in Fig. 1-10 has an intercooler to reduce the inlet charge temperature.
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872 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

retarded timing at high boost pressures. Since compression ratio reductions and
retarded ignition timings result in losses in efficiency, and unintended knock with
high boost pressures would be especially damaging, precise control of ignition
timing is critical. Most turbocharged SI engines now use a knock sensor and
ignition-timing control system so that timing can be adjusted continuously to
avoid knock without unnecessary retard. The sensor is usually an accelerometer
which senses above-normalvibration levels on the cylinder head at the character-
istic knock frequency. With a knock sensor, ignition timing can be automatically
adjusted in response to changesin fuel octane rating and sensitivity, and ambient
conditions.

Turbocharged SI engines where fuel is mixed with the air upstream or
downstream of the compressor, using carburetors or fuel-injection systems, have
been developed and used. Most modern turbocharged engines use port fuel injec-
tion. This provides easier electronic control of fuel flow, avoidsfilling most of the
pressurized manifold volume with fuel-air mixture, and improves the dynamic
response of the system by reducing fuel transport delays.

We now consider the performance of actual turbocharged spark-ignition
engines. Examples of compressor outlet or boost pressure schedules as a function
of speed at wide-open throttle for three turbocharged engines are shown in
Fig. 15-36. The essential features of the curves are the same. Below about 1000
engine rev/min the turbocharger achieves negligible boost. Boost pressure then
rises with increasing speed to 1.4 to 1.8 atm (absolute pressure) at about 2000
rev/min. Boost pressure then remainsessentially constant with increasing engine
speed. The rising portion of the curve is largely governed by the relative size of
the turbine selected for a given engine. This is usually expressed in terms of the
A/R ratio of the turbine—the ratio of the turbine’s inlet casing or volute area A
to the radius of the centroid of that area. Lower A/R values (smaller-capacity
turbines) give a more rapid boost pressure rise with increasing speed; however,
they give higher boost pressures at high engine speed, which is undesirable.**°°

Avoidance of knock is the reason why boost must be limited at medium to

FIGURE 15-36

Boost pressure schedules for three turbocharged
spark-ignition engines: (a) 3.8-dm? V-6 engine,
86.4 mmstroke, r, = 8;°° (b) 2.2-dm? four-cylinder

0 engine, 92 mmstroke, r, = 8.1;5 (c) 2.32-dm? four-
0 1000 2000 3000 4000 5000 6000 cylinder engine, 80 mm stroke, r, = 8.7.5? All sched-

ules are wastegate controlled.

Boostpressureaboveatm,kPa    
Engine speed, rev/min
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TABLE 15.3

Turbocharged spark-ignition engine performance?
T

2 'Ype 2.1-dm? TC 2.3-dm? NA 2.3-dm? TC/AC
edules for three turbocharged Displacement, dm? 2.127 2.316 2,3
nes: (a) 3.8m? V-6 engine, Bore x stroke, mm 92 x 80 96 x 80 96 .
= 8;°° (b) 2.2-dm? four-cylinder Comprtessiori ratio 75 9.5 8.7a
xe, 7, = 8.1554 (c) 2.32-dm? four- Miximum power. kWut rev/min 98 at 5400 83 t 1
iim stroke, r, = 8.7.2 All sched- Stveltum torque, M1 at pey/min 210 at 3800 184af2800 250 3! 2900
vtrolled | Mo invom boiep, k Po 1241 998 ce
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—-— Turbocharged --—— Naturally aspirated

3 80oo

é
E 60 |
5

| | 8 40 -
| = FIGURE 15-38

8 Comparison of bsfe contours (in grams per5 20+) ‘
a kilowatt-hour) on performance maps of turbo-
 

bsfc, g/kWeh . .
charged and naturally aspirated versions of the0 - ee .

HY 300640 «50 660 6) 80) (90100 same spark-ignition engine, scaled to the same
Percent maximum mean piston speed maximum torque and meanpiston speed.*?

three engines. The 2.1-dm* turbocharged but not intercooled engine (which also
does not have a knock sensor to control spark advance) requires a lower com-
pression ratio and achieves less of a bmep gain than the 2.3-dm? turbocharged
intercooled engine with its knock-sensor spark-advance control, which together
permit use of a higher compression ratio, Turbocharging the naturally aspirated
2,3-dm? engine, with the modifications indicated, results in a 36 percent increase
in maximum engine torque andaflatter torque-versus-speed profile.

! The brake specific fucl consumption contours of an engine produced in both
naturally aspirated and turbocharged versions are shown in Fig. 15-38. The data
have been scaled to represent engines ofdifferent displaced volume but the same
maximum engine torque. The smaller-displacement low-compression-ratio turbo-

| charged engine (r, = 6.9) shows a reduction in bsfc at low speed and part load
due to improved mechanical efficiency. At high speed and load the larger-
displacement naturally aspirated engine has an advantage in bsfc due to its

MH higher compressionratio (8.2), less enrichment, and more optimum timing.°* Ina
vehicle context, the low-speed part-load advantage of the smaller size but equal

| power turbocharged engine should result in an average fuel economy benefit rela-

| | {ive to the larger naturally aspirated engine. This benefit has been estimated as a|

 
function of load. At full load the average efficiencies should be comparable; at
half load, the turbocharged engine should show a benefit of about 10 percent, the
benefit increasing as load is decreased.*°

15.6.2. Four-Stroke Cycle CI Engines

} The factors that limit turbocharged diesel engine performance are completely
| different to those that limit turbocharged spark-ignition engines. The output ofnaturally aspirated dicsel engines is limited by the maximum jolerable smoke

emission levels, which occur at averall equivalence ratio values of about 0.7 ta
| 0.8, Turbocharged diesel engine output is usually constrained by stress levels in

| critical mechanical components, These maximum stress levels limit the maximumcylinder pressure which can be tolerated under continuous operation, though the
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thermal loading of critical components can becomelimiting too. As boost pres-
sure is raised, unless engine design and operating conditions are changed,
maximum pressures and thermal loadings will increase almost in proportion. In
practice, the compression ratio is often reduced and the maximum fuel/air equiv-
alence ratio must be reduced in turbocharged engines(relative to naturally aspi-
rated engines) to maintain peak pressures and thermal loadings at acceptable
levels. The fuel flow rate increases at a much lower rate than theair flow rate as
boost pressure is increased. Limitations on turbocharged engine performance are
discussed morefully by Watson and Janota.*8

Small automotive indirect-injection (IDI) turbocharged engines are limited
by structural and thermal considerations to about 130 atm maximum swirl- or
pre-chamber pressure, 14m/s maximum mean piston speed, and 860°C
maximum exhaust temperature.** Smoke and NO, emission standards are addi-
tional constraints. Figure 15-39 shows the full-load engine and turbocharger per-
formance characteristics of a six-cylinder 2.38-dm? displacement Comet V
swirl-chamber automobile diesel engine. The maximum boost pressure is con-
trolled by a poppet-valve-type wastegate to 0.75 bar above atmospheric. The fuel
consumption map for this engine is shown in Fig. 15-40. Superimposed on the
turbocharged engine map is the map for the base naturally aspirated swirl-
chamber IDI engine of the same geometry and compression ratio (r, = 23). The
turbocharged engine has a maximum torque 46 percent higher and a maximum
power 33 percent higher than the naturally aspirated engine. The best bsfc values
are closely comparable.

The different methods of supercharging internal combustion engines were
reviewed in Sec. 6.8. Turbocharging, mechanical supercharging with a Roots
blower, and pressure wave supercharging with the Comprex are alternative
methods of boosting the performance of a small automotive swirl-chamber IDI
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FIGURE 15-39

Engine and turbocharger characteristics ofsix-cylinder 2.38-dm? swirl-chamber IDI automotivediesel
engineatfull load.*¢
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Meanpiston speed, m/s  
bmep,MPa 

bsfc contours in g/kW -h
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Engine speed, rev/s

FIGURE 15-40

Fuel consumption map(bsfe in grams per kilowatt-hour) for turbocharged (
rated (---) versions of 2.38-dm? six-cylinder swirl-chamber IDIdiesel engine.5*

 
) and naturally aspi-

—~—1.2-dm3 Baseline (1) ---- 1.2-dm3 Turbo (4)
| ——1.2-dm? Roots (2) — 1.6-dm3 NA engine (5)
! 1.2-dm3 Comprex,(3)

—-— with intercooler —-— without intercooler
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| g
| | 7 80| s

| ge 60 FIGURE 15-41
| B -=SLL Torque and brake specific fuel consump-

40 tion of naturally aspirated and super- |charged 1.2-dm> swirl-chamber IDIdiesel
engine. Baseline (1): naturally aspirated.
Supercharged with (2) Roots blower; (3)
Comprex (with and without intercooler);
(4) turbocharger. Larger displacement
1.6-dm? naturally aspirated engine(5).°*
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diesel engine. Figure 15-41 compares the torque and bsfc values obtained with
ts each of these supercharging methods on a performance mapfor a 1.2-dm° engine.

 
 

 

Values for a |.6-clm* naturally aspirated IDI diesel engine are also shown. All
three approaches actieve close io the desired maximum power of the 1.6-din’ NA |
engine (40 kW af 4800 rev/mint & &, 1.2m" turbo, 412 kW ar 4500 rey/oin:
L.2-dm* Comprex with intercooler. 423 kW ar 3500 rev/min: L2edm" Roots,

s 47.6 kW at 4000 rev/inin, The Compres sysiem produces the highest torque at
i low engine speeds, even under unsieady engine operating conditions. The densily

af (he charge air deqermines (he amountof charge, and hence the torque. Churee-
air pressure and temperature for the three superchurping systems are shown an
Mig. 15-42. The Comprex (here without wn intercooler) must lave the highest
charge pressure because i) hay the highest charge temperatare Intereooling

4 would be particulurly elective in (his case.** |

Small high-speed high-swirl turbocharged direet-injection diesel engines j
(eg. Suitable for automobile or lighttruek applications) have smilas per
formance maps fe those of equivalent IDI engines (Figs. 15-39 gud 15-30),
Miapartun bmep vilues are closcly camparible: usually slightly higher booxt i

—_ required lo offset the lower volumetne elficiency of ihe high-swirl-eenerating port
e und valve of te D1 eajine. Best bsfe values for the DI ensine are usually about

15 percent lower than of comparable IDI engines(see Ref. 56).
The opertiing churacteristics of larger medium-swirl jurhoohared DI

arged (——) and naturally aspi- diese! eupiies are illustrated by the data shown in Fig, 15-93. The engine is a
engine,>+ 12-dm? displacement six-cylinder heavy-duly truck eagine. The combustion

chamber ts similar to that shown in Fig. 15-32e, with a square combustion cavity
and relatively low levels of swirl. The swirl is generated by a helical part in one of
the two intake ports and a tangential port in the other in the four-valve cylinder
head. Both the engine’s operating map and the turbocharger compressor map
with the boost pressure curve superposed are shown for two different compressor
impellors. The adoption of the backward-vaned rake-type impellor compared to
a more conventional design significantly increases low- and medium-speed per-

n30
“
e

3 400 &
15-41 gf :

od brake specific fuel consump- 8 wy
laturally aspirated and super- a as) 2,
.2-dm?3swirl-chamber IDI diesel | me Turbo 5
aseline (1): naturally aspirated. ‘ —'= Comprex 5
:ged with (2) Roots blower; (3) ‘ 7 —— Roots 300 FIGURE 15-42
(with and without intercooler); Charge pressure and temperature with the IDI
charger. Larger displacement 9 0.01 0.02 0.03 0.04 0.05 diesel engine and different supercharging methods
aturally aspirated engine(5).°* Airflow rate, m3/s of Fig. 15-41.55
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———— With backward-vaned impellor
— -—— — With conventional impellor

 
Conventional Backward vaned

    | \ }H|| » |
g HN

& Eg Kh
oe g
S Ba

£ & ot
gh |nm .|

300 a0 =
—ae At 20°C200 aEs ir

40 60 80 100 25

Al Percent maximum engine speed Air flow rate, m3/min
| (a) ()|
! FIGURE 15-43

Performance characteristics of turbocharged 12-dm? six-cylinder medium-swirl heavy-duty truck DI
diese! engine, with two different compressor impellors: (a) fucl consumption maps; (b) compressor
maps with full-load boost operating line for engine with backward-vaned impellor superposed.
Bore = 135 mm,stroke = 140 mm, r, = 16.57

I formance by improving the compressorefficiency over the engine’s boost pressure
| curve (Fig, 15-43b). A wastegate is then used to control the boost level at high

engine speeds. The improvement in low-speed engine torque is apparent in
Fig. 15-43a. The dependence of the maximum torque curve on both engine and

| turbocharger design details is clear. With boost pressure ratios limited to below
2, in the absence of air-charge cooling, maximum bmep values of 1.1 MPa are }
typical of this size and type ofdiesel engine.

With structurally more rugged component designs, aftercooled turbo- |
charged medium-speed diesel engines with swirl in this cylinder size range can

  
utilize higher boost and generate much higher bmep. Wastegate control of boost
is no longer required. Figure 15-44 shows the performance characteristics of a

| V-8 cylinder engine with its compressor map and full-load boost characteristic.
This turbocharged intercooled engine achieves a maximum bmep of about
1.5 MPa and bsfe below 200 g/kW-h between the maximum torque speed and
rated power. Boost pressure at full load increases continuously over the engine
speed range.>®
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FIGURE 15-44

Performancecharacteristics of medium-speed turbocharged aftercooled DI diesel engine. (a) Torque,
power, smoke number, and bsfc for V twelve-cylinder version. (b) Compressor characteristics and
enginefull-load line for V-8 cylinder version. Bore = 128 mm, stroke = 140 mm, r, = 15,58

Examples of valbes of conbustton-rekiuled parameters for Uhrs type of engine
over the load range a iis maximum rated speed are shown in Fig. 15-45 for a
14.6-dmi" six-cylinder turbocharged allereooled DI) diesel engine with a boost
ptessure ratio of 2 at rated power. The ignition delay decreases to about 10°
(0.9 ms at 1800 rev/min) as loadis increased. The bmepat 100 percent rated load
at (his speed is 1.2 MPa. Exhaust temperature increases substantially with
increasing load: maximum cylinder pressure increases to about 10 MPa at the
rated load. In this particular study it was found that these Operating parameters
were relatively insensitive to fuel variations. The cross-hatched bands show data
for an additional nine fuels of varying sulfur content, aromatic content, 10 and 90
percentdistillation temperatures.*?

Higher outputs can be obtained with two-stage turbocharged aftercooled
diese] engines, the arrangement shownin Fig. 6-37d. The performance character-
istics of such a high bmep (1.74 MPa)six-cylinder engine of 14-dm3 displacement
are shown in Fig. 15-46. The high air flow requires an overall pressureratio of 3
at sea level ambient conditions(rising to 4 at 3658 m altitude). This was obtained
at lower cost with twe turbochargers in series than with a multistage single tur-
bocharger. Ai rated conditions, the maximum cylinder pressure is 12.7 MPa and
Hie Maximum moan piston speed is 10.6 ni/s

Additional gains m efficiency wilh these heavy-duty automotive diesel
engines.can be actueved with (urbocompounding: someof the available energy i
the exhaust gases is captured in a turbine which ts geared direcily tu the engine
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FIGURE 15-45

Operating parameters of 14.6-dm?six-cylinder turbocharged aftercooled DI diesel engine as a func-
tion of load at maximum rated speed of 1800 rev/min. Maximum rated power = 261 kW at
bmep = 1192 kPa. Points: standard diesel fuel. Shaded band: nine fuels of varying sulfur content,
aromatic content, 10 and 90 per centdistillation temperatures.*?
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2 240 9 Operating characteristics of 14-dm? six-
ft 220 bsfe cylinder two-stage turbocharged after-
e cooled quiescent-chamber DI diesel
~ 200 hy engine. Maximum  bmep = 1.74 MPa.

800 1000 1200 1400 1600 1800 2000 2200 Boost pressure ratio at rated power = 3.
Engine speed, rev/min Bore = 140 mm, stroke = 152 mm.°° 
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drive shall, The above discussion indicates thor typical turbocharced DY diesel |
engines achieve bsft levels of 210 ta 220 p/kW-h (brake fuel conversion e-
cleneies Of O4 to 038). With Lhe increased cylinder pressure capability, higher
fuclinjecation pressures, and Jowel4emperniure allercodling of the ahave higher
bmep engines, bs: values of 200 a/k Woh (0.42 brake elficieney) or lower can be
achieved. With turbogompounding. bite galues can be reduced another 4% lo 6
percent fo about L180 g/kW bh, or a brake eMcgeney of 047, at rated power=!

he lirpest four-stroke cycle DI diesel engines are used for marine preypuil
st0n. An ckumple ts the Sulzer 400 mm bore 480 mum siroke engine which pro-
dices 640 kW pet cylinder at SRO rev/min (3, =2 m/s) Very high binep levels
(2.19 MPa) are achieved at masimum continuaus raved power (broil progress
iW Wrbecharger design aad cogine improvements which allow higher maaamemn

' eylinder pressures, These, combined with optimization of gas exehdinge und com-
bustion processes. uehieve sfc yalues of 185 10 190 e/EWoR (45 to 46 percent
brake clficiency) °*

Many diescl sysicin concepts are being examined which PrOMbe even
Higher output and/or elicieney. Variable-geometry Wrbechargec-turbine nowles
improve ulilizavon of exhaust gas available cneTgy at [ow engine 4peeds. The
liyperbar lurboclwteming system—esstalially a combination of a diesel engine
with a free-running gas trhine (4 combustion ehumber is placed between (he
cngine and the Wirbocharger Lurbine)- bas the poteatial of mech hi
Diese) systems with Gheemally insulated combustion chambers whieh

 

 r bmep.
reduce hewt

losses aod iperesase (he wvuilable exhaust enerey have (he potential for impruving
led DI diesel engine as a func- vihereney and for increasing power through additional exhaust energy recovery Joim rated power = 261 kW at

if tent devices such as compolunded turbines and exhaust-heuled Rankine evelefuels of varying sulfur content, ’ \
systems.”

15.6.3 Two-Stroke Cycle SI Engines

The Weestroke o¥cle sparkigoition enpone in its standacd form employs sealed
crankcase induction and COMPPFESSIOnN of the fresh charge prior io charge transfer,
With compression aud 4pack jenition in Lhe engine cylinder ultey charge transler.
The fresh ynixture must be compressed Lo above exhuust SyS(eNl Pressures, prior
to entry to the cylinder, ta achieve effective seayveneme of the burned gases, Twa-
stroke cycle scivenwng processes were discussed in Sec 6.4 The (wo-stroke
spark-ijmition copine is an especially simple and light engine concept and finds
its greulest use as 4 portable power sotirce or on mntorcycles where these advan-
tages are important. Its inherent weaknessis that the fresh fuel-air mixture which
Shuri-cireuits the cylinder cireetly to the exhaust system during the scavenging

 

15-46 process constiluics a significant fuel consumption penalty, and results in excessive |
characteristics of 14-dm? six- linburned hydrocarbon emissions.

wo-stage turbocharged after- This section briefly discusses the performance characteristics of small crank-Pp

uiescent-chamber Pe vet cast Compression two-sisoke cycle 81 engines, The performance characteristicsMaximum bmep = 1. a.
tio at rated power = 3 (power and Torque) of these engines depend on the extent to which the displacedssure ratio ~~ : * ‘ = =a “ 7)0 mm, stroke = 152 mm. volime is filled with fresh mixture, ie. the chureing efieienvy [Eq. 16.24)],. The
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882 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

fuel consumption will depend on both the trapping efficiency [Eq, (6.21)] and the
charging efficiency. Figure 15-47a shows how the trapping efficiency 7, varies
with increasing delivery ratio A at several engine speeds for a two-cylinder
347-cm® displacement motorcycle crankcase compression engine. The delivery
ralio increases from about 0.1 at idle conditions to 0.7 to 0.8 at wide-open throt-
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FIGURE 15-47

(a) Trapping and charging efficiencies as a function of the delivery ratio. (b)
mean effective pressure on fresh-charge mass defined by charging efficiency.
displacement two-stroke cycle spark-ignition engine.°*

Dependence of brake
Twowylinder 347-cm?
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cy [Eq.(6.21)] and the 20r Power
ig efficiency 7,, varies z =
ds for a two-cylinder 16+ ,

1 engine. The delivery f |
).8 at wide-open throt- /-—~__ Torque ao |12}- ig 40ey, a B

° 30s
- Zz

= 20

8 J 10/

Ww 700
arf 600 +

bsfc_4500 & FIGURE 15-48ee aoa toe
400 3, Performance characteristics of a

oe 300 three-cylinder 450-cm?—_—two-stroke
hr cycle spark-ignition engine. Maxi- !(OE

| ‘ 3000 5000 100) mum bmep = 640 kPa. Bore = 58 mm, |
Engine speed, rev/min stroke = 56 mm.®*

Lk. Lines oF constant charging effeieney yy, [which equals Am; sce Eq (6.25)]
are shown. Figure 15-47" shows bmep plotted against these charging eMfuiency
viliies and the linear dependence on fresh charge muss retaiged is clear,

Performance curves for a three-cylinder 450-cm* two-stroke cycle minicar
—a engine ure shown i Fig. 15-48, Maximum bmep is 640 kPa at about 4000 rev/

‘ min, Smaller moloreyele eggines can achieve slightly higher maximam brep at
higher speeds (7000 rev/min), Fuel consumption alt (he maximun binep point is
about0 j/k W-h. Average [uel consumption ts usually one-and-a-half to two
times that of an equivalent four-stroke cycle engine.

CO emissions from two-stroke eyele engines vary primarily with the fuel/air
equivalence mba in a maaner similar to that of four-stroke evele enpines (see
Fig. 1-20). NO, emissions are sipnificantly lower than from four-stroke engines
due to the high residual pas fraction resultiog fram the lew charging efficrency
Unburned hydrocirbon emissions from carhureted two-siroke engines are about
five times as biph as thase ol equivalent four-stroke engines due to fresh mixture
short-circuiting the cylinder during scavenging. Exhaust mass hydrocarbon emis-
sions vary approximately as A(1 —1,,)¢, where @ is the fuel/air equivalence
ratio.

15.6.4 Two-Stroke Cycle CI Engines

Larre murine diesel engines (0.4 tol m bore) uljlize the ewo-siroke eycle. These
low-speed erigines with relatively lew cylinders ure well suited to marine propal-
Son sues Licey are able ta mateh ihe power/speed requirements of ships wilh
supple direct-drive arringements. These engines ure tarhoetiarged to achieve high

attuy (6) Repeulence of rake brake mean effevtive pressiires and specie Output The larges! of these engines
ciency. Tworcylinder 347-2" ean achieve brake fuel conversion efficiencies of up to 54 peroent, An example of

® large marme two-stroke engine ig shown in Fig. |-24, Over the past 25 yeors
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884 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

the output per cylinder of such engines has inercased by a Tactor af more than
two, arid fuel consumption has decreased hy 25 percent, These changes have been
achieved by increasing the muximum finog pressure to 13 MPa, and by refining
crilical engine processes such as {uel injeclion, combustion, supercharging, and
scavenging, The aniflow-scavenging process 1s ow prelecred to loop seavengnip
since it achieves higher acavenping efficiency ut high stroke/bore ratios and
allows increases in the expansionstroke.®?

The performance characteristics of a S80 mm bore Sulzer two-stroke
marine diesel engine with a stroke/bore ratio of 2.9 are shown in Fig. 15-49, The
solid lines show (he standard Wirbocharecd engine cluracteristics. The rated
speed for the engine 1s 125 vev/min, corresponding te K mMaximum mean piston
speed of 7.2m/s. The rated bmep is 1.66 MPa, The minimum bsfe is 175
g/kW hb whieh equals a brake fuel conversion efficiency of 48 percent. For larger
lower-speed cnpines, the efficiency is higher. Tho dashed lines show how the per-
formance ofthis engine can be onproved by turbocompounding. A proportion of
ihe engine's exhaust flow, at loads higher than 50 percent, 1 diverted from the
turbocharger inlet to a separate turbine coupled to the engine power tukeol] geal
via an epicyelic speed-reduction gear and hydraulic coupling, The additional
aower recovered in this manver from the engine exhaust flow improves bsfe hy
5 g/kW-h, At part load, when the full exhaust flow passes through(be turbo-
charger, an efficiency gain is also obtained, due to the higher scavenging pressure
(and therefore inereased cylinder pressure) obtained with the full exhaust Mow,

  
 
 
  

=S
1)

 Maximumcylinderpressure,atm =

Airpressure,atm
 

 

  
    

FIGURE 15-49
Performance characteristics of large
marine two-stroke cycle —_uniflow-
scavenged DI diesel engine. Bore =
580 mm, stroke/bore = 2.9, maximum
rated speed = 125 rev/min (mean piston
speed = 7.2 m/s), bmep (at rated power}
= 1.66 MPa. Solid line: standard turbo~

charged configuration. Dashed lines:
| parallel turbocompounded configuration

30 «40 «50 «60 «67H 6080-90 100 at greater than 50 percent load. bsac’
brake specific air consumption.°?

bsac,kg/kW+h
  bsfe,g/kWh
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1 i M yi L 1 ale)
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Engine speed, rev/min

rated power at 900 rev/min,
bmep = 0.92-1.12 MPa depending
on application.®*

Both two-stroke and four-stroke cycle diesel engines of intermediate size
(200 to 400 mm bore) are used in rail, industrial, marine, andoil drilling applica-
tions. The performance characteristics of a turbocharged two-stroke cycle
uniflow-scavenged DI diesel engine (similar to the engine in Fig. 1-5), with
230.2 mm bore, 279.4 mm stroke, and a compression ratio of 16, are shown in
Fig. 15-50. Combustion in the shallow dish-in-piston chamber with swirl occurs
smoothly yielding a relatively low rate of pressure rise. The pressure curve shown
with peak pressure of 13.3 MPais for full-load operation. The bmepat rated
power at 900 rev/min is 0.92 to 1.12 MPa depending on application. The
maximum mean piston speed is 8.4 m/s. The bsfe of 200 g/kW -h corresponds to
fr,» = 0.42,
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FIGURE 15-51

Brake power andspecific fue! consumption (gramsper kilowatt-hour) map of four-cylinder 3.48-dm?
| uniflow-scavenged two-stroke cycle DI diesel engine. Engine turbocharged at mid and high

loads; Roots blown at low loads. Maximum boost pressure ratio = 2.6. Bore = 98.4 mm,
stroke = 114.3 mm, r, = 18.°°

 
 Smaller turbocharged two-stroke cycle DI diesel engines also compete with

four-stroke cycle engines in the marine, industrial, and construction markets. The
fuel consumption map of such a four-cylinder 3.48-dm? displacement uniflow-
scavenged two-stroke cycle diesel engine is shown in Fig. 15-51. The engine uses
a Roots blower to provide the required scavenging air pressure for starting and

| light-load operation. At moderate and high loads the turbocharger supplies suffi-cient boost and the blower is not needed; the blower is unloaded (air flow is

| bypassed around the blower) under these conditions. The engine generates
138 kW atits rated speed of 2500 rev/min (mean piston speed of 9.5 m/s) and a
maximum bmep of 951 kPa at 1500 rev/min. The best bsfc is 225 g/kWh and
the maximum boostpressureratiois 2.6.

 15.7. ENGINE PERFORMANCE SUMMARY

The major performance characteristics of the spark-ignition and compression-
ignition engines. described in previous sections of this chapter are summarized
here to highlight the overall (rends. Table 15.4 lists the major design features ol
these engines, the bmep at maximum engine torque, bmep and the value of the

| mean piston speed 5, al maximum rated power, and the minimum value of bsfc 
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888 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

and the corresponding brakefuel conversion efficiency. It should be stressed that
there are many different engine configurations and uses, and that for each of
these there are variations in design and operating characteristics. However, these
representative values of performance parameters illustrate the following trends:

1. Within a given category of engines (¢.g., naturally aspirated four-stroke Sf
engines) the values of maximum bmep, and bmep and S, at maximum rated
power, are closely comparable. Within an engine category where the range in
size is substantial, there is an increase in maximum bmep and a decrease in
minimum bsfe as size increases due to the decreasing relative importance of
friction and heat loss per cycle. There is also a decrease in 5, at maximum
power asenginesize increases. Note the higher bmep ofnaturally aspirated SI
engines compared to equivalent NA diesels due to the fuel-rich operation of
the former at wide-openthrottle.

2. Two-stroke cycle spark-ignition engines have significantly lower bmep and
higher bsfc than four-stroke cycle SI engines. ‘

3. The effect of increasing inlet air density by increasing inlet ait pressure
increases maximum bmep values substantially. Turbocharging with after-
cooling gives increased bmep gains relative to turbocharging without after-
cooling at the same pressure level. The maximum bmep of turbocharged SI
engines is knock-limited. The maximum bmep of turbocharged compression-
ignition enginesis stress-limited. The larger CI engines are designed to accept

| higher maximum cylinder pressures, and hence higher boost.| 4. The best efficiency values of modern automobile SI engines and IDI diesel
engines are comparable. However, the dicsel has a significant advantage at
lower loads due to its low pumping work and leanerair/fuel ratio. Small DI
diesels have comparable (or slightly lower) maximum bmep to equivalent IDI
dicsels. The best bsfe values for DI dicsels are 10 to 15 percent better, however.

5, In the DI diesel category (which is used over the largest size range- -less than
{00 mm bore to almost 1 m), maximum bmep and best brake fuel conversion
efficiency steadily improve with increasing engine size due to reduced impact

   
 

of friction and heat Joss per cycle, higher allowable maximum cylinder pres-
sure so higher boost can be used, and (additionally in the larger engines)through turbocompounding. |

| PROBLEMS
iI|| 15.1. The schematics show three different four-stroke cycle spark-ignition engine com-

bustion chambers. A and B are two-valve engines, C is a four-valve engine (two
inlet valves which open simultaneously, two exhaust valves). Dimensions in milli- '
meters are indicated. A and C have normal inlet ports and do not generate any

(| swirl, B has a helical inlet port and generates substantial swirl, Spark plug locations
are indicated, All three cngines operate at the same speed (4000 rev/min), with the

| same inlet mixture composition, temperature, and pressure, and have the same dis-
placed volume.
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(a) Rank the chambers1, 2, 3 in the order oftheir volumetric efficiency (1 = highest
My):

(b) Rank the chambers in order (1, 2, 3) of their flame frontal area (1 = highest)
when the massfraction burnedis about 0.2 and the piston is at TC.

(c) Given this relative flame front area ranking, discuss whether the ranking by
mass burning rate dm,/dt will be different from the flame area ranking.

(d) Briefly discuss the knock implications of these three chamber designs. Which is
likely to have the worst knock problem?

 

 
   

® Spark plug

—— Ny ee = orpeE
yf Me 0) (22“TN EN /(i' aDyf &‘% mune SA&Cis) CE.so) airy 6 +) Temm sim) PIM, mn, 1+)\ 16mm 4 \&Se,As oe Ne 7~~ 13mm

FE 100 inm | y |= 100 mm ——| |+ —100 mm— |
A. 2-valve B. 2-valve C. 4-valve

Side plug Plug 16 mm from axis Center plug
Normal port Helical port Normalports FIGUREP15-1

Figures 15-23 and 15-10 show the variation in brake specific fuel consumption
(bsfc) for a swirl-chamber IDI automobile diesel (D) and a conventional automobile
spark-ignition (SI) engine as a function of load and speed, respectively. From these
graphs determine, and then plot, brake fuel conversionefficiency: (1) as a function
of speed at full load and(2) as a function of load at a mid-speed of 2500 rev/min.
Both engines are naturally aspirated. Assumethe engine details are:
 

 
Compression Equivalence Displacement,
ratio ratio range dm?

Diesel 22 0,3-0.8 2.3
SI engine 9 1,0-1.2 1.6 

(a) List the major engine design and operating variables that determine brake fuel
conversionefficiency.

(b) Explain briefly the reasons for the shapes of the curves you have plotted and the
relative relationship of the D and SI curves.

(c) At 2500 rev/min, estimate which engine will give the higher maximum brake
power.

The diesel system shown in the figure consists of a multicylinder reciprocating
diesel engine, a turbocharger (with a compressor C and turbine T; mechanically
connected to each other), an intercooler (I), and a power turbine (T,) which is
geared to the engine drive shaft. The gas and fuel flow paths and the gasstates at
the numbered points are shown. You can assumethatthe specific heat at constant
pressure c, of the gas throughout the enlire system is 1.2 kJ/kg-K and y =c¢Cy =
1.333. The engine operates at 1900 rev/min. The fuel has a lower heating maine of
42 MJ/kgoffuel.
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890 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

(a) What is the power (in kilowatts) which the turbocharger turbine (T;) must
produce? Whatis the gas temperatureatexit to the turbocharger turbine?

(b) Whatis the power turbine power output?
(c) The heat losses in the engine are 15 percent of the fuel’s chemical energy

(th, Quuy). Find the engine power output, the total system power output, and
the total system brake fuel conversion efficiency (friction effects in the engine
and power turbine are internal to these devices and do not need to be explicitly
evaluated).

 
 

Turbocharger

Power
turbine

0.018 kg/s

Geared to drive shaft : FIGURE P15-3

15.4. The attached graph shows how the brake powerand specific fuel consumption of a
i\| four-stroke cycle single-cylinder spark-ignition engine vary with the fuel/air equiva-

lence ratio at wide-open throttle. It also shows how the following efficiencies vary
| with equivalenceratio:

The volumetricefficiency: 7,
The mechanicalefficiency: 7,, [Eq. (2.17)]

    
P,,kW bsfc,g/kWeh

 
 

 
 

 
Efficiency,%    
 

       
0.8 1.0 1.2 1.4 1.6

| Equivalence ratio FIGURE P15-4
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1arger turbine (T;) must
-bocharger turbine? The combustionefficiency: 7, [Eq. (3.27)]

The indicated fuel conversion efficiency: 9, ; [Eq. (2.23)]
¢ fuel’s chemical energy The indicated thermal conversionefficiency: y,; [Eq. (3.31)]
ystem power output, and (a) Derive a relation between the variables 4,;,4,,and 7,;.
tion effects in the engine (b) Derive an equation whichrelates the brake power P, to 4,. %m» Mos M, i, and any
) not need to be explicitly other engine and fuel parameters required.

(c) Explain briefly why the variations of 1,, fms e+ 5, i+ %,; With equivalence ratio
in the figure have the form shown (e.g., why the parameter is approximately
constant, or has a maximum/minimum,or decreases/increases with increasing
richness or leanness, etc.).

15.5. The diagram showsthe layout of a low heat loss turbocharged turbocompounded :
diesel engine. The engine and exhaust system is insulated with ceramics to reduce |
heat losses to a minimum.Air flows steadily at 0.4 kg/s and atmospheric conditions |
into the compressor C, and exits at 445 K and 3 atm. The air is cooled to 350 K in

the intercooler I. The specific heat of air, c,, is 1 kJ/kg: K. In the reciprocating
diesel engine, the fuel flow rate is 0.016 kg/s, the fuel heating value is 42.5 MJ/kg,
and the heat lost through the ceramic walls is 60 kW.

The exhaust gases leave the reciprocating engine at 1000 K and 3 atm, and
enter the first turbine T,, which is mechanically linked to the compressor. The
pressure between the two turbines is 1.5 atm. The second turbine T, is mechani-
cally coupled to the engine drive shaft and exhausts to the atmosphere at 800 K.
Thespecific heat of exhaust gases, c,, is 1.1 kI/kg-K.
(a) Analyze the reciprocating diesel engine E and determine the indicated power

obtained from this component of the total system. If the engine mechanical
efficiency is 0.9 whatis the brake power obtained from component E?

(b) Determine the power obtained from the powerturbine T,.
(c) Determine the total brake power obtained from the complete engine system

and the fuel conversion efficiency of the system. You can neglect mechanical
losses in the coupling between the power turbine and the engine drive shaft.

3

‘ific fuel consumption of a
y with the fuel/air equiva-
following efficiencies vary  

  
Reciprocating

engine
EB

 
Fuel, 0.016 kg/s FIGURE P15-5
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INTERNAL COMBUSTION ENGINE FUNDAMENTALS

New automobile spark-ignition engines employ “fast-burn technology” to achieve
an improvement in fuel consumption and reductions in hydrocarbon (HC) and
oxides of nitrogen (NO,) emissions. This question asks you to explain the experi-
mental data which shows that faster-burning combustion chambers do provide
these benefits relative to more moderate burn-rate chambers.

(a) Figure 9-36b shows the effect of increasing the percent of the exhaust gas recy- |
cled to the intake (for NO, control) in a moderate burn-rate engine at constant
speed and load,stoichiometric air/fuel ratio, with timing adjusted for maximum
brake torque at each condition. COV,,,., is the standard deviation in imep
divided by the average imep, in percent. The different types of combustion are:
misfire, partial burn, slow burn, normal burn, defined in Sec. 9.4.3. Frequency is
percent of cycles in each of these categories. Use your knowledge of the spark-
ignition engine flame-propagation process and HC emission mechanism to

explain these trends in COV,,,.,, HC, and frequency as EGRis increased.
(b) The fast-burn combustion chamber uses two spark plugs and generates swirl

inside the chamber by placing a vane in the inlet port to direct the air to enter
the chamber tangentially. The swirl angular velocity in the cylinder at the end
of intake is six times the crankshaft angular velocity. There is no swirl in the
moderate burn-rate chamber which has a single spark plug andarelatively
quiescent in-cylinder flow. The table shows spark timing, average time of peak
pressure, average flame-development angle (0 to 10 percent mass burned) and
rapid burning period (10 to 90 percent mass burned) for these two engines.
Figures 11-29 and 15-9 show how the operating and emission characteristics of
the fast burn and moderate burn-rate engines change as percent EGR is

increased. Explain the reasons for the differences in these trends in COV,,,.,,
bsfc (brake specific fuel consumption), and HC, and similarity in NO,. The
operating conditions are held constant at the same values as before.

 
  
 
  
   
 

 
 
  

   
  
  
  
  
  
  

 

Moderate
burn 

 Spark timing 40°
Crankangle for 15° 16° ATC
AVETABE Prax
0-10™%burned 24° 35°
10-90%burned 50"
 

 Twoalternative fuels, methanol and hydrogen, are being studicd as potential future
spark-ignition engine fuels which might replace gasoline (modeled by isooctane
Cy, Hy). The table gives some of the relevant properties of these fuels.
(a) For each fuel calculate the energy content per unit volume (in joules per cubic

meter) of a stoichiometric mixture of fuel vapor and air at 1 atm and 350 K.
The universal gas constantis 8314 J/kmol-K. What implications can you draw
from these numbersregarding the maximum poweroutput of an engineoffixed
geometry operating with these fuels with stoichiometric mixtures?

(b) The octane rating of each fuel, and hence the knock-limited compression ratio
of an engine optimized for each fuel, is different. Estimate the ratio of the
maximum indicated meaneffective pressure for methanol- and hydrogen-fueled
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engines to that of the gasoline-fueled engine, allowing for energy density effects
at intake (at 1 atm and 350 K), at the knock-limited compression ratio for each
fuel, for stoichiometric mixtures. You can assumethat the fuel-air cycle results
for isooctane apply also for methanol and hydrogen cycles to a good approx-
imation, when the energy density is the same.

 

(c) The lean operating limit for the three fuels is different as indicated. Estimate the
ratio of indicated fuel conversion efficiency for methanol and hydrogen attheir
lean limit and knock-limited compression ratio, relative to gasoline at its lean
limit and knock-limited compression ratio, at the same inlet pressure (0.5 atm).
Under these conditions, rank the fuel-engine combinations in order of decreas-
ing power output.

Gasoline

(isooctane) Methanol Hydrogen
CuHis CH,OH HH,

Stoichiometric F /A 0.066 0.155 0.0292
Lower heating 44.4 20.0 120.1
value, MJ/kg
Molecular weight of fuel 114 32 2
Molecular weight of 30.3 29.4 21
stoichiometric mixture
Research octane number 95 106 ~90
Knock-limited 9 12 8

compression ratio
Equivalence ratio 0.9 0.8 0.6
at lean misfire limit

Small-size direct-injection (DI) diesel engines are being developed as potential
teplacements for indirect-injection (IDI) or prechamber engines in automobile
applications. Figures 10-1b and 10-2 show the essential features of these two types
of diesel. The DI engine employs high air swirl, which is set up with a helical
swirl-generating inlet port (Fig. 8-13). The injector is centrally located over the
bowl-in-piston combustion chamber and the injector nozzle has four holes, one in
each quadrant. The IDI engine (a Ricardo Comet swirl chamber), in contrast, has
no swirl in the main chamber, but generates high velocities and a rotating flow in
the prechamber during compression.

Figures 15-21 and 15-23 show performance maps for typical versions of
these two types of engines. Bmep, brake mean effective pressure, is plotted against
engine speed. Brake specific fuel consumption contours are shown with the
numbers in gramsper kilowatt-hour.

The heat-release-rate profiles for these two types of engine at a typical mid-
load mid-speed point are shown versus crank angle in the sketch. @ has units of
joules per second.
(a) Explain the reasons for the differences in shape and relative timing in the cycle

of the heat-release-rate profiles.
(b) Suggest reasons for the differences (magnitude and shape) in the maximum

bmep versus mean-piston-speed line for the DI and IDI engines.
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894 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

(c) Evaluate the brake fuel conversion efficiency of each engine at its maximum
efficiency point, and at 2000 rev/min and road load (road load is the power
requirement to maintain a vehicle at constant speed, it is 2 bar bmep at 2000
rev/min), Explain the origin of the observed differences in efficiency at these two

| operating conditions.

 

 
 

f2 DI engine |
i\ 
 

Heatreleaserate0
TC Crank angle FIGURE P15-8

15.9, A four-stroke cycle naturally aspirated direct-injection diesel is being developed to
| provide 200 kW of power at the engine’s maximumrated speed. Using information

available in Chaps. 2, 5, and 15, on typical values of critical engine operating
parameters al maximum power and speed for good engine designs, estimate the

Hi following:
(a) The compression ratio, the numberof cylinders, the cylinder bore andstroke,

and the maximum rated speed of an appropriate engine design that would
provide this maximum power.

(b) The brake specific fuel consumption of this engine design at the maximum

| power operating point.(c) The approximate increase in brake power that would result if the engine was
| turbocharged.

 
15.10. Natural gas (which is close to 100 percent methane, CH,) is being considered as a

| spark-ignition engine fuel. The properties of methane and gasoline (assume the
same properties as isooctane) and the engine details for each fuel are summarized
below (¢ is the fuel/air equivalence ratio).
 

       Natural gas Gasoline

| Composition CH, CyH
Heating value, MJ/kg 50.0 443

| Research octane number 120 94Compression ratio 14 8 |
| Displaced volume, dm? 2 2
| Lean misfire limit ¢=05 ¢=0.8 |
| Part-load equivalence ratio é=06 ¢=0.9

Full-load equivalence ratio @=1.1 @=12 

 
| | As indicated in the table, the displaced volume of the engine is unchanged when
| the conversion for natural gas is made; however, the clearance hcight is reduced to
| increase the compressionratio.

| (a) Estimate the ratio of the volumetric efficiency of the engine operating on
yi natural gas to the volumetric efficiency with gasoline, at wide-open throttle and

2000 rev/min. Both fuels are in the gaseousstate in the intake manifold.
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(5) Estimate the ratio of the maximum indicated power of the engine operating
with natural gas to the maximum powerofthe gasoline engine.

(c) Estimate the ratio of the gross indicated fuel conversionefficiency of the natural
gas engineto that of the gasoline engine, at the part-load conditions given.

(d) Explain whether the NO, CO, and hydrocarbon specific emissions (grams of
pollutant per hour, per unit indicated power) at part-load conditions of the
natural gas engine will be higher, about the same, or lower than the NO, CO,
and HC emissions from the gasoline engine. Explain briefly why.

You can assume that the fuel-air cycle results derived for isooctane-air mix-
tures are also appropriate for methane-air mixtures.

Spark-ignition and prechamber diesel engines are both used as engines for pas-
senger cars. They must meet the same exhaust emission requirements. Of great
importance are their emission characteristics when optimized for maximum power
at wide-open throttle (WOT) and when optimized at cruise conditions for
maximumefficiency.
(a) Give typical values for the equivalence ratio for a passenger car spark-ignition

engine and a prechamber diesel optimized for maximum power at WOT and
2000 rev/min, and optimized for maximum efficiency at part load
(bmep = 300 kPa) and 1500 rev/min. Briefly explain the values you have
chosen.

(b) Construct a table indicating whether at these two operating conditions the spe-
cific emissions of CO, HC, NO,, and particulates are low (L), medium (M), or
high (H)relative to the other load point and to the other engine. Explain your
reasoning for each table entry.

For a naturally aspirated four-stroke cycle diesel engine:
(a) Show from the definition of mean effective pressure that

bmep tay, Mol F /A)

where bmep = brake meaneffective pressure
mm = mechanicalefficiency

",,; = indicated fuel conversion efficiency
n, = volumetric efficiency

F/A = fuel/air ratio

(b) Sketch carefully proportioned qualitative graphs of n,. Ny,;. Ny, and
(F/A)\A(F/A)goich Versus speed N at full load, and explain the reasons for the
shapes of the curves. Then explain why the maximum bmepversus speed curve
has the shape shownin Fig. P15-12.

Full load line

 
 bmep w

 

Speed —~ FIGURE P15-12
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896 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

(c) The minimum brake specific fuel consumption point is indicated by the asterisk
(*) in Fig. P15-12 (see Figs. 15-21 and 15-22). Explain why brake specific fucl
consumption increases with (1) increasing speed, (2) increasing bmep, (33)
decreasing bmep.
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