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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 power is devel-
oped.

2.2 GEOMETRICAL PROPERTIES OF
RECIPROCATING ENGINES

The following parameters define the basic geometry of a reciprocating engine (see

Fig. 2-1):

Compression ratio rc :

* maximum cylinder volume _ Vd + Vc
 

_ _ 2.1
r‘ minimum cylinder volume V; ( )

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

B
R = — 2.2

bs L ( )

Ratio of connecting rod length to crank radius:

1
R = — (2.3)a

In addition, the stroke and crank radius are related by

L = 2a

Typical values of these parameters are: rr = 8 to 12 for SI engines and rc = 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 0 is
2

V=Vr+%(l+ais) (2.4)
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44 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

FIGURE I-I
Liunmuiry ui cyimdur, pixiun. connecting [UL].
and trunkslmfl whele B = hurt. ! = stroke.
P: connecting rond iL‘l‘igih, n. : mink radius. H 2
crank angle.

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

s = (1 cos 0 + (l2 — a2 sin2 (9)“2 (2.5)

The angle 6, defined as shown in Fig. 2—1, is called the crank angle. Equation (2.4)
with llu: above definitions can be rearranged:

V 1 + i (r: — 1)[R + 1 — cos 9 — (R2 — Sinz (”112] (2'6)
V.

The combustion chamber surface area A at an
A=Ach+Ap+nB(l+a—s)

y crank position 0 is given by
(2.7)

where Ach is the cylinder head surface area and AI, is IIIL‘ piston crown surface
area. For flat-topped pistons, A!7 = 1131/4. Using Eq. 12.5]. Eq. (2-7) can be rear
ranged :

BL

A = A“, + AP + ”—2— [R + 1 — cos a — (R2 — sin2 will] (2.8)
An important characteristic speed is the mean piston speed SP:

(29)
s, = 2LN

where N is the rotational speed of the crankshaft. Mean piston speed is often a
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flaw—fl

der, piston, connecting rod,
there B : bore, L 2 stroke,
length, a = crank radius, 9 =

piston pin axis (Fig. 2-1),

2 (2-5)

crank angle. Equation (2.4)

— sin2 (9)112] (2'6)

rank position 6 is given by

s) (2.7)

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

R2 — sin2 (9)1’2] (23)

start speed Sp:

(2.9)

dean piston speed is often a

ENGINE DESIGN AND OPERATING PARAMETERS 45

‘54EU:   
FIGURE 2-2

180 Instantaneous piston speed/mean piston speed
Crank angle, 6 BC as a 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 cylinder all scale with Sp. The instantaneous piston velocity Sp is obtained
from

s, = — (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

E11 _ E _ cos ti :ls, _ 2 5m 6[1+rnz — sin2 a)”2 (2'11)
Figure 2-2 shows how 5,, 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 mean piston speed to within the range 8 to 15
m/s (1500 to 3000 ft/min). Automobile engines operate at the higher end of this
range; the lower end is typical of large marine diesel engines.

2.3 BRAKE TORQUE AND POWER

Engine torque is normally measured with a dynamometer.l The engine is
Clamped on a test bed and the shaft is Connected to the dynamometer rotor.
I'Igure 2-3 illustrates the operating principle of a dynamometer. The rotor is
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/’ Stator—7"
' /—-. Force F

El ll

l'fifil
W

fr

2

l\

\ X FIGURE 2-3
/ _ \x _ Schematic of principle of operation of dynamometer

coupled eletilrnmugnellcally. hydraulically. Or by mechanical Iiieimn in n «Mini.
which is nuppnrlccl in low friction hearings. The slam: is balanced with this IUIL'I
slnlmnni-y. The lmquc exerted ml the stator will: the rnlm turning is measured
lay balancing lhe stator Wills weighls. springs. or pnelumilie means.

Usinglliemnlallinn1n My .13, if the lurqlle c-Jtul‘led by the engine lh' 'l'
T = Fb (2.12)

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

P = 2nNT (2.13a)

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

  
    

P(kW) = 27tN(rev/s)T(N‘m) x 10'3 (2.1%)

or in US. units:

N(rev/rnin) T(lbf~ft)P h = ———— .
( p) 5252 (213c)

  Note that torque is a measure of an engine’s ability to do work; power is the rate
at which work is done.

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

  
 

 
 
 

 2.4 INDICATED WORK PER CYCLE

Pressure dalu In: the gin; III the cylinder over llw. nucmllng cycle of the engine
can he used [u calculate the. W£|I.l\ ifuflhl'm from the gas in she- piston The cylin-

der pressure and currcujmlliilng 'JN'llllLlEl volume Ilurmlglwul llil: engine cycle. can
he planed on :1 p--l-" (litigrmu :15 flhliwn in Fig. 2-4. The imlliuh'u' lwII-l‘i g-u'r Lydi-
bt"[_,'l' (per cylinder] LR nhluincd by inlcgruilng mound llw curve to ulnuin the

  
 
  
 
 T 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

     
 

 

g E E EVCL
. y) u, ., _ .
g 3 g \..I_i|_r_l\_y_rluwn
2 a E. .9 ,
E4 b . _ q—Expansion E Compresswn ”35‘ \“3 . 1:: I'rlilnr 1:: ‘a.

E K EOIO E L i \\ " '2 NO mm" - C
(3 - ._ 5‘ B-‘B l‘% 5‘ I :I - . fl.—

M T I ._
Tc Vol. BC TC Compression Vol. BC

(0) (b) (6)

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 (pumping loop) at part load.

area enclosed on the diagram:

Wm" = §p 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 Wag. Work delivered to the piston over the
compression and expansion strokes only.

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

In Fig. 2-4]; and c, VVch is (area A + area C) and Wm" 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 is called

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 stroke is 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 enginesst

 

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

The power per cylinder is related to the indicated work per cycle by
it i'

' \ (2.15)
"R

 

wl‘lL‘I‘c ii“ rs the number 0i Mimi; i'cvtiturtons for each power stroke per cylinder.
tr.” fi'nIil-Slrtllic cycles, iifl equals. 3. int two-stroke cycles. iiIt equals 1. This power
|.-.’ thi: Uliiiutllud 11t'IWCl', i.c.. the. rate of work transfer From the gas within the
cylinder tr: Ilir: piston. 11 dill‘ers. truth the brake rmwm' by the power absorbed in
rut-ci‘uoiiiiug, engine ltit-lir-ii. tinting <3l1]_{l1IC accessories, and (in the case of gin)“
indicated ptiwni'i the pumping [IDWCI-

In lllF-L‘Ub'Sltt}! intlicnled quantities of the four—stroke cycle engine such as
WU'" per cycle or iiuwer. the del'iiiitinn used for “indicated” (i.e., times or net)
ilt-‘iiiiJ ”lit-nim- i’t’ t‘Xfliii‘ttil’ ennui. The grass. indicated output, llir. r‘lel'tiiiiti'iii must

possible in this btltil. lc-r tlir. following
mining Indicated quantities rm; I‘IflL‘II primarily to identify the mined iii the untit-
premium. combustion. and thitrll‘lfilllfl pttIL'L'SSCh on Ellglnt'. pcil'nrtiiimcc. tilt; Thr-
grnss liltllCillud niiiptii in, tlierel'tire. ilrr: iiinsi appropriate dchnilinn. it represents
the sum til the nae-till wart: Muilithlc at the .aliuft unit the Mid. required in river—
come all the engine losses. Furthermore. the standard engine 1th curler.” deiltii:
pit.iecdtireii i‘ni meat-tiring t-ralzc rims-er anti {ricttmi pnwur [th l'rictiuii [inwct test
prut'itlus :-i Lill'fiL‘ aiipimrimritinn [fit the [vital in!“ power in the ciiiiinel. Thu: sum of
brake power and l‘riciiuii power provides :in alternative way of estimating iridi—

fii powul‘: the v;1ltlt"t‘?i’llaltlud 1:5 a close :tpllifli'klll’llfllt‘n to the gin-ts indicated

minim-lily used. Will ht- t‘liriscn wiirrv-

cal

power.
The Leimr; briiku and indicated are used In describe utiict piiitiinctct'rt such

ttcu'Ji-e pressure. specific I'tlel t'iiiistimptimi. and specific emissions titer;-.'is mean c

iiiiinnei similar in that used l'i_ir wntit per cycle andthe following sections: in Ll
power.

2.5 MECHANICAL EFFICIENCY
indicated work per cycle or power h' used to

all Charge. An .i.rldititiniil portion 1‘: tLHt'tl In
tons. and other iricuhiuiienl utiiiiinnenl»

All nl‘ these iii-mic: rcqtiirciiienu

We lMVI: been that part Hi the gross

expel crtltuusl grates iiiid induct Irn:
.wcrcniiiu the t'riciiim or the. bearings. [‘15

of the engine, mud to drive the engine at CCEh’flttCS.
together and called iriu-rron power P,.T Thus:

Pig=Pb+Pf

are griiuped
(2.16)

ult it: itcturnilnc accurately (in: crimiimn apt-lunch
rir iE‘II'IHlT the Eiigtnr with it dynamic-meter ii e.

tlSt‘iVE the power which liii-i to lie“

Friction priwci is. Lilli-II:

for Illgli-flléé‘d engines lb [0 drive
opeiitte Hie engine. without firing.r iii ‘Inli me

T The various components of friction power are examined in detail in Chap. 13.
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supplied by the dynamometer to overcome all 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 engine is firing and that the oil
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 power is called the mechanical efficiency n," :

F,, PJ=1» - (2.17)"In = _ -
pit: P's

Since the friction power includes the power required to pump gas into and out of
the engine, mechanical efficiency depends on throttle position as well as engine
design and engine 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 engine is
throttled, mechanical efficiency decreases, eventually to zero at idle operation.

2.6 ROAD-LOAD POWER

A part-load power level 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, CR and CD, respectively, are determined empirically.
An approximate formula for road—load power P, is

P, = (CR M,.g + smcpA 92m (2.18m
v‘ v

where CK = coefficient of rolling resistance (0.012 < CR < 0.015)3
M” = mass of vehicle [for passenger cars: curb mass plus passenger load of

68 kg (150 lbm); in US. units W, 2 vehicle weight in 1be
g = acceleration due to gravity

pa = ambient air density

CD : drag coefficient (for cars: 0.3 < CD S 0.5)3
A” = frontal area of vehicle
3,, = vehicle speed

With the quantities in the units indicated:

P,(kW) = [2.730R Mu(kg) + 0.0126CD Av(m2)S,,(km/h)2]S,,(km/h) X 10—3

(2.18b)

[CR Wl,(lbf) + 0.0025CD Alli! J)S,lrniflill:[t‘i'vtnii/lt]
or Pr(hp) e 375

 

(2.18c)
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2.7 MEAN EFFECTIVE PRESSURE

While torque is it. Viiill‘clllh: incuwuc nf zi miliru
depends on minim: sin: A murc useful reliiiive engine ineri‘nrmuiiuu me
Dth'lnt‘lj by dividing Ihc work per cycle liy llir. cylinder whim-2 displayed per
cycle. ‘lltc piiramcie! so obtained [1:16. mill: nl‘ inter: flL'f mm mm and In rallml [he
mm.- mm in v prigisnrc inmp). Since, from Eq. (2.15),

P

Work per cycle = ——I:l]—R

[m‘ engine. a ability 1:} do work. il:is-urc is

crimk ruv'fllumlnfi for em“ power stroke per cylinder
where nR is the number of oh: CyCiCHI. then
(two for four-striikc cycles; one for [WU-‘4“

P

mep = V"; (2.1%)d

 

For SI and US. units, respecinvuly, A
 l‘iLWui -. m-

i i = " '— .111th la) i-‘Qh‘lm’lNlrcvx-di (21%)
PihiHHR x 396,000 (2196)
 

mepflb/inz) = quev/min)

Mean effective pressure can also be expressed in terms of torque by using
Eq. (2.13):

 

 

6.28nRT(N ' m)— .20mep(kPa) V (dm3) (2 a)
7 vi 1 f-

or mep(lb/in2)— 3 WP “3 (2.20b)Vd(1n l

iiecnw; pressure of gun! engine IJCSIEJIS is well
Mlle rungs of engine size-5. Thus.

an hi: compared with ”11}-

The maximum brake mean 6

rfilui'l'l'ufilu'i and is essentially crumlani iii-c1 u
ilw auluill bump that a particular wiglm.‘ Smelt-rm L:
rmrm. and tin: eti'wtivennsn with which the atrium; designer has used the engine“.

u wiliunc: cull hi- RSSL‘SWC’IZL .\15u, fur design gulciiliilmiis, the engine [11:5-
priwidc u yin-3i torque "r Bower. ul .1 specified speed. candisplace

:iliics. l'or bump [01' that particular appli-riliiucmciil required In
hi: utilillll‘llcd by assuming appropriate \-
cation.

'lypicul valves for brnup .m.‘ as inlluws
values .11“? In Ihc range.

all where. iiiaxniiurri mnruc i
Led power. binnp values are
c spiu'k-iyniimn engines thi: maximum limeii is in

1'50 iii/in’i range. Al the maximum ruled power.
ll‘ui‘in‘l range. For miiuriilly risfrlf‘clth

9m H's [UK] In 1,“)

Fur iiniuirilly Ll'iplrilltd snarl-i.
3501i: lUSU ki’a i - ii? in

s ublinm‘d mluml ml)“
Ill in l5 percent lnwcr.

ignition ensures. maximum
ifiu infill") at the engine spa

railinfl‘lltll. m the maximum ra
For iurhochuigcd auionialiv
ll‘lc llfifl ii; HUD kl'a [“13“ [u
hmcp is in [he '10“ 1-3 [400 km H in In Jim
[our-stroke diesels. llic immmutn limup ir- III the inn :0
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1b/in2) rang-c. With the bmep at the maximum rnml iii-twin of about 700 kPa (100
lb/inz). Turbocharged four-stroke diesel maximum bmep values are typically in
the range 1000 to 1200 kPa (145 to 175 lb/inz); for turbocharged aftercooled
engines this can rise to 1400 kPa. At maximum rated power, bmep is about 850
to 950 kPa (125 to 140 lb/inl). Two-stroke cycle diesels have comparable per-
!urmnnne to four-stroke cycle enginl's Large low-speed two-stroke cycle engines
can :lL'lllCVe bmep values of about IGUU 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 power the 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 (220(1) gives

3 
—2dm6.35” ti...‘ m-m) ($.23 ~ 2 ~. 1511

V(dm3) " ‘ = Vbmepmmlk Put 9.

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

V, = 4 x E BIL

Assume B = L; this gives B = L = 86 mm.

The maximum rated engine speed can be estimated from an appropriate value
for the maximum mean piston 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/inz), using Eq. (2.1917):

bmep(kPa)V(dm3)Nnm(rev/s) 800 x 2 x 87kW _
Pbm“( ) nR x 103 2 x 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 :inn— inf. A more useful parameter is the sperm} fuel .‘mrwmmtion Isle} the
fuel LII-w rate per unit power output. It measures how efficiently an engine is
using the fuel supplied to produce work:

sfc = "“731 (2.21)
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52 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

With units,
I

iii ,1 g i'HJ (2.2212) :
sfc(mg/J) = 73W)

n 4 gf'fll (2.22b)
st(g/kW - h) = '4-—-— = 608.3 sfc(lbrn/hp-h)or P(kW)

' -ll :1

or sfc(lbm/hp-h) = '1'1—‘——""'9 = 1.644 x 103 sfc(g/kW’h) (2.220)P0113)

all best values «if
= (1,17 llmif

below 55:

esil'n‘nle. l1 m 51 engines Lypic
about 7".“ 115,“ = Til] g/kW-ll
lower nil-l in large engines czm go

l.mv values nf hit“ an: obviously ll
brake specilit‘. fuel Ciz-iisumplimi LllC
hp h. For ('1 engines. lit-st values are
ngfl : 201] ngW . Ii — [1.32 l'mw'lip'h.The 'ipucilii: rut-J consumption has units. A k.ll|'[lt:ll§itll'lll5§'i parameter that
relates It»: desired engine mllpul iwni'lt per cycle nr flowed In the necessary miml
(file! How) would have mun: lnndamcnlnl value. "the ratio of the work [trounced
pm cycle in the amount ul't'ncl mlcrgy supplied per cycle Ilun can be released in
the cumbtistinn mucuss is conunrmly used for this nuipusc it is a measure of [he
engine's Cffif-lt‘nfff l'hc. fuel energy supplied wlnch gun he released by combustion

l supplied to the engine put cycle times the l‘IL‘LIllng
value of the fuel I‘hi- heal-m}: value of i1 Intel. QM. defines its energy content. It is

ml rest procudutt‘: in which :1 knan mass of fuel is
L1 by llie currihusllun process

which; cnul doWn to their

is given by the mass oi luc-

dulermint‘tl In it stautlanii
fully hurried With mr. and the thermal energy release
is :llEHIhCCl lw a titlorimcler .is the combustion pr
original temperature.This measure of an engine’s “efficiency,” which will be called the fuel con-
version efficiency 11] ,T is given by

W: Pn N Pn; = = J—R—Q— = . (2.23)
mf QHv (m1 nR/N)QHV mf QHV

 
 

where mI is the mass of fuel inducted per cycle. Substitution for P/r'nf from Eq
(2.21) gives

— 1 (2 24a)
"f — Sfc QHV '

 

T This empirically defined engine efficiency has previously bfliciency is preferred
efficiency The term fuel conversion e
precisely, and distinguishes it clearly from other definitions of engine efficient:
oped in Sec. 3.6. Note that there are several different definitions of heating va
numerical values do not normally differ by more than a few percent, however.he fuel conversion efficiency
heating value at constant pressure is used in evaluating t

een called thermal efficiency or enthalpy
because it describes this quantity more

y which will be devel-
lue (see Sec. 3.5). The
In this text, the lower
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(2.22a)

h) (2.221;)

es typical best values of
.70 gl’kw 11:11.47 lbm/
engines um go below 55

nsionless parameter that
er} in the necessary input
Iio ol‘ the. work produced
it. that can be released In
ose It is .1 measure of the
we released by combustion
:r cycle times the healing
res its energy content. It IS
. a known mass of fuel is

by the combustion process
vducts cool down to their

will be called the fuel con-

P (2.23)

hf QHv

stitution for P/mf from Eq.

 

(2.24131)

:alled thermal efficiency or enthalpy
use it describes this quantity more
igine efficiency which will be devel-
: of heating value (see Sec. 3.5). The
rent, however. In this text, the lower
inversion efficiency.
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or with units

1

’7’ ‘ st(mg/J)QHV(MJ/kg) (2'24”

71, =A0— (2.24c)
st(g/kW - hicflvtMJ/kg)

m 2545 (2.24d)
= sfc(lbm/hp - h)QHV(Btu/1bm)

Typical heating values for the commercial hydrocarbon fuels used in

engines are 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 hydrocarbon fuels.

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

Air/fuel ratio (A/F) = 1“ (2.25)
mi

EaFuel/air ratio (F/A) = (2.26)

The normal operating range for a conventional SI engine using gasoline fuel is
12 S A/F g 18 (0.056 s F/A g 0.083); for CI engines with diesel fuel, it is
18 s A/F g 70 (0.014 s F/A g 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 valveirestricts 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 eff-
“ifi'm’y 11,. Volumetric efficiency is only used with four-stroke cycle engines which

have a distinct induction process. It is defined as the volume flow rate of air into
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54 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

the intake system divided by the rate at which volume is displaced by the piston
2m“

y,” = m k; N (2.27a)

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

m
= a (2.271))

pu,in

 
11.;

where m, is the n'mss of air inductetl Into the cyltttdeu per cycle.
The inlet density may either in: taken as i'nitrtthplwrt: all tit-Anny tm winch

case n_. rt‘tttasut'es the pumping pcrflmnanuc of the. L'ntnru inlet swtcntt or may be
taken as the. air tlcnsny 'm the Intel nmnit'nltl t'tn which case n, metmn‘cs the

I mlw: wily}. lypttznt Innttnnum value:-
pumplng pcrl‘unnttnue at the. inlet putt ill“
at q“ I'm naturally Lthltlt’fllflll cttgmt‘s me In Il'IL' range 30 to Qt] percent. the vuln-

ls [:6 somewhat lilt-‘,l'll31‘ than for SI enginca Volutntttncmetric ct'lit‘inmzy for dime

efl‘ttttcncy ts. tll‘tllllz-RFL'll more fully m .‘et; .32,

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 another are

engine wetgln (2.28)
t‘Hled power

 

Specific weight 2

engine volume (229)
rated power

 

Specific volume =

n engine (IllmpnnM‘IIu-t, :1 consistent dcllntliml
tucluttutl in the term “engtnt:“ must he
the cficulwuncas with winch the engine

1 packaged the engine cuntnoucrtts.‘

Fur these purttttmtuts tn ht: useful 't
at what ctjnmponents amt"- anttilianu .trc
altlllut‘flll to. These. parameters Indicate

tl-‘mgnct- has used the engine materials am

2.12 CORRECTION FACTORS FOR
POWER it‘ll) VOLUME’I‘RIC EFFICIENCY

Tln' pressure. humidity. and tetnprutlure of the ambient air inducted into an
engine. at n utter: engine speed. utl't-ct the air mass flow rate and the power

t] In .ItlelKl measured whicmpcwthrottle putt-er
atmospheric ctmtlitiuns to prnvntc a

standard ambient
output; Fr-trertmn l'tutt'n‘s 2m: use
and vrnlutneluic clficienql values in standard
more accurate. busts I'm comparistms l-utwecn engines. l'yptt'at
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conditions used are:

 Dry an pressure ‘ Water vapour pressure l Temperature

736.6 mmHg ‘ 9.65 mmHg ‘ 294°C29.00 ian 0.38 ian 85°F

The basis for the correction factor is the equation for one-dimensional

steady compressible flow through an orifice or flow restriction of effective area AE
(see App. C):

m = {fl {A [(1)2«2 _ <£)(7HW:|}1/2 (2‘30)v’RTn 2—1 pa po

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 (CF/CU = y) is a constant; p0 and
T0 are the total pressure and temperature upstream of the restriction and p is the
pressure at the throat of the restriction.

If, in the engine, p/p0 is assumed constant at wide—open throttle, then for a
given intake system and engine, the mass flow rate of dry air in“ varies as

 

P0

fl)

For mixtures containing the proper amount of fuel to use all the air avail-

able (and thus provide maximum power), the indicated power at full throttle P,-
will be proportional to in, , the dry air flow rate. Thus if

Pm : CF Pm (2-32)

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

P .1 T. I”
C =—" (4) 2. 3F pmipvmi .Isl. ( 3)

where pm : standard dry-air absolute pressure
pm : measured ambient-air absolute pressure

pm = measured ambientiwater vapour partial pressure
Tm = measured ambient temperature, K
7; = standard ambient temperature, K

 

ma at (2.31)

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

Pb.s = CFPI‘.m _ Pf,m (2'34)

Volumetric efficiency is proportional to inn/pa [see Eq. (2.27)]. Since p“ is
proportional to p/T, the correction factor for volumetric efficiency, CF, is

 
ms 7;”C’.= - = _ .. (a) <23»

 
FORD Ex. 1125, page 30

IPR2020-00013



FORD Ex. 1125, page 31
                       IPR2020-00013

w_77 74-

 
 
 

 
 
 

 
 

 
 
 
 

 
   
   
  

    
  
  
 
 
 

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.
N02, usually grouped together as NOI), 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 [treasured in parts per million or percent lav volume [which corresponds
to the mole i’raetion multiplied lw 106 or by 10". rcspeclivelyl. Normalized indi-
cators of emissions levels are more useful. however, and two of these are in
common use Specific emissions are the mass flow rate of pollutant per unit power
output:

 

3N0, = mg“ (2.361;)

sCO = m—“’ (2.36b)P

me = mfg—C (2.36c)

sPart = 112%. (2.36d)

Indicated and brake specific emissions can be defined. Units in common use are

ug/J, gjkW -h, and gjllp -h.
Alternatively, emission rates can be normalized by the fuel flow rate. An

emission index (E1) is commonly used: e.g.,

'l'NolE/S)
E1 = —‘r 2.37mfikg/s) ( )

with similar expressions for CO, HC, and particulates.

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 mean effective pressure are
expressed in terms of these parameters. From the definitions of engine power
[Eq. (2.13)], mean effective 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:

  
  
  
  

  
  

  
= MW (2.38)

”R
P
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pollutant per unit power

(2.36a)

(2.36b)

(2.36(:)

(2.3611)

Units in common use are

by the fuel flow rate. An

(2.37)

2.8 to 2.10 to engine per—
mean effective pressure are
definitions of engine power
:1 cum‘ersinn efficiency [Eq.
icicncy [Eq. (2.271) the fol-
Iramt-tcrs can be developed

(2.38)
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For four—stroke cycle engines, volumetric efficiency can be introduced

P : '_I'; 'Ilrl N [.IQHV “will"? HI
 

(2.39)

For torque T:

T = L‘_'i*.iLLQULl’a-ttfli (2.40)Jrr

For mean effective pressure:

mep = ’If "u QHv Pa.t(F/A) (2-41)

The power per 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 power is

P 'JJ ff: NLQIIVF’IIJU-(‘FH

  

— = ——--— 2.42
A. 1 ( )

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

P s “17-1
_:ELUI Q:P.i X f (2.43)
Ap *1

Specific power is thus proportional to the product of mean efiective pressure and
mean piston speed.

These relationships illustrate the direct importance to engine performance
of:

1. High fuel conversion efficiency

2. High volumetric efficiency

3. Increasing the output of a given displacement engine by increasing the inlet 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 satisfactory 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-
lng measures, at the operating points indicated, have most significancez“
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1. At maximum or normal rated point: i

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

3 g Brake mean efiectiue pressure. In naturally aspirated engines bmep is not
stress limited. It then reflects the product of volumetric efficiency (ability to

E 5% induct air), fuel/air ratio (effectiveness of air utilization in combustion), and
.5 é fuel conversion efficiency. In supercharged engines bmep indicates the degree

of success in handling higher gas pressures and thermal loading.

) 0 Power per unit piston area. Measures the effectiveness with which the

2 f; if, piston area is used, regardless of cylinder size. _
‘ Specific weight. Indicates relative economy with which materials are ‘-

used.

3 8 2‘ Specific volume. Indicates relative effectiveness with which engine space l'«‘1 ii an - -A has been utilized.

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

Brake mean efl'ective pressure. Measures ability to obtain/provide high air
flow and use it effectively over the full range.

2100—4000 42571800 110400

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

T F‘ d Brake specificfuel consumption orfuel conversion efi‘iciency.
Brake specific emissions.

3 9. v.

’3 i 1 Typical performance data for spark-ignition and diesel engines over the
= d S 0 normal production size range are summarized in Table 2.1.4 The four-stroke

cycle dominates except in 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 mean effective 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

1&1; 14r20 12—18 10412 cg g 3} 2’3: diesels. their naturally aspirated max1mum bmep levels are higher. As engine Sized‘ - . . . .
Increases, brake spec1fic fuel consumption decreases and fuel converSIon ef‘fiCIency
increases, due to reduced importance of heat losses and friction. For the largest

u diesel engines, brake fuel conversion efficiencies of about 50 percent and indicated
E fuel conversion efficiencies of over 55 percent can be obtained.
E m" vg

izogaEsE
iéb€§§35

f; *2“: E g 30% "5'3 PROBLEMSa U o I: k m
:3 = ..- . . . . .

E t: p 3 S 2-1- lemn why the brake mean el‘lcctive pressure of it naturally aspirated diesel engine
lh lnwer than that of a naturally aspirated spark-ignition engine. Explain why the
hlllfit‘ is lower at [lIE' maximum rated power for a given engine than the bmep at the
maximum torque.
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60 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

2.2. Describe the impact on air lluw. nmuinlim torqur, :nnd IIIJMIHLIHI powci at changing
a spark-ignition engine cylinder hum! ll'lllli 2 who: per cylinder to 4 “1le l3 inlet
and 2 exhaust) per cylinder.

2.3. Calculate the mean piston speed, bmep, and specific power of the spark-ignition
engine: in Figs. 1-4, |-‘). and 1—12 at that l1|11\ll'lltlltl mini! pnwui.

2.4. t'ulcuhlte the mean piston speed, bnwp. .uul min-inc pilwttl' Hi the diesel engines in
Figs. 1-20, 1—21, 1—22, 1-23, and 1-24 at rhcir Illiulmlim ILlIIHi power. Hrlufly explain
any significant differences.

2.5. Develop an equation for the power required to drive a vehicle at constant speed up a
[tilt ol unglc .1, in leiins of vehicle :m-ll, muss, Irunml sir-zit. drug coefficient. unfit-m-

rmiun «lur- t'n jllJ'uVllfii CJICMRLIL' thin powerHunt at rolling resonance, "r. Lin-.1 UCL‘CIL'
:-:\, unit the VEIIIth‘ stirred is

when ihi: car mum L» i300 L5. ihr hill Hugh: 1.7. li dry“
’1“ tlllli‘h

2.6. The spark-ignition engine in 1'
“Ir measured (in mm is 60 .m-

spheric L‘tlllllilltuts.
2.7. The diesel engine of Fig. 1—20 is operating with a mean piston s

late the air flow it the volumetric efficiency is 0.92. If (F/A) is
llow rule. and the trauma ofliiitl lII||L‘L'I|'.‘<i pct :‘ylliiiier [n-r tryttlc't

2.8. The bulk:- tut-l \‘(ilWlthOl’l ell—incur}; tat" .r Spllrh'lpllilliln t‘-Iu_rlllC is OJ.
t‘iiieuliite tlu- Inns-t “ii-math: furl t‘nnmunpnun for isnrvclitne, gasoline.

[9. 1-4 is operating at a menu Ltlxltlli hrlutltl of 10 m/s.
Calculate the Volumetric :rlhuwncy hciscil on atmo-

peed of 8 m/s. Calcu-
0.05 what is the fuel

and varicts lillh‘.

wnh luut Iypr‘.
methanol. um] hydrogen] ltelcwiui rim-.1 an: in Am». l'li

2.9. You urn tinting ‘J iircllmiuutv design Hllltil. .11 ;-L turbocharged tam stu‘flrr iliL-rcrl
engine. the imminum mint pnwut H: limited lw .»tiusm ernitiderstions in 'J hi'tik.“
main t-tl'cvliw piesmrc at IBM ltl'u all-1 maximum wiluu ut thi.‘ meiin pistnii «put-d of
12 m/s.

(a) lilcrwc .iii. cunmttnn miltlimr Iliu
him at the mum-charger utbtllflrii'mll uxlll m the

rated power i.>[1I.‘I':11lllt_1 [.llllltl (llhrn TL'L-‘lllfflk'llill’llll riiuinr l'lill‘LlIilt'-El.7t'\ lug“ H'OIU‘
metric altruiuncv- l'uul convin‘sriin rzil'icmncjc. Inritp, etc.) appear in 1.11113 l!l.]tllllll‘ll

engine mitt premium tpl'L‘fih‘ifl't' In Iln' inlet Immi-
fiu:lf'inr ri'ilm LII this maximum

also.

(b) The maxm‘iuln mind brake put-Mr requirement for this engine is 400 kW. 1:51)-
mate senmhln values for numt-ti of cylin-tna. cylinder bore, stroke, and 1.1mm-
mmc thn: [mum-uni rated more] ul'lini inrliininirw uuigiue itt-sign.

(c) ll the. pressure. 1.11m semen; lhv compressor is '1. Lffiillllldllfi ihi: nnerall fuel/air and
:Iirffuel min..- «11 the n-n'mmnm lined [H.‘wcr. Assume uppingimte values for any
other puiamuivrs you may Mufti.

2.10. In the reciprocating engine, during the power or expansion stroke, the 9-4;. presum-
force acting on the piston is transmitted to the l'TlllthltaIt Via the .lliilltilll‘lg mil
i_|.~l. the forces at ling or. ”it; {-islon during this part of the lilrL‘IHIIHy cyelr Show the
direction of the [met-s Acting: am the piston on a sketch of the pidun, cylinder, con-
necting rod, crank arrangement. Write out the force balance for the piston (a) along
the cylinder axis and (b) Ir.m.~verse to the i-ylindci axis in the plane unnlaining the
connecting. rod. (You are not asked to manipulate or solve these litIItBtllOIlfi )

2.11. \"mi an: ticmpfnmn u iiuir-simku rvclt diesel L-iiunic tn pmvulu a I‘Likc power at it)“
kW "film-ally mph-um! ul iiu mammum ruled speed tinsel] on typical value: for
1“:ch I‘I‘Imln t‘lTCttliw picsxnrit uIItI ll'itisllmlln I'I'IIEUH. piston spL‘L'LI. cR'mtJlL' lllr.
required engine direplacenwni. and the bore and stroke for semihlu: cylinder gonna-h)
ll'l‘lLI number of engine cylinders. What is the maXli'lllII‘lt n‘ited engine SI'NH‘Jl tsevfmim
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for your design? What would be the brake torque (N ~m) and the fuel flow rate (g/h)
at this maximum speed? Assume a maximum mean piston speed of 12 m/s is typical
of good engine designs.

2.12. The power per unit piston area P/Ap (often called the specific power) is a measure of
the designer‘s success in using the available piston area regardless of size.
(a) Derive an expression for PM, 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/Ap for a spark-ignition engine (e.g., Fig.
1-4), a turbocharged four-stroke cycle diesel engine (e.g., Fig. 122), and a large
marine diesel (Fig. 1-24). Table 2-1 may be helpful. State your assumptions
clearly.

2.13. Several velocities, time, and length scales are useful in understanding what goes on
inside engines. Make estimates 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.
([7) The maximum charge velocity in the intake port (the port area is about 20

percent of the piston area).
((3) 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 word process 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 extends in 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.

2.14. The values of mean eflective pressure at rated speed, maximum mean piston speed,
and maximum specific power (engine power/total piston area) are essentially inde—
pendent of cylinder size for naturally aspirated engines of a given type. If we also
assume that engine weight per unit displaced volume is essentially constant, how will
the specific weight of an engine (engine weight/maximum rated power) at fixed total
displaced volume vary with the number of cylinders? Assume the bore and stroke
are equal.
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10.1 ESSENTIAL FEATURES OF PROCESS

The essential features of the compression-ignition or diesel engine combustion
process can be summarized as follow. Fuel is injected by the fuclkiniceuun
system into the engine cylinder towt'trd the end of the compression stroke. just
ln'l‘ure the desired start of combustion. Figures l-l?. H8, and I- H illustrate the
major coinponents ol’ 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 raporizes and mixes with the high-temperature
ltignapr'cssure cylinder air. Since the air temperature and pressure are above the
fuels ignition point. spontaneous ignition ot portions of the :tlreadymixctl fuel
and air occurs after a delay period of ti few L'ruttlt iiflgifl degrees The cylinder
pressure increases as combustion of the fuel-air mixture occurs. The consequent
compression of the unburned portion of the t‘lturgc shortens the delay before
ignition for the fuel and air which has mitted to within combustible limits. wltlclt ‘
then burns rapidly 11' also reduces the evaporation time of the remaining liquid
fut-.1. Injection continues until the (issued amount of fuel has entered the cylinder.
Alt-Intention. vaporization. fttcl~ajt mixing, and combustion continue until essen-
tially all the fuel has passed through each process. In addition, mixing of the air
Tutuainmg In the cylinder with burning and already burned gases continues
lllrouglinut tin.- combustion and expansion processes.
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492 INTERNAL COMBUSTION ENGINE FUNDAMFNTALS

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
fuel-injection system. and on the engine's operating con-tittii'ins. It: is an titt.slcudy_
heterogeneous, three—dimensional combustion process. While an adequate crui-
ceptual understanding of diesel engine combustion has been developed, to liillt:
an ability to describe many of the critical individual processes in a quantitative
manner is lacking.

Some important consequences of this combustion process on engine Oper—
ation arc 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-gas. Hence it higher engine compression ratio
can be used in the compressiondgnition engine, improving its fuel conversion
efficiency relative to the SI engine.

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 Iii-low the maximum the engine can tolerate. Thus. the Sprilllullcnug
ignition characteristics of the fuel—air mixture most be held within at specified
range. This is done by requiring that diesel fuel have n cctane number in
measure of the case of ignition of that fuel in i1 typical diesel environment, in?
Sec. 10.6.2) above a certain value.

Since engine torque is varied by varying the amount of 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
mechanical efficiency relative to the 51 engine.

As the amount of' fuel injected per cycle is increased. problems with air uti-
lization during combustion lend to the formation of excessive amounts 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 power
to values 20 percent (or more] lean of stoichiometric. Hence. the maximum
indicated mean effective pressure (in a naturally aspirated engine) is lower than
values for an equivalent spark-ignition engine.
Because the diesel always operates with lean fuel/air ratios (and at part load
with very lean l'ttcl/ulr ratios), the effective value of y (=cp/cv) over the expzinv
sion process is higher than in a spark~ignition engine. This gives a higher fuel
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 sum-
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
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lI-I'Ciltiilig tltftttthfimn indimltm inn-J nlm'u (It-lulled analyst.» will eurit'imil lllfll
inmiip mm. mniml the the] burning mic. Commercial diesel engines are made
WIIJI -‘J WW lflrltt: i'mtgt- or eyliiuler mus. thll cylinder l'n'ilL“; varying I‘rnin inbuilt
‘nl [:3 min lrllll. The menu piston speed ill timitiiniini rule-J power is approxiinint‘li'
cunt-mm over this sin.- range. Hut: Sec. 2.2). so [he mamniiin titled i’llfllffl' urn-ed
Will lie inversely [irupnriiuniil It: llh? sir-nu.- Iaci: Eq, 13.0)), For ,. mud trunk
Lilwlc Inlt'rvul lm irmnblisiion Inl'nnler 40 In in" to maintain lngh luu] umwursiun
efficiency). the tiInL- thtllllllllC for eruirilmsiiun will. therefore. scale Wlll'l the stroke
Thurs. ill Il‘lt: small and til the diesel engine sm- range. the mixing lK‘IWCCII lllt:
Injected fuel and the an must lull-e place. an :1 time ‘GL‘flll‘ some ll’t limes shinrer
lliim in rnginuh‘ at the lurge curl of this range It wnuld he expected. literature.
llllll Ilie design of the engine. mntlnistinti chamber (including the inlet pm; and
vrilvel and the l-li€l~lnjctlililll system Wollltl have in change Siilisiurnially me: this.
We range m pruwde illL! fuel and air im-lim instilli: lIlL‘- cylinder t'cuulrcd in
achieve the dcsilul flit-Lair mixing mic. As martini: 512.0 decreases. more vigorous:
fur motion is mguiretl while less fuel gel pen-:lruiinn is necessary. it is Iliis logic.
pirmurily. lhnl lemls to tilt dim-rem diesel emribustmn chamber designs and
tut-l tll_it.‘l.‘1ln)[] synlizms found in practice uvrr (Eu: Int-iii, itIZL‘ range of commercial
diesel 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
(ID!) 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

In the larpyL'AI-Silt‘ engines, wlien- mixing rate requirements are 11:25! stringent.
quiescent direct—injectinn systems of the type shown in l-‘ig. 10-1a are used. The
uiurue-iiluni uml energy {ll Ilie inlet'lcd fuel Jets are sufficient In achieve adequate
flit-l tllrill'll'ljllfll'l and rules of mining With the air Addiliniml iirgunl/xd air
ml'llltll lu' not require-Ll. The L‘tIIJ'Jl‘llKllUl! chamber shape is usually in shallrm Item-l
I'n Iliu- t’ruwn nl'thc pislun. and a central mulliliule injector L'i‘ used.

fu. engine sm: decreases. increasing aim-unis ol'air swirl HIT: Used in itchievc
Fitsicr I'uirluir mixing titles. All sum! as generuled by suitable design of the inlet
t‘tfill lbw: tit-i: itfll; tlieswiit t'lllr'. can he memes-ml m..- the piston appu‘muhus Tf‘ lw
{biting lln: ais- toward the cylinder axis. Into a bowl-in-pultm lypi: ni'emubusliun
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Fuel jets

 
 

  
Fuel jets

,4“

(if. 3:».
"EM

Air swirl \H, ,3 r

(a) (b) (0)

FIGURE 10—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; (6) bowl-in-piston chamber with swirl and single-hole nozzle. (b) and (a)
used in medium to small DI engine size range.

chamber. Figure 10-1b and c shows the two types of D1 engine with swirl in
common use. Figure 10-1b shows a D1 engine with swirl, with a centrally located
multihole injector nozzle. Here the design goal is to hold the amount of liquid
fuel which impinges on the piston cup walls to a minimum. Figure 10-1c shows
the MAN. “ M system” with its single-hole fuel—injection nozzle, oriented so that
most of the fuel is deposited on the piston bowl walls. These two types of designs
are used in medium-size (10- to 15-cm bore) diesels and, with increased swirl, in
small-size (8- t0 10-cm bore) diesels.

10.2.2 Indirect-Injection Systems

Inlet generated air 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 ID1
systcms can be defined; (I) swirl chamber systclm and I'D.) prcchamber systems, as
illusualcd in lig Ill-2a and h lespccmcly During compression. air is forced
[mm the main thumbcr above the piston into the auxiliary chamber. through the
nozzle or orifice (or set of orifices). Thus, toward the end of compression, a vigOr-
ous flow in the auxiliary chamber is set up; in swirl chamber systems the connect-
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(a) (b)

FIGURE 10-2

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

ing passage and chamber are shaped so that this flow within the auxiliary
chamber rotates rapidly.

Fuel is usually injected into the auxiliary chamber at lower iniuctmn-systent
pleasure than us tvnicnl ul DI systems through a pintlc nozzle (IS rt Single Slim”. :15
shown In Fig. i- IN, (Inmhuslimt starts in the mutilinry chamber; The pressure rim:
:Lwnttnlud with Lit'ltllbtlftllul'l forces fluid hat-k mln the muut chamber where the jet
issuing from the nuz‘rlr t‘nll'Illtlh and mute:- wuth the man] chamber ulr_ The glow
plug alum-m on the right of the rare-chamber m Fig. lit-3. is a cold-starting aid. The
plltp u. hunted prior In 5'1“"!!le the engine to ensure ignition of fuel early in the
raptor: cranking process.

10.2.3 Comparison of Different Combustion
Systems

I'hi: number 01‘ titlict‘mt mmtnlsttun chamber types proposed and tried since the
beginnings of diesel engine development is- suhstnmial. t‘ti-ci it]: yams, ltnwnvcr,
through tilt: process til‘cmlutiun uml the increased understanding of the physical
tutti UlicllLlL‘ul processes involved. only it fr—w LIL-signs timed on a sound principle
hm»..- snrvwnd. 'llti: tlnporlmtt ultfllttulcrulltlfi of those chambers. new Htusi com»
monly used are summarized in Table 10.1. The numbers for dimensions and

operating characteristics are typical ranges for each diflerent type of diesel engine
and combustion system.

Th: mint-st. slchst spied. ungttlcs tor power getteralitin or minim: applica—
b-ml-i HSL‘ open quiescent chambers which are essentially (hm: shaped; the nmtinn
of tin: iuu] jets Its rcspoltxiitlc [or distributing and mixing the fuel. These. are
“5'43”? tWeHLrolw cycle cugincr. In the next 512.: range. in Int-gt: truck and locu-
mr-twu unglnttfi. :t quiescent chamber consisting of a shallow dish or bowl in thu:
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496 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 10.1

Characteristics of Common Diesel Combustion Systems 

  

 

Direct injection Indirect injection

Medium High swirl High swirl Swirl Pre-

I System Quiescent swirl “ M " niultispray chamber chamber
i" Size Largest Medium Medium; Mediumi Smallest Smallest

ll smaller small

It | ‘ Cycle 2-/ 4—stroke 4-stroke 4-stroke 4-stroke 4-stroke
"' ll' 4-stroke

"3: Turbocharged/ TC/S TC/NA TC/NA NA/l'C NA/TC NA/TC: supercharged/
naturally

I' aspirated

|' Maximum speed, IZWZIOO 180(k3500 2500—5000 35004300 3600—4800 4500
ll rev/minI t Bore, mm 9W150 150—100 13(H?0 IWSO 95—70 95—70

Stroke/bore 3.5 1.2 1.3—11) 1.2419 lile0.9 1.1419 1.1439

‘ : Compression 12 15 15716 16—18 16—22 2&24 22724
‘ ratiot Chamber Open or Bowl-in- Deep bowl- Deep bowl- Swirl pre- Single/

shallow piston in-piston in—piston chamber multi—
dish orifice

l pre-chamber

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

1n pre- chamber
chamber

Number of Multi Multi Single Multi Single Single
nozzle
holes

Injection Very high High Medium High Lowest Lowest
pressure4—_—__,—__._—————

piston crown is often used. The air utilization in these engines is low, but they are
invariably supercharged or turbocharged to obtain high power (ICIIRily.

‘ i In the DI category, as engine sizr: decreases and maximum speed rises, swirl
| is used increasingly to obtain high-enough final-air nnxmg rates. The sum! is. gen-

erated by suitably shaped Inlct ports. und is amplified during rmnprcsstun by
t forcing most (If the air toward the cylinder uxis into the deep howl ilt-[itn‘ifln

crunbustion chamhma in about the saint: size range. tin nltcruutrw system to tho
rnnllilmlc nozzle swirl system is lln‘. MAN. "M " system (or wall-wetting riyhtctrlls
when: must of the fuel from the single-hole [ill'lllt' Hoyle is plztentl rm tlw wall Ur

. . the sptwrienl bowl in the piston crown.
In tlit: smallest engine sizes. the ID! engine has traditionally been urt

. I obtain tin: rigorous uir motion required iur htgh fuel-am mixing I'tlicfi. ”We “W
several dill‘erent geometries in usi: These either generate substantial “W1rl in the

ted It] 
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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. lO-2a. An
alternative IDI engine to the two types listed 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 generator as gas flows intoand out of the cell.

10.3 PHENOMENOLOGICAL MODEL OF
COMPRESSION-IGNITION ENGINE
COMBUSTION

Eiludler. ul' photographs ul' diesel engine combustion. eurnhiricrl WI”! analyses: tll
supine cylinder pressure- tlntn, have led In 5! widely accented descriptive model of
tin: c-imprcsstnu-i31tiitinn engine combustion process. Tilt: concept of twirl-release
mm i-t iii'ipurlunt to understanding this model. it i-h definci'l r». the rule at Wl'llt‘l'l

ll‘n.‘ Chen‘iiccil energy of the fuel is released by “it? mmhustmn process. [I can be
calculated From cylinder pressure versus crank angle mini. :15 the energy release
ri‘itltli‘cd to create the measured pressure. using the techniques LiCNC‘l‘llltfitl tl'1 Sec.
Ill-t. The combustion model defines l'oiii- wpurutc phases of diesel iinintmstiuii,

-J..L'l'l plume being ennlrulled 11y dlll‘erent physical or chemical prcicc‘:5;i.'::. Although
lllL' i'elzttwe lil'tlel’illllUt? (ll eat-h pha5c does depend on tltr.‘ miiihustitin system
iiserl. and engine operating eontlillriris. these I‘nur plum-.5 :ire Common In all tiltflyfl
engines.

10.3.1 Photographic Studies of Engine Combustion

their speed pliumglunliy at several thousand frames per second has been used
cttrtmvely in study diesel engine combustion. Stunt: of these studies have been

iniricil uiit in eniiihiist'ieri chambers very eluse tn thine med in practice. under
ni'-iiri:i| engine operating conditions leg, Refs. I and 3]. Sequences of mtll'VILlllfll
I‘rnrnet limit movies nrewtle valuahle ltlll'ltllhllllll'l on the nature of the L‘HI'H‘
hml'rnn process in the difl'erelil lyrics ol' dicsal engines. Figure ltl-‘t HIIUWS l'tiui
Ctlllll‘lllldltm eliunilier getiitietitcs that have been studied [iliritugrnphiettlly ”writ:
‘Jl't‘ ltl'l u quiescent chamber typical of diesel engines in the 3 ID 20 t‘hriai‘et'lmder
”Refine-true”! ttsml l't‘ir iriilitslrml. marine. ill'ld rail traction applications ttiitly the
burning HI 3 iil‘lplu [tie] spray of the intiltisplay combustion system enultl be
'lllldlml’l; I!!! at smaller high—speed DI engine with fiWlt‘l and four fuel sets centrally
lllleeicd. let :in M AN. "M" DI wstum: and (all a Ricardo ('nmet V ~twirl
Elltiiiihm lt)l Airstren‘i.1

The combustion sequences were recorded on color film and show the fol-
lowing featu rec:
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FIGURE Ill-3
Imtr dine! cumlutflunn cllilll'llmfl. med lr-r ohlmn plmlugraphs It! the cmnnrmsmn-igntLion num-

nltiiwn in I‘m. Ill-4 on col-2: plate: mt qmeucnt In chamber. ll!) multtholr nuulr: DIlumlinn princess
4'19 ‘ (r‘l M.A.N. "M" 'lJl t'htunbur, (II'J Ibunrdu anc'. lDI vwirl uhutnhm,”rtmrnbcr with nwnr! . m p.

pot lamps and define theIs). The ['qu droplets retlrct light from s
extent of the liquid fuel spray prior to complete vaponmliun.

Fuel spray

Premixed flame. These rcginns are 01' um lnw r1 luminosity to he mantle-1
with the exposure level used. The addition of :l copper additive tlnpc in [he incl
gives these normally blue flames a green color hrtgjtl enough 10 render them
visible.

limits-inn flame, The burning lnghqempcraturc
adequate luminosity and appear as ye
from the particles changes culur thmu

Over-rich mixture. The appearance of n brown region. usually surrounded
by .n white illllua‘inn flame. indicates an excessively rich mixture region when:
substantial mm particle production has: occurred. Where this fuel-rich surxl—l-‘lllC-I‘
clinnl contacts unburned mr there is a hut white diffusion flame.

curl-0n particles m tins llnme
llt1w~whilm M tin: Harm:

pn'wldt.‘ mun: than g1: “range 1'0 red.
Curtis. the. radial inn

Tattle ID} summarizes Ihe characteristics of these dilierent regions, discernable m
the photographs shown in Fig. 10-4 on the color plate. 
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c00m

(d)   
10.5°   

(C) (d)

30°

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 some of 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 spray is brilliant
white-yellow from the burning of the soot particles which have been formed in

(b)    
 

20° 31"

FIGURE 10-4 (0n Color Plate, facing this page)
Sequence of pholographs 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) rumination
of I'uur sprays in D! engine Wlll] un-umlerclnckwmc swirl; Icl combustion of single spray in MAN
"M“ DI cum]; (I!) combustion in prwhamhnr (on left) and main chamber {on right] in Ricardo
C0mm ID] swirl chamber diesel. nit) rev/min, imep : H27 kl’a (In! lb/lu’lm [Courtesy mama.
Conxufrmg Erlg|n¢¢r3,_l

FIGURE10-4 
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500 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

l . TABLE 10.2I ' Interpretation of diesel engine combustion color photographs‘ 

Color Interpretation 

I Grey Background; the gas (air in early
' stages, combustion products later)

is transparent and not glowing

‘|‘ Green Early in combustion process; low
t|t I luminosity “ premixed "-typc 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 burnup in diffusion flame
at lower temperatures; last visible
in film at 1000°C

”i ‘ Brown Soot clouds from very fueLrich‘ . mixture regions Where these meetair (grey) there is always a white
fringe of hot flame

. _____———_—————

the fuel-rich spray core. At this stage (71°), about 60 percent of the fuel has been
injected. The remainder is 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).
I This sequence shows that fuel distribution is always highly nonuniform

. during the combustion process in this type of D1 engine. Also the air which is
‘I between the individual fuel sprays of the quiescent open-chamber diesel mixes

with each burning spray relatively slowly, contributing to the poor air utilization
With this. type Ill combustion chamber.

Figure Ill-4h shows a oombnslitint sequence- l'rtltn the DI engine Wlll] swirl
[the chamber shown in Fig. [Ll-3m. The inner circle corresponds to the duul' “0“"
m the piston crown. the outct‘ circle to the cylinder liner. The fuel sprays t0r
which Iwo are visible without obstruction from the Iniectorl first appear ill. - li‘i

" At —7" they have reached the wall of the bowl; the tips of the sprays haw tit-cu
h deflected slightly by the anticlockwise SWH‘l. The l'mme tit - 3' shows the first
‘| ignition. Bright luminous tlatnt: zones are Vlfllhlc, one on each spray. 0H1 M ”w

. ' hnwl walls. where i'ttel vapor has been blown tnotnul by the Nut. huger art'unl'fil'l
burning regions indicating the presence or premised flame can be seen. The fuel
downstream of each spray is next to ignite. burning yellow-willie due I” [IN 9““ 
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COMBUSTION IN COMPRESSION-IGNITION ENGINES 501

formed by the richer mixture. Flame propagation back to the injector follows
extremely rapidly and at TC the bowl is 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) shows the gradual diminution of
the soot-particle-laden regions as they mix with the excess air and burn up. The
last dull-red flame visible on the film is at about 75° ATC, well into the expansionstroke.

Figure 10-4c 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 swirling air flow.
More recent “M” systems use a pintle nozzle with a single variable orifice.3 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 conveeted round the
cup by the high swirl air flow. By shortly after TC the flame has filled 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

cylinder liner as excess air is mixed into the flame zone (105°). The flame is 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 the left) 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 chamber is seen in the plan view of the upper drawing of Fig. 10-3d. 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 be seen. The first 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 pressure rise in
”"3 Precltamber. The flame jet impinges on the piston recesses entraining the air
in the main chamber. Ieaving green palettes where all carbon is burned out (4°,
I luv 15”}. A brown soot cloud is emerging from the throat. By 15° ATC this soot
cloud has spread around the cylinder. with a bright yellow-white flame at its
Periphery. This soot then finds excess air and burns up, while the yellow-white
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502 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

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

Magnified color photographs of the flame around a 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.4 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 temperatures 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—511 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 commences in thefuel vapor—air mixture region, set up by the jet
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
boundary reflects 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 10-50 shows a portion of this main flame region enlarged to show its
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 same region of the com-
bustion chamber as Fig. 10-50, 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 was closing.

 

FIGURE 10-5 (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 ms after ignition. (c) Magnified photograph of main portion of flame.
(d) Individual droplet burning late in combustion process after injection completed. Air temperature
~ 500°C. 50 mg fuel injected.4 (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 central fuel injection through a
four—hole nozzle into a disc-shaped bowl—in-piston combustion chamber. The rate

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 ;5 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 and start of
combustion [identified by the change in slope of the 11(6) 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 curve is typical of this type of D1 engine over its load and
speed range. The heat-release-rate diagram shows negligible heat release until
toward the end of compression when a slight loss of heat during the delay period
(which is due to heat transfer to the walls and to fuel vaporization and heating) is

 

  
FIGURE 10-6' I ‘ l I t r | I

~§D -—60 _40 ,_20 TC 20 40 60 80 'Cylmder pressure 17,- injector needle 11ft Inf, andInjection-system fuel-line pressure p,, as functions of
Crank angle, deg crank angle for small DI diesel engine.5

 

”l The hunt-reimsc mte plottud here is the eel heal-release rate lseu Key. “1.4). It is llte cum of the
chlf-C "l' xenmhle Iulcttml energy til the cylindm gases and the work. dunu on the piston It differs
from tht; tutu Ill fuel energy released by minibus-Hun by [lit heal tmnstcmnl in the combustion
cllll'lll‘t‘l‘ Walla. The hm“ lust: lo the walls Is ill to :5 percent nl the fuel ltealtrtg Value III smaller
"'IEIIIL‘N. ll in lean :11 larger engine Mm This net ltem relmtm tum he used :1.» L111 indicator ul uuluul llt‘lll
1“lam: when the heat Inns I5 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 (though it 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 percent of 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 percent of 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, Lyn6 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 remains essentially constant. Third, the magnitude of the initial
peak of the burning-rate diagram depends on the ignition delay period, being
higher for longer delays. These considerations, coupled with engine combustion
photographic studies, 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 number of elements. The first element which enters mixes with air

and becomes “ready for burning” (i.e., 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
 

125

Pressure,MPa FIGURE 10—7

Cylinder pressure p, rate of fuel
injection m“, and net heat-
release rate (2,, calculated from P
for small DI diesel engine.

_40 1000 rev/min, normal injection
timing, bmep = 620 kPa.5

fur,andQ,"kJ/kgair \I fill  
 
 

Crank angle, deg
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Rate of injection

Injection Rate of burning

  

Crank angle, deg

FIGURE 10-8

Schematic of relationship between rate of fuel injection and rate of fuel burning or energy release.6

mixture (the shaded region in Fig. 10-8) is then added to the mixture which

hucomes ready fur bunting after the curl of lllt.‘ delay [ICI'IIJLL producing the high
initial rate (if lam-hing as shown Such at lluill’l'clunflt: prolilc is generally observed
with lhIS type of naturally aspirated DI diesel engine Photographs much as those
”1 Fig. twin and in show that up to the heailArelease-ralc punk. flame regions of
Imu green llllnlnuxlly an: apparent bit-Cause the running in. prcdnmimiully of lhc
premixed part of Ihc spray Alter the peak, as the umoullt of premixed mixture
available for burning decreases and the amount of fresh mixture mixed to be

“ready for burning " increases, the spray burns essentially as a turbulent diffusion
flame with high yellow-white or orange luminosity due to the presence of carbon
particles.

To summarize. the t'olll'iwmg stages of the overall compression-ignilicm
diue'cl combustion process can be defined. 'l hey are identified on the typiml hm]?
release-111 [e diagram for a D! mystic. in Fig. ill-9.

Ignition delay (ab). The period between the start of fuel injection into the
Lllllll‘tlslitln chamber i'iml the start of cmnhnslion [determined from the change
I" 'lnpe on the p41 diagram. or from a licttHclease analysis of the {(0) data, or
[tom .1 Iurrnnnsity detector]

Premin'd' or rapid r‘nmbmrrim phase the). In rlm phase. combu-zliorl ol' the

fuel which has. mixed WIth air to Wllhm the flammability limits during the igni-
llfm delay period occurs rapidly in a few crank angle degrees. When this burning
Il’ll‘ittll‘t Is added to the fuel which becomes ready in: burning and burns. during
this phase. the high heal-release rates characteristic of this phase result
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§ 7 _.
% Ignition Premixed combustion phase
: delay - —
E period _/ l
“5

§ '— |..._.. Mixingicontrolled combustion phaseM _ Late
—.t<— combustion

" 501 phase '
l | i 2

160a b 170 180 190 200 210
Crank angle, deg

FIGURE 10-9

Typical DI engine heat-release-rate diagram identifying different diesel combustion phases.

M being-controlled combustion phase (cd). Once the fuel and air which pre-
mixed during the ignition delay have been consumed, the burning rate (or heat-
release rate) is controlled by the rate at which mixture becomes available for
burning. While several processes are involvediliquid fuel atomization, vapor-
ization, mixing of fuel vapor with air, preflame chemical reactions—the rate of
burning is 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
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 charge is
nonuniform and mixing during this period promotes more complete combustion
and less-dissociated product gases. The kinetics of the final burnout processes
become slower as the temperature of the cylinder gases fall during expansion.

10.3.3 Application of Model to Other
Combustion Systems

In the MAN, “M” DI engine system. and in IDI systems, the shapes of the
heul—releasewate curve are different from those of the quiescent or moderate swirl
DI shown in Figs, Ill-7 and 10-9 With the " M " system. the initial hunt-release
“spike" is much less pronounced (in spite of the fuel that a large fraction of the
fuel is injected during the delay period) though the total burning period is Hbtlul
the same Lyn" has suggested that the lower initial burning rate is due to the fulfil
that the smaller number of nozzle holes tune or two instead of about four or
more) and the directing of the main spray tangentially lo the Wall substantially
reduce the free mixing surface area of the fuel jets. However. smee the l‘tUlllll'lg
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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 burning rates. Only after combustion starts will
the gas temperature and heat-transfer rates be high enough to evaporate the fuel
off the wall at an adequate rate.

In the swirl chamber IDI engine, where the air in the main chamber is not

Immediately available for mixing, t'tgain the rate-determining processes are diifttr-
em." Tttcte is no initial spike on the. rate-of-Iicnt-release curve as was the cast:

with DI engines. 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
burning rate.

Based on the above discussion Lyn6 proposed three basic injection, mixing,
and burning patterns important in diesel engines:

A. l-ttel injectim't across the chamber with substantial momentum. Mixing pro-
ceeds immediately as fuel enters the chamber and is litilt: affected by com-titration.

I5. Fttttl depusttion on the Cortlhttslmu chamber walls. Negligible timing during
the delay period title to limited evaporation. Alter Ignition- evaporation
becomes r21 put and its rattt‘. :5 controlled by atuecss of hot gases to the surface.

radial nurtnnt lining mdttcctl by rliii‘tzrertlitrl mnu‘ifugal throes. Burning is lltcrc.
turn delayed by the ignttttm lag.

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

Figure ltlvllt shows. schemallcnliy. the cc-Itstt'uctit'm ul' thu burning-rate nr
lintn-ticteatSe-rat: diagrams [from the same intention-talc diagram] for the DI
diesel -_:tirnhu5tit.nt system with a central tnnllthr-le Ironic... I'm the “ M "—type DI
diesel. and for the swirl chamber tDl. Fol the Di engine Wll'lt l‘i'llllltllt'tlt: nozzle,
mechanism A is predominant. For the DI engine Willi t'ttcl sprayed tangentially to
the wall. tnechamsrnx [3 and C prevail: the delayed mixing prevents excessively
ll'k’ll ttlittal burning rates. l-c-r the ID! swirl chamber engine. the shorter ignition
‘lfllttr I-‘rgt-tltel with mixing process C‘ during lilo delay period produces 1t gradual
infilcnau in burning rate. as shown in Fig. ttt—lltr
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Injection Injection Mei'hiinlnii C Injection_ __.I ” ' , . ‘ 'trttclliitimm C
l , -‘ Delayed mixtng by '

l Inunediate mixing mechanisms B and C l _ Delayed mixing by. - r .

0‘ f by mechanism A Di Q) a mechanism C
i'

r -. F. ¥
*‘ _ 3“ Tune —‘ " "' Time —’ —" !iini;—'
Ignition Long Short

delay (a) delay (b) delay (C)
FIGURE 10—10

Schematic injection-rate and burning-rate diagrams in three different types of naturally aspirated
diesel combustion system: (a) D1 engine with central multihole nozzle; (17) D1 “M"-type engine with
fuel injected on wall; (a) IDI swirl chamber engine. Mechanisms A, B, and C defined in text.6

10.4 ANALYSIS OF CYLINDER
PRESSURE DATA

L‘ylindcr purse-tin: versus cttittl; tingle dattl over the compression and expiiiisnm
strokes of the engine operating cycle can be used to obtain qminiitntivc [Illtlt‘nttt-
lion on the. progress oi cuttthltstiml Suitable methods of analysis which yield thi.‘
i-itic iii rfllLEEL‘it. of tlic fiiel‘s chemical energy [often called heat release). or rate of

fuel burning. through the diesel engine combustion process will now be described.
The methods of analysis an: similar to those described in Sec. 9.2.2 for spark—

igninon engines and start with lltt: tlrst law of thermodyitninl'i-x for an open
system which is l]lll|tiI static the... million] in pressure and temperature). Tht.‘ Iir3t
law for such a system (see Fig. 9-11) is

__p_+zml_hi=_t (10.1)

where riertt is the hcitt-traiister rate across the system honmltirv into the system.
mill/Mt] is the rttttt ot' work transfer (lone by the system due to system boundary
displatt‘unienl. iii. iii the innit-u flow rate into the system across the system hoimihiry'
:11 location i [now out of the system would he negatitrc}. lt. is. the enthalpy of this i‘

anterior, m Icavtng the svstcm. and U is the energy of the material contained
inside the system boundary.

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

1. Fuel is ii'ijccterl into the cylinder. Liquid fuel is added tn the cylinder which
viipiiriztts and mixes with air to produce it t'iiclgait rand distribution which IS
nonuniform and varies with time The process lli not quasi Sl‘dLILL.

2. The composition "I the burned gases talso nonuniform) is not known

3. The accuracy of available correlations for predicting heat transfer in diesel
engines is not well defined [see Chap. ll).

4. Cit-vice regions {such its the volmncs between thu piston. rings. and tIYll‘ld‘"
want constitute. ii few percent of the cictirtiiicc volume, The gan‘ in them WWW”rcfort‘i
is cooled to clinic lo the wall temperature. increasing its density and. ll“:
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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 important factor is the
completeness of combustion. Air utilization in diesels is limited by the onset of
black smoke in the exhaust. The smoke is 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 of that inefficiency 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 combustion efficiency 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 and heat release as essentially complete.

10.4.2 Direct-Injection Engines

For this 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 efiects will be omitted
here. Equation (10.1) therefore becomes

d dV dU

d—fip—mnfi— (10.2)
Two common methods are used to obtain combustion information from

pressure data using Eq. (10.2). In both approaches, the cylinder contents are
emailed to be at a uniform temperature at each instant in time during the corn-
hustlutt process. One method yields fuel energy- or heal-release rate. the other
mc'lltul yields a fuel mass bunting rate. The term apparent is often used to
describe these quantities smcc both are approximations to the real quantities
Much cannot be determined exactly.

HEAT-RELEASE ANALYSIS. If U and hf in Eq. (10.2) are taken to be the sensible
Internal energy of the cylinder contents and the sensible enthalpy of the injected
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510 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

fuel, respectively,’r 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,” f z 0, Eq. (10.2)
becomes

dQn dQch 7 thl d_V dUs
   

dt dt dt p d; + dt

The apparent net heat-release rate, dQn/dt, which is the difference between the
apparent gross heat-release rate dQCh/dt and the heat-transfer rate to the walls
de/dt, equals the rate at which work is done on the piston plus the rate of
change of 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

(10.3)

 

 

dQ,I dV + dT 10 4= — mc —

dt p dt ” d: ( ' )

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

dp dV dT

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

dQ,l cu dV 0,, dp= 1 — — _ —dt (+R>p dt +Rth
d dV 1 d

or Q" = V — + — V p (10.6)
 

d: y—i” dt y—l dt

Here )7 is the ratio of specific heats, cp/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 (z1.35) and to burned gases at the
overall equivalence ratio following combustion (zl.26—1.3). The appropriate
values for y during combustion which will give most accurate heat-release infor-
mation are not well defined.7‘ 8

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.8 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);

T That is, U = U, = U(T) — U(298 K) and hf : h!” = hf(T] — hr (298 K); see Sec. 5.5 for definition-
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20*Heatrelease,%fuelenergy
FIGURE 10-11

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 0 50 '00 150 of heat transfer, crevice, and fuel vaporization and
Crank angle, deg ATC heatup efl'ects.

Fuel vaporization

 

:1an H) ll'lt': effects til the crevice regions these uddtumutl phenomena must ht:
limit with nl an equivalent lewl ul‘ ace-mam lot more complex heal-release
models it: be worth while. hm many engineering applications. Eq. (mm :9; mil:
tnutte fa: diesel engine cnmtmstinu analyst-5.

Additional insight can ht: nhlnituetl by incorporating a model [or the largest
ut the drum t'tmtllL‘ll from ht}. 1 mm, the heat transfer u'QmJttt [see Chap. l2): we
thereby ohtant 'H. class nnpmxinnuirm In the. must heat-release rule. The integlul
-.n' the WW3 lteabrulcase mtc twer the cmnplcte combustion process uhnuld then

equal (to within a few percent only, since the analysis is not exact) the mass of
fuel injected m, times the fuel luwer heullng value QLHV: i.e.,

 ‘cnd d

th = I thCh dt = mf QLHv (IO-7)t

Of course, Eqs. (10.1) to (10.6). t10.t.:t and (10.7) also hold with crank angle 9 as
the independent variable instead of time t.

Figure lt'tl t Illustrates tttu vclstwe magnitude of guns»; and net heat reicasc,
IILM translur, ercwtae clients. und heat of vaporization :tnd heatiut: up of the fuel
to: .1 turhntrI-Iurgetl DI diesel engine opt-rating it! the mid-loud. tmduspectl range
The not heat release tit Iln: gross heat release due [a cmnhustit'm. less the heat

transfer to the Willl5_L‘{L‘\thc eti'ec-Is, :nul the effect of fuel vaporization and heatup
lWlIIL‘lI was [111111th :11"th by neglecting the mass addition term in rifW‘tl. This

Idl3| It-rm u: llrlinfliclllh’ small to be nqzlecleu, The enthalpy ot‘ \tupnrticttion ol'
(lluiU-l incl 15 less than | percent of its heating value; the energy chant"; ‘rlfiiit‘fL‘lillCLl
With heating up htcl vup-n trum tnicetitm temperature tn typtml compression at:
lumpcmtums is about :1 percent of the fuel heating value The heat trawler into
giant-ll r-ver the duration of the combustion period is 10 to 25 percent of the total
llCfll [thawed

stan

FUE! MASS BURNING HAT?“ AN-tLYSlS‘ If the internal energies of the fuel, air,
and hunted gases in Eq. t It]. II are evaluated relative to a consistent datum (such
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512 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,9 Eq. (10.2)
can be written as

d dV dQ dmg : _ _ __ h _
dt (mu) p dt + dt + f dt (10.8)

Here Q is the heat transfer to the gas within the combustion chamber (that is,
Q = —Qm), m is the mass within the combustion chamber, and dm/dt has been
substituted for r'nf.

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 (1),

u = u(T, p, qt) and R = RtT, p, (b)

Therefore

engages? 109
dt_6T dt 6pdt 5(de ( "1]

cit—aTdt dpdt Md: (')
Also,

m 1+(F/A)0

= + ——1>— 10.10“b ‘b" (m. (M). ( )
I A

and fl _M d_m (10.11)
dt ‘ (FM),an 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) — (au/dedp/dt) + (1/m)(dQ/dt) — c3 (10 12)
m dt _ u — hf + malt/64>) — CD + (D/R)(0R/0q5)] '

where

dp 1 8R dp Ag
1

E t R 0p dt + V dt

_ Twit/(3T)
' 1 + (T/R)(6R/6T)

_ [1 + (F/A)o]m
— (F/A)sm0
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nber, and dm/dt has been

nder during combustion
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p, T, and the equivalence

3 p, ¢)

,2 (10.9.1)

34: (10.91;)lr

1)_0 (10.10)

(10.11)

3 initial value prior to fuel
: value. It then follows that

.I/mjldeum — CB
(10.12)
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Pressure,MPa FIGURE 10-12

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

7| . the Krieger and Borman method9

160 TC 200 220 240 260 for DI diesel engine at 3200 rev/Crank angle, deg min and full load.

Fuelmassburningrate,mg/deg    
Equation (10.12) can be solved numerically for m(t) given m0, 1750 , {1(1), 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/dfl calculated from that data using the above
method. The heat-transfer model of Annand was used (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 not all the fuel

“burns” with sufficient air available locally to produce products of complete
combustion. About 60 percent of the fuel has burned in 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 of this type of
calculation then decreases, however, since errors in estimating heat transfer sig-
nificantly affect the apparent fuel burning rate.

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, (15), and R = R/M can be taken as con-
stant, since the molecular weight M changes little. Then

dm [1 + (cu/R)]p(dV/dt) + (c./R)V(dp/dt) — (dQ/dt)

dr _ h, + (c,/R)(pV/m) — u — mart/(34))

where 1"), us before. 13 [I + [IV/.4Mar/HFr'rljgnflj. Gwen the. uncertainties inherent
in llre Imm-minster model and the negtecr of nonuniformities and crevmes. Eq.
(10 '31 represents an adequate level ul'wphisnuation.
. The nlher sensitivity vnrlntions studied by Krieger and Barman were: shill—

mg of 1hr phasing of the pressure 11:11:: 1' forWnrd and 2" backward: translating
the I‘I'r'ssurt‘ data 13"! kPu (ti lb/inil. changing [he heat transfer 150 percent:

(10.13)
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sz T2, V2: "'2

 

 

‘ ‘ Prechamber Kt'lr‘ _‘ -Main chamber ‘t )\__

dm ":3 \

‘ ferric???—
l I Pl: TI! V1: ml

I ‘_ FIGURE 10-13
I 1 (if Schematic defining variables in main chamber

l / (subscript 1) and prechamber (subscript 2) for IDIengine heat—release analysis.

increasing the initial mass 5 percent. The Imtntl mass change had as negligibly.
effect on the I'Uel burning rate enleulntinns. The lieatt-Irnnster changes 0f ii-U
percent changed the mass at fuel burned by about :1; 5 percent. The change in

t phasing of the pressure data was [HURT Significant. It needs in he stressed that
net-mun: (in magnitude and phasing] pressure data ate a most inipnrtttnt require
ment fur necIIIl heat-release or Fttcl muss: lJUHllIlg tale analysis.

10.4.3 Indirect-Injection Engines

In ll)l diesel engines. the pressures in each of the have chambers. main find an»
ilitiry. are not the same during the combustion prucesst. Since eornbustiun starts.»
in the auxiliary or prechttmher‘ the fuel energy release in the prechamber came:
the pressure there to rise chew: the main chamber pressure. Depending on com
hushun cthtmher design and Itttt’t’aling conditions, the prechaniher pres-tnre rises

‘II to be 0.5 to 5 arm shot-e that in the nutirt chamber This pressure difference
' _I causes n flow af fuel. .t‘rr‘ and burning and burned gases into the main cltmnhur,

‘ ' where additional energy mica-re unw occurs. The analysis of the DI diesel in the

| prevrons section was based on uniform pressure throughout the conthnstit‘m
‘ chamber. For II)! engines. the clTeet of the pressure difl'erence between the chitin-

l‘ bers must usually he meludetL

| ' l-igurc [0-1] shows an “'11 combustion chamber divided at the noule intoI . two open “stems. Applying the first law [eq (IUJ t] to the main chamber yieids
It d_Ql! dV1 h dm_ril£ (10.14)

"‘ cit p‘ dz + “3 dz

1 and to the auxiliary chamber yields

9&_ Elf d’"! dUl (10.15)
dr
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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, hz'1 = h; if dm/dt< 0,
hz,1 = h. If we define U1 and U2 as sensible internal energies and h, as the
sensible enthalpy of the fuel, then dQl/dt and (KL/uh represent the net heat-
release ratesithe difl‘erence between the combustion energy-release rates and the
rates of heat transfer to the walls.

If we use an ideal gas model for the working fluid in each chamber, with
c,,, up, and M constant, the relation p1V1 = mlRT1 and p2 V2 = mzRT2 can be
used to eliminate m and T from the dU/dt terms and, with the fact that h, f = 0,
can be used to write Eqs. (10.14) and (10.15) as

dQ1 y dV1 1 dp1 dm_=— — — —_ T _ ,
dt v—lpldt+y—1 ‘dt 6" 2'1 dt (1016)

sz 1 dp2 dm
—=— — T . — .
dt v—l V2 dt + " 2’ dt (1017)

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

d d

d_Q=& $2; fl —1—(V1%+V2%> (1013)dt dt dt y~1p1 dt +y—1

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 ditheltlt to use since it :eqnires experimental data
for both the main and auxiliary chamber pressures throughout the ctnnbnstlun
process. Access for two pressure transducers through the cylinder head is not

often available; even W hen access can be achieved. the task of obtaining pressure
data from two dill‘erent transducers under the dmunnding thermal loading curtdj-
Irons found in ID! diesels, of sulTI'ciL‘nt accuracy such that the: dili'erenat: berwaen
the pressures (of order 0.5 to 5 atm) at pressure levels of 60 to 80 atm can be

interpreted. requires extreme diligence Ln tect‘ntiqntt.”'- " Figure Ill-Mu amt h
slit-wt» apparent net heatu'ctease rate profiles for an ID] diesel obtained using Eq.
[Hi ltti Will: 1’ 2 L35.” Curves of rig/'0'! tmt'l tiQ/ilti are shown at three different
weeds and essentially constant I'ttel mass trimmed per cycle. While the absolute
heat-release rates increase wilh increasing speed. the relative rates are essentially
independent of speed. int-limiting that combustion rates. which depend on [net-arr
mixing rates, scale approximately Wllh engine Speed.

Equation (10.l8i [or its equivalent) has been used assuming pl = p1 and
using either main chamber or atml'im‘v chamber pressure data alone. The error

associated with this approximation can be estimated as follows. If we write p2 =
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3‘10 .-~ rev/min mg fuel. 2500 16.5 rev/min mg fuel

5qu ‘500 150 25 2500 16.5

B 1035 15.8 “a? 1500 l5.0x Emir g 20 . 1035 15.8
a; ' n
E 150- ‘ \ $5 15 f la) E i
g J‘ l 01f - \2 1|er \ a 10 P. ‘B . E ‘.I '1)

:53 me ‘- \ ll | 1 1‘3 5 '1 I' . i"m an . A | .. 8 i ,5.) f 8&1" ,n 1 - .1 .,_ __ - I * .' .. . :1: ..,'i , I 'Ilmll- '
” “’ “KP-ill n.‘ 1n iii—I'd 5111.- 12:1). ”1:11:11 0 Lao-“s." ,3. 111 4'0 ll rtt'i, tux" _- .-

—50H "\‘ '. TC ' ' as "' \l r"

- Crank angle, deg Crank angle, deg
(41) (b)

FIGLRE 10-14

Calcu ated net heat—release-rate profiles for ID] diesel engine at constant load 0.29 S S 0.32 _ a
( l

Heat-release rate in kilowatts. (b) Heat-release rare in joules per degree.11

pl + Ap then Eq. (10.18) becomes

dQ y dVl ‘ V1+V2dp1+ V2 duly)
dr y—lpl dt ' y—l d1 y—l 1!:

If the last term is omitted, Eq. (10.19) is identical to Eq. (10.6) derived for the DI
diesel. Since the term V(dp1/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
[tail V1 + V2)]d(ApJ/dp1. In the initial stages of combustion this error can be quite
large (of order 11.231 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).10
Thus, neglecting Ap will lead to errors in predicting the initial heat-release rate.
The magnitude of the 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). Lair-r in the
combustion process the error is much less, so lawman-d heat-release dam derived
ignoring Ap will show a smaller error.

A model analogous to the above, but using the approach of Krieger and
Borman9 ism. Sec. 1114.3), for the ID! diesel has been developed and used by
Watson and Karnel.10 The energy conservation equation for an open system
developed in Sec. 14.12, with energy and enlluilpy modeled using a consistent
datum (see Sec. 4.5.2). with appropriate models [or convective and radiation heat
transfer and for gas properties, was applied to the main chamber and also to the
prucltamhcr. These equations were solve-:1 usmg accurately lnL'aSlllml main
chamber and pit-chamber pressure data to determine [he apparent rule ul' heal
release (here, the rate of fuel burning multiplied by the fuel heating value} I" "“5
main chamber and prechambers through the combustion process. 'l he dill-til“? W?“
a Ricardo Comet swirl chamber IDI destgn. Some results are shown in I‘ll}-

(10.19)
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(10.19)
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en developed and used by
uation for an open system

rnodeled using a consistent
nvective and radiation heat
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kJ  
120 —40 0 40 80 120

1320 / '

{6" min I 2800 rev/min  
 

3“
i I"

'6’ 0.02 — 2

0 | |

—40 0 40 80 120 —40 0 40 BO 120

Crank angle, deg Crank angle, deg
(11) (b)FIGURE 10-15

Calculated gross heat-release rates in IDI swirl-chamber diesel engine at full load. 1 Prechamber heat
release. 2 Main chamber heat release. Tap figures: integrated heat release. Bottom figures: heat-
release rate. (a) 1320 rev/min; (b) 7800 rettr'mln.lo

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 1.

The fuel is introduced into the cylinder ni‘a diesel engine through rt nozzle With a
large. pressure dill‘urenhnl across the nozzle orifice. The cylinder pressure at injec-
tion is typically in the range 50 to I00 turn. Fuel lllJBfillUfi pressures in the range
2!)” m Hun arm are used depending on the uflglnt-l size and type of combustion
swam employed. These large pressure difl‘cretsccs acress the iHJEC-mr mule an.-
rcqutmj so that the injected liquid fuel jet will mm the chamber at :mfficmmty
high velocny to 11) atomize Into small—sized droplets to enable rapid evapm-arwn
and Ill traverse the combustion chamber in the time available and fully utilize
the mr 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 for 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 end cleanly, 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
pump sends fuel 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 stroke is 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 eflective 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

plunger helix 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 lower helix, delivery always
starts (port closing) at the same time, but ends sooner or later 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.14

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 and barrel. The pump plunger is made to describe a combined rotary
and stroke movement by 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 form a single 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

FORD Ex. 1125, page 66

IPR2020-00013



FORD Ex. 1125, page 67
                       IPR2020-00013

s.) The task of the fuel-
if fuel for the given engine
hat fuel at the appropriate

figuration required for the
rtant that injection begin

from the fuel tank by a

:tion pump. The injection
iich carry fuel to the injec—

goes back to the fuel tank.
of fuel systems used with
' brake power range which
i 1200 atm.

igines in the 40 to 100 kW
unger and barrel assembly
am on the pump camshaft
)lunger stroke is fixed. The
to seal without additional
ieeds. The amount of fuel

troke. This is achieved by
pump housing and rotates
ontrol sleeve. The plunger
:h the chamber below the

nger. Delivery ceases when
ning), thus connecting the
takes place depends on the
)wer helix, delivery always
.' or later depending on the
with an upper helix, port

d by the helix and is varied
the plunger helix controls

hat illustrated in Fig. 1-19)
; than 30 kW per cylinder
tm. These pumps have only
describe a combined rotary

'uel is accurately metered to

simultaneously acts as the
)er than in-line pumps but

stributor-type fuel-injection
governor, and supply pump

iall one- and two-cylinder
of more than 100 kW per

:tion system and a section

COMBUSTION IN COMPRESSION-IGNITION ENGINES 519

 
 

r.-

Fuel intake {jig}! " Fuel-injection tubing
l
" I

1 _ Delivery-valve holder

. j — Delivery valve
— Barrel

Fuel filter

  

 
 

Nozzle holder assemblywith nozzle Control rack

7 — - Plunger

- Plunger return spring
.. :1- Control sleeve

i ZQ‘J ' Plunger control arm
‘ Guide sleeve 

Retainer

FIGURE 10-16

Fuel-injection system with single—barrel pump. Left: system layout, Right: section through fuel-
injection pump. (Courtesy Robert Bosch GmbH and SA E”)

through ilii; fuel-irritation pump.” Such pump; ure tll'l'i-"Ltl'l by an: auxiliary cam
on lllt: migmc: camshaft Mini used extensively on larger engines. an: unit inject-in

WllUI'L’ lilL‘ iiiiiii'i illltl ”Hector nozzle an: combined lIllU u single Iiiiii. Alt example
-.il ii lllill injector and its tliivmg [liL'L‘lJflIIlF-I‘Il used on It liirgc two-strum.- i'ytzle
diesel engine is showri in Fig. Iii—H. Fuel. supplied lo the inieeiur Ihroiigh a
I'iiul-ilislrihiiliilg nuiiil'olil. rulers tin.- mviiv or riliiiii-ur chamber illlL‘flfl {II the
plunger through a metering orifice. When fuel is to be injected, the cam via the

rocker arm pushes down the plunger. closing the metering orilicc and compres-
sing the fuel, causing it to flow through check valves and discharge into the
cylinder through the injector nozzles or orifices. The amount of 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 iiiii'ii'iitant part of the injection sysicm is the nozzle. Examples of

different iiume types and a nozzle Ii-iltler 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 final in the pressure
chamber above the nozzle aperture opens the nozzle by the axial florist: it UXL'I'ln'
iiii lllL‘ conical surface. of the nozzle needle. Ncerllt' valves am: used in prevcni
ill'ihliit- from the nozzles wlioii itucclinn I5 not occurring it is. UDpLiI'ls-ll]! Iu keep
the Vi'll‘llllif iii l'iici left between llit‘ iicciilc: :ind nozzle iiriiiccs itlii: Hut? volume! as
small -'\'1 DUEli‘lllllL‘ tn prcvmi any fuel flowing into iliu cylinder all-er injection is
Over, to control hydrocarbon emissions (see Sec. 11.4.4). Multihole nozzles are

used With inns] [liruct—iiiictriiun systems: the MAN. " M” svsleni uses a single
hole nozzle Piiiilc nay/ales. where the needle mint-en. ink] and through the nozzle
hole, illL' iisetl iu iiidircct—inicction engine iiysirms. Tin: Shiipc til' the pin on llie

FORD Ex. 1125, page 67

IPR2020-00013

 



FORD Ex. 1125, page 68
                       IPR2020-00013

 
 

 
 

 

 
 

 

 
 

 
 
 
 
 

 

  

520 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

 
Nut 

 
 

’/ Spill deflector

J Plunger

‘- Bushing

 
__ , Spray tip

 
FIGURE 10-17

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.

Increased flexibility in fuel metering and timing and simpler injector mechanical

design are important advantages.16 .
Accurate predictions of fuel behavior within the injection system requlre
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4"”Terminal
mall'nnnl stator
 
 

.-\Inmu.uv

Nllllllll‘l—l [Plunger Plunger‘ (Motion; Fuel
lililnll'nld

 
To nozzle To nozzle

Mechanical injector Electronic unit injector

FIGURE 10-18

Electronically controlled unit fuel-injection system.16

sophisticated hydraulic models: Hiroyasu17 provides an extensive reference list of

such models. However, approximate estimates of the injection rate through the
injector nozzles can be made as follows. 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 rh, is given by 

m, = CD .-1.W/2p, Ap (1020)

when: .-l,, is the nozzle minimum .ncn. CD the discharge onetliuicm, p, the fuel
density. and an the pressure drop across the nozzle. If the pressure drop across
the nozzle and the nozzle open arm are essentially constant during the injection
period, the mass of fuel injected is then

Nil

ml = CDA" 2,0pr snow

 

(10.21)

W'IL‘I'L- :3“ is the nozzle open period in crank angle degrees and N is engine speed.
Emu-hulls {10.20} and (I01 ll illustrate Inc dependence of injected amounts of fuel
"“ "linens-n uyslem and engine pzlramclcls.
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|

in __. .

Spray angle t Break up
H t lengthti ‘

 

lii't'1i Spray tip punulruttonl  
FIGURE 10-19

Schematic of diesel fuel spray defining its major parameters.la

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. Difi‘ercnt designs of nozzle are used (e.g., single-
orifice. multiorit‘tce, throttle. or pintlc‘. see Fig. 1-18), depending on the needs of
the combustion system employed. Standard diesel injectors usually operate with
l'uel‘injecnon pressures between 200 untl I'Flltl alt-u. At tune. of unit-anon. the air in
the cylinder has .-t pressure ml 50 to llltl aim temperature about lllllljl K :tutl
density between IS and 25 kg/m’. NtI'IZIL' tflametert com the range It 2 t-t- I mm
diameter. with length/diameter ratios from J in ll. Typtua! distillate diesel fuel
properties are: relative specific gravity nl'll.el. viscosity Item-ecu 3 and Ill ltmt'rn-‘s
and surface tension about .1 x in 3- N/m lat tun K). Figure [ti-l9 illttsutau-s t-Itr-
rlrueture til it typical Dl engine fuel spray. As the ltqttul jet leaves the lttwfiflu tt
[recounts turbulent and spreads out as it enlrnins and mixes with tin: snrronmling
tnr. The initial jet velocity is greater than H)" nits. The outer surface of the 1‘3r
breaks up into drops ofurdtzr It) urn dimnuter. close to the. nozzle exit. '1 llt’. liquid
column leaving the nozzle tlisinlewutcfi Within the cylinder over a ltnitt: lenglil
polled tin: breakup length into drops of ditl‘cnmt Sizes. As one mottcs Jway {tom
the morale, Illa Flu!!!» of .111 Within the spray increase». the spray divm'ttes. ll‘i widlll
increase; and the. velocity decreases. The fuel drops evaporate its tlnr. ult-
cntrziiurnent process proceeds. The tip ol‘ the spray penetrates ltttthut inlt' ll”
combustion Ullulnl‘lflt' as injection proceeds. but at a decreasing rate. Fltflllf 1”?“
allows photographs of a diesel fuel spray itncclcd into quiescent air III 3 l'ul‘ld'
compression lI‘lltL'lllllC which .fillntllnlcfi' diesel conditions.” Two tlin’cmnl pllfl'
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 E 50

100

2 3 3.3 3.5 ms FIGURE 10-20

0 ‘ 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
3.3 ms. Top (shadowgraph) photographs
show full vapor and liquid region. Bottom
(back~illuminated) photographs only show
liquid-containing core.19

 
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 the liquid core. The region of the jet closest
to the nozzle (until injection ceases at 3.3 ms) contains liquid drops and liga-
ments; the major region of the spray is a substantial vapor cloud around this
narrow core which contains liquid 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 quiescent air 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 ligaments at the exit from the nozzle orifice (or shortly thereafter).
The spray entrains air, spreads out, and slows down as the mass flow in the spray
increases. The droplets on the outer edge of the spray evaporate first, creating a

fuel vapor-flair mixture sheath around the liquid-containing core. The, highest
velocities are on the jet axis. The equivalence ratio is highest on the centerline
(and tueI-rich along most of the jet), decmasing to zero (unmixed air) at the spray
boundary. Once the sprays have penetrated to the outer regions of the com-
buation chamber, they interact with the chamber walls. The spray is then forced
to flow tangentially along the wall. Eventually the sprays from multihole nozzles

 

T The back lighting identifies regions where sufficient liquid fuel (as ligaments or drops) is present to
“teatime the light The shadowgsttplt technique responds to density gradients in the test section, so it
ldfllltlllfifi regions where fuel vapor exists.
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FIGURE 10-21

Sketches of outer vapor boundary of diesel fuel spray
from 12 successive frames of rapid-compressi0n_

machine high-speed shadowgraph movie showing  
 

chamber wall
  

 
—3 1, I— J _r_.. interaction of vaporizing spray with cylindrical wall of

0 l 2 3 4 5 combustion chamber. Injection pressure 60 MPa.
Radius. cm Time between frames 0.14 ms.20

interact with one another. Figure 10-21 shows diesel fuel sprays interacting with

the cylindrical outer wall of a disc‘shaped combustion chamber in a rapid.
compression machine, under typical diesel-injection conditions. The cylinder wall
causes the spray to split with about half flowing circumferentially in either direc-
tion. Adjacent sprays then interact forcing the flow radially inward toward the
chamber axis.20

Most of the other combustion systems in 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 shown in 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 becomes increasingly bent toward the
swirl direction; for the same injection conditions it will penetrate less with swirl
than without swirl. An important feature of the spray is the large vapor-

cnnlaining region downstream of the liquid-containing cure. Figure 10-23 shows
schlieren photographs of four fuel jets injected on the axis of an IDI diesel engine

— Nozzle hole

FIGURE. Ill-II

Schematic (It Incl spray Injected Kuhn“? filllwmd
from Il‘lL‘ chamber axis imn smiling at: llnw. Shaw!
nl‘ thluivalcncre rutin v.5] allsllll‘llllmfl willllfi 1‘“ “indicated.
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Pt 
FIGURE 10-23

Schlieren photographs of 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 vapor regions (mottled).

prechamber with high clochwmc swirl. The photograph on the left, with high
sensitivity, shows the outer boundary of the fuel vapor region of the spray; the
lurwsenstttvity photograph on the right lrtntttwt [llc liquid phase regions of the
spray.“ the Interaction between the swirl and both liquid and vapor spray
regions is evident. as it the spray lutL't‘atrtit'Itt with the chamber well.

Other spray flow puttemr. an: usccl, The spray may enter the swirling air
flow tangentially as in the MA N. " M " system shown Ill l‘ig. 10-1c. The spray
then interacts immediately with the comhttslimt rhutnhct 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 beginning of the injection process. These regions of the sprays are
likely to autoipmtc first. Each spray develops as “allow-t. At the start of Injection
the liquid fuel enters the quiescent air charge. atomizer. moves outwttrd l‘rom the

nozzle, and slows down rapidly as air is entrained into the spray and accelerated.

'lltis start-up process forms a vortex or “pull“ at the head of the spray. The
tll_lt:Ct6d Incl which follows encounters less resistance; thus drops from that fuel

Intel‘lilkt' t|t<' drops [mm firm-injected fin-J l‘orutng them outward toward the per»
Ipltt'ry tn“ the sprtty. At the tip of the unsteady spray the drops meet the highest
auralynttmir resistance and slow tlnwn. but lllr.‘ spray continues lu penetrate the
an L'leltt'gl: henanse droplets retarded at the lip are continually replaced by new
ltlgtlurfltlfiltllmlllllll [illct‘dt‘le‘Glcd timps.” Accordingly. droplets in the periphery
of the spray and behind the tip ol' the spray come l'rnm the earliest injected fttcl.""
At lugs. Ill-2t] ttntl Ill-33 indicate. Iltttst: drops evaporate quit-kit.

10.5.3 Atomization

Under diesel engine injection conditions, the fuel jet usually forms a cone-shaped
Emir III the l]07.7|£: exit. 'I‘lus type or lftfllllt'ttittr is tilttssiltetl as the atonttxatinn

breakup regime. and it llltldUt‘L'“. droplets with sizes very much less than the
nozzle ctttt din-mete: This behavior is titll'ctt'ttt from other modes of liquid jct
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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 average size is

much less 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.” 24

A sequence of very short time exposure photographs of the emergence of a
liquid jet from a nozzle of 0.34 mm diameter and Ln/d,I = 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.”—26 The efleets of the most significant variables, gas/liquid density
ratio and nozzle geometry, on initial jet spreading angle are shown in 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 10‘3 and 30 x 10”. Of several different nozzle geometry param-
eters examined, the length/diameter ratio proved to be the most significant (see
Fig. 10-25b).

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

0 1 p 1/2\/§— = — J — 10.22tan 2 A 4n<pl> 6 ( )
when: p" and p, are gals mid liquid densities and A is a constant for it given non-16
geometryri The data in Fig. Ill-25:: are tilted by A = 4.9. This beliavru: is in
accord with the theory that aerodynamic interactions are largely responsrhte for
jet breakup. Note that the data in Fig. til-35h show a continuous trend 11.5 meld
breakup regime makes a transition from second wind-induced breakup tsullfl

 

T An empirical equation for A is A = 3.0 + 0.28 (Ln/d"), where L,,/d,I is the length/diameter ratio oftllt'
nozzle.25
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1'tmtuymplu uluawmu milial emergence and steady state (bottom right) of high-pressure liquid spray.
tum' l-mwuun {mines '3 l ys. Urinal: water. Gas: Illllltflflll at 1380 kPa. Ap across Huntr 11 MPa.Norrie minimum til-1» mm 15
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trends in the atomization regime, if an additional mechanism is invoked to

mllttmn nozzle. geometry utchts. One possible additional mechanism is Iqud
L'I'JVIlfItmn. A criterion for the onset ufjet atomization ut the nozzle exit plane. was
developed. For (mfputhcU’WqF 2» 1 (which is title for distillate fuel injection
‘IDpliCHmInsl the design Cl'llcl'ltlll is

1/2
p

(4) < k (10.23)Pg

FORD Ex. 1125, page 75

IPR2020-00013

 

 



FORD Ex. 1125, page 76
                       IPR2020-00013

 

 
 
 

 
 

 
 

  
  
  

528 INTERNAL COMBUSTION ENGINE FUNDAMENTALS
 

9,deg   
 

9O 
 

' El Divergence at nozzle exit

 

 

I 24 ._ llntacl before divergingM ' 1
h a argma ,, .-. 0‘5 (0)

20* I._
3«(0)

II 15-—

 
.r’ .

h] ”:122‘ 2‘1”“)(0)
9,deg 12':   
 

4‘.

Ifl(A)
O a I I ' ‘ - I . i I

0 10 20 30 40 50 50

fl 3
p: x 10

FIGURE IILIS .

I ta! luilial spray unglc (II atommug ]El5‘ vast-um dL-miiy mlm (flu/PI = gas denanythuid arms-1m f”
[Ind unzzlc geometry sin-m1 Various fluida and game: m liqmd prwasmus ul 3.4—9.1 Ml’n. Nazi!“
diameters ti" = H.254. 0,343. and 11m mm.” NI] Initial spray might «3mm densily mun Fur J ”M“
lung: 01' nuzzlc gaummrins. Lflhi, : mm]: lungihfdiumumr mm] (RI = ruundcd mlnt Enamellh'lv 5““
symbols Indicalc gem which hrcak up and diverg: dnwnslranm of name exit. Open Rymhnls India”
jet breakup at nozzle exit.“

FORD Ex. 1125, page 76

IPR2020-00013



FORD Ex. 1125, page 77
                       IPR2020-00013

 

COMBUSTION IN COMPRESSIONJGNITION ENGINES 529

where k is an em pirical constant depending on nozzle geometry in the range 6 to l
12 (k = 18.3/Vr‘z1).

Jel breakup trends can be summarized as follnvvs. The inittnl jet divergence
angles increase with increasing gas density. Divergence begins progressively
closer to the male as gas density increases until 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 .!
the onset of the jet atomization regime. Jet divergence angles decrease with i
increasing nozzle length. For the same length, rounded inlet nozzles produce less I
divergent jets than sharp-edged inlet nozzles. The initial 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 its.“ Note that while all .I
these results were obtained under conditions where evaporation was not I
occurring, the initial spray-development processes are not significantly affected ;
by evaporation (see Sec. 105.6). i

  
[In

10.5.4 Spray Penetration

The speed and extent to which the fuel spray penetrates across the combustion

chamber has an important influence on air utilization and fuel-air mixing rates.

In some engine designs, where the walls are hot and high air swirl is present, fuel I
| impingement on the walls is desired. However, in multispray DI diesel com- i

bustion systems, overpenetration givessimpingement of liquid fuel on cool sur- ]
I faces which, especially with little or no air swirl, lowers mixing rates and increases

emissions of unburned and partially burned species. Yet underpenetration results
I in poor air utilization 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.

Many correlations based on experimental data and turbulent gas jet theory
have been proposed for fuel spray penetration.17 These predict the penetration S
of the fuel spray tip across the combustion chamber for injection into quiescent
air, as occurs in larger DI engines, as a function of time. An evaluation of these

correlations27 indicated that the formula developed by Dent,28 based on a gas jet
mixing model for the spray, best predicts the data:j‘

1/4 n 1/4

S = 3.07 E (tdnw2 ii (10.24)
p. I

r!'

where Ap is the pressure drop across the noz—zie. r is time after the start of injec-
tion, and d,l is the nozzle diameter. All quantities are expressed in SI units: r in

= gas denmlygllqnid dcmmtvl lot.
prcssmca of 34—92 MPH Noam
r. versus density ratio for u Mil!
: rounded inlet geometry]. Sulld __7 _ _ — —

07—219 cm. OPE" 53mm" mdwm lFOr nozzle-i when: 2 3 MM" S 4, and for t> 0.5 ms‘. At exceptionally high chamber densities
(P > tun unm Eq ”(124)0VL‘TPI'BdiCts penetration.
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FIGURE 10-26

Spray tip penetration as function of time at various ambient pressures (pa) and injection pressures (p0),
Fuel jets injected into quiescent air at room temperature.29

seconds, S and d,l in meters, Ap in pascals, pa in kilograms per cubic meter, and 7;in kelvins.

More detailed 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 (11.,29 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 t (i.e. the spray
tip velocity is constant) and, following jet breakup. lllcn increase as \/i. Injection
pressure has a more significant eiTect 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

2A 1/ 2

t < the“: s = 039(7”) rl
.25

Ap 1/4 (10 )
t > tbmk S = 2.95<—) (dn 0‘”pg

where

39
tbreak =A (1026)

[pUAIfl-‘I:

and Ap is the pressure drop across the nozzle (pascals), p, and p9 are the 1iquid
and gas densities, respectively (in kilograms per cubic meter), d" is the nozzle
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(10.26)

15), Pi and pg are the liquid
Jic meter), (in is the nozzle
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FIGURE 10-27

(a) Measured outer boundary of sprays injected into swirling air flow. (b) Spray tip penetration as a
function of time for dilferent swirl rates. Solid lines show Eq. (10.27).”

diameter (meters), and t is time (seconds). The results of Reitz and Bracco25 indi-

cate that the breakup or intact length depends on nozzle geometry details in
addition to the diameter (see Fig. 10-25b). 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 occur at the nozzle exit plane.
The effect of combustion air swirl on spray penetration is shown in Fig.

10-27. Figure 10-2711 shows how the spray shape and location changes as swirl is
increased; Fig. 10-27b shows how spray tip penetration varies with time and swirl

rate.” These authors related their data on spray tip penetration with swirl, SS,
through a correlation factor to the equivalent penetration, S, without swirl given
by Eq. (10.25):

  ' N.‘ ‘1

s, = (1 + uh, s) (1027)
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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 of is the initial fuel

jet velocity (meters per second). The curves in Fig. 10—27b correspond to Eq,
(10.27). Swirl both reduces the penetration of the 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 drop size 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.29 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. 1. Taylor) leads to the
prediction that the initial average drop diameter Dd is proportional to the length
of the most unstable surface waves:22

‘J .

D, = C ‘1‘”: 1* (10.28)
m ".‘

 

where a is the liquid-fuel surface tension, pg is the gas density, 1;, is the relative
velocity between the liquid and gas (taken as the mean injection velocity v), C is
a constant of order unity. and J.” is the dimensionlesa wavelength ol the fastest

growing wave. 1‘ is a function of the dimensionless number [pf/mmRca’Wcjlg-
when: the jet Reynolds and Weber numbers are given by Re} 1 )1, HJ ‘1"th tutti
We, = {qrfdnfrr and d" is 11:: nozzle orifice diameter. A'“ goes to 3]? 'rlh lltw
number increases above unity. Near the edge of the Spray close to lllt' tin/ate. lltlfi

equation predicts observed drop size trends with respect to injection volt-Gilt“. l'lJUl
properties, nozzle L/d, and nozzle diameter. though measured mean drnp 51195
are larger by factors of 2 to 3.30 Hnwevel’, wtthm the dense early region of the
spray, secondary atomization phenomena—coalescence and breakureoccur
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FIGURE 10-28

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 of injector at given radial distances from spray axis.32

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 balance is
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).31

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 drops is 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 Dd — ADd/Z <
Dd < Dd + ADd/Z

2. The incremental volume AV of drops in this size range

3. The cumulative number of drops n less than a given size Dd

4- The cumulative volume V of drops less than a given size Dd

Since the drops are spherical:

— — -+ A (10.29)
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Q."DDroplet diameter m

FIGURE 10-29

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 Dm = 1.2240SM .32

The distributions shown in the figure are frequency distributions of drop
volume.32 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 diameter is the
Sauter mean diameter:

DSM = (JD; dn)/(J D: (In) (10.30)
where dn is the number of drops with diameter D" in the range Dd — dDd/2 <
D, < Dd + dDd/Z. 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/volume ratio 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 Kadota32 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 to 8 fits
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 1.224DSM. 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 3 D D

d =13.5< ") cxpl: 3( ")]d( d) (10.31)V DSM DSM DSM

 

   

FORD Ex. 1125, page 82

IPR2020-00013

 

  
 

 



FORD Ex. 1125, page 83
                       IPR2020-00013

ijected into ambient-temperature
with nozzle opening pressure of

toy distributions of drop
ger drop diameters as the
maller at the periphery of

size distribution and mean
used mean diameter is the

.) (10.30)

11 the range Dd — dDd/Z <
out by summing over an
nean diameter is the diam-
: ratio as that of the total

sizes in liquid sprays have
tdota32 based on the chi-

mental data. Figure 10-29
of freedom equal to 8 fits

1 in Fig. 10-28. Here D", is
Jrve is 1.224DSM. The non-

)rays injected through hole
iven by the chi-square dlS-

Dd > 1d _ (10.3 )(DSM

 

comausrroN IN COMPRESSION-IGNITION ENGINES 535

   
   

E 75 7 E 75 — ,

i :5 11,, = 0.4 mm B : 4
g2 Q5 . ,— 0.3 d"
5 Mr 5 50 - \. .- 0-1‘6 U . ' 1

'U '0
= I:

g 25 E5 «'3‘5 ‘5
8 1 7 | i (‘0‘ I

I1 20 40 60 80 100 20 40 on MN 100

Injection pressure, MPa Injection pressure. MPa
(11) (b)

FIGL RE 10-30

Effect of fuel—injection pressure and nozzle geometry and size on Sauter mean drop diameter. (a)
[lit-m of nozzle length/diameter ratio L,,/d,I and injection pressure. (b) Effect of nozzle diameter d" and
riucullon pressure.ls

An empirical expression for the Sauter mean diameter DSM (in micrometers) for
typical diesel fuel properties given by Hiroyasu and Kadota32 is

DSM=A(Ap)70.135p‘(1).121V3.131 (1032)

where Ap is the mean pressure drop across the nozzle in megapascals, pa is the air
density in kilograms per cubic meter, and Vf is the amount of fuel 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 DSM 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.17
Some of the major eflects are illustrated in Figs. 10-30 and 10-31 which show

 

  
     

150’ 300 - —E l E 11‘ = 0 3 mma = _ —a 2 a .1 -

i u 0.7 1.4 >< 10 m I; i y = ~ 50 X 10,6 m2/s
QV’ 2_4 _ 27 x 10 Q” Heavy oil
5 .1111 — " 61 x 10—6 5 200 Ia = 33 x10’3N/m
3 .- 3 Glycerineealcoholewater solution
5 E /a = 51 x 10*3 |'“ E ,Glycerineewater mlulnm
550- $100 0:66x10'3
E Ea I—la 0

g Eu) . : __ m
0 20 4O 60 80 100 ii 20 40 60 80 lLIEI

Injection pressure, MPa Injection pressure, MPa
(a) (b)

FIGURE 1&31
Him of (a). llulild viscosity v and (b) liquid sutfucc tension 0 on Sauter mean drop diameter as a“UlL‘llon of in motion pressure. Air conditions: 3 MPH and ambient temperulure.‘7
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average Sauter mean diameters determined optically from studies of steady diesel
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 Ln/d" = 4 gives the minimum mean drop size at low
and intermediate injection pressures. This Ln/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 shown in 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, shown in 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 shows black on the left of the photograph. The spreading vapor

region of the spray, carried around the chamber by 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 beam is fully
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 pm. Fuel drop vapor trails 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.21

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-0f-
comprcssion engine conditions. Three phenomena will determine the history 0f
the drop under these conditions:
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FIGURE 10-33

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
Time of injection.

As the droplet temperature increases due to heat transfer, the fuel vapor pressure
increases and thc cv:tpni':tllm1 rate Increases. AS the Ina-as transfer rate of vapur
away from the ('1‘le increases. so the fraction of tlic heal transferred ll) the drop
surface Wind] is available to increase further the drop temperature decreases. As
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 rate.
urul heat-transfer rate from the air are shown schematically as a function of lime
following injection.33 Analysis of individual fuel drops 35 mn in diameter,
injected into air at typical diesel conditions, indicates that evaporation than 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 \w‘mld pertain: this is usually called adiabatic satura-
tion.33 Calculated thermodyurunic 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 conditions is also shown. To

the left of the peaks in the mfv/ma curves, only fuel vapor is present. To the right
of these peaks, liquid fuel is also present because the vapor phase is saturated.35
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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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
represents 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 and indirectly 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. l-luwever, only 10 to 35 percent of the vaporized fuel has
"Mu-d to within flammability limits in a typical medium-weed DI diesel engine.
Thus combustion is largely mixing-limited, rather than evaporation-limited.36 Of
course, under cold-starting conditions, evaporation becomes a major constraint.

10.6 IGNITION DELAY

10.6.1 Definition and Discussion

The ignllum delay in a diesel engine was defined as the time (or crank angle)
illll‘J'Val Irclwecn the start of lll_|(:L'.ll0n and the start of combustion. The SI‘.:I'| of
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540 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

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 D1 engines under normal conditions

ignition is well defined, but in IDI engines the ignition point is harder to identify.
Flame luminosity detectors are also used to determine the first appearance of the

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 prechamber or 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 of fuel-injection
and fuel-spray behavior are reviewed in Sec. 10.5.

The chemical component of 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 between the
fuel molecules and the oxygen dissolved in the fuel droplets. Also. cracking "if
large hydrocarbon molecules to smaller molecules is occurring. These ehcmififll
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 the air charge.

Slum.- I'll: Ignition characteristics; ill the [not affect the ignition delay. ”lib
WIJPUH)‘ UH I'ncl is Wit important In iicttu‘miuinr. dieHel engine operating chur-
actcnsties such as fuel conversion efficiency. smoothness of uperaliun. min-lire.
unu‘ake emissions, rmixLa and case «if stunting. The. ignition quuiilv of a fuel is

defined Ivy in. cetane number Cetane mlmbcr i5 determined by comparing the.
ignition delay of the fuel with that of primary rul'cremx incl mixtures in u stan-

itiirrlized engine test [see below). For low cetane fuels with 12cm Jung an ignition
.iclav, most of tlsc fuel is injected bel'ure ignition nrcurs. which results in very
amid bunting; rater: (Ult't‘ combustion starts: W‘llh 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, with an exceptionally
long delay, ignition may occur sufficiently tan.- 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 lllfllt controlled primarily
by the rate of injection and fuel-air mixing, and smoother engine operation
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 number is analogous to
that used for determining the antiknock quality of gasoline in terms of octane

number. The cetane number scale is defined by blends of two pure hydrocarbon
reference fuels. Cetane (n-hexadecane, C16H34), a hydrocarbon with high ignition
quality, represents the top of the scale with a cetane number of 100. An isocetane,
human-1e!liylnonane (HMN), which has a very low ignition quality, represents the

bottom til‘ the scale with a cetane number of 15¢ Thus, cclnnc numliui (CN) is
1:1th tw

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

The engine 115ml In cetane number dutmmltmtlun in a standardized single—
FYllltdc-i. variable numpressinn l‘:l|l0 engine with ipet‘ial lumhng and accessory
mumnmut and ittsll'UrthIllaliUll. The engine. lht: operating mndinnnx, amt tin:

test procedure are specified by ASTM Method Unity“ The operating rcqurre-
merits include; engine speed ‘ltttt rcwmm; unnlnnt temperature — l0ll"(‘: lltlJliit.‘

a1r temperature—656°C (150°F); injection timing—13° BTC; injection

 

 

TIn the original procedure wrnethyilramhalene (CNN “,1 with a Cclttnn nun-hat of zero represented
the bottom of the scale. Heptumetliyluimune, a more .nnblc compound. leis maimed it.
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542 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

pressure 103 MPa (1500 lb/inz). With the engine operating under these condi-
tions, on the fuel whose cetane number is to be determined, the compression ratio
is varied until combustion starts at TC: i.e., an ignition delay period of 13°
(2.4 ms at 900 I'ew'min'] is produced. The above procedure is then repeated using
reference fuel blends. Each time a reference fuel is tried. the compression ratio is
adjusliul to give the Name I3" ignition delay. When the compression ratio
required by the actual fuel is bracketed by the values required by two referenCe
blends differing by less than five cetanc numbers, the cetane number of the fuel is
determined by interpolation between the compression ratios required by the tworeference 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.” 39 A calculated cetane index (CCI) is often used to estimate ignition
quality of diesel fuels (ASTM D976“). 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 the fact that ignition quality is
linked to hydrocarbon composition: n-paraflins have high ignition quality, and
aromatic and naplhenic compounds have low ignition quality. The aniline point
(ASTM D61141—the lowest temperature at which equal volumes of the fuel and
aniline become just miscible) is used, together with the API gravity, to give thediesel index:

Diesel index = aniline point (°F) x 51’$1 (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 paraflinicity, 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
(but not 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-

 

T API gravity is based on specific gravity and is calculated from: AP] gravity, deg = (141.5/specificgravity at 60°F) 7 131.5.
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FIGURE 10-35

(a) Ignition delay as function of reciprocal air temperature for light oil spray injected into constant-
Wlillme combustmu l‘laltl'lll. Injection pummn ‘J 8 MPa (100 atm). Arr pressures indicated.“ (b) lgtu
1lHll delay x (preamuul- lllt‘aSUI'flll in stutttiv-flnw reactor for No. 2 Ililfltel fuel as lunelton of reciprocal
temperature. Fuel/air equivalence ratio ¢ varied from 0.3 to 1.0.“3

tion into constant-temperature and pressure environments have shown that the

temperature and pressure of the 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:

E

Tia = Alf" ”13 (TA) (10.35)RT

Where In is the ignition delay (the time between the start of injection and the
start of detectable heat release), EA is an apparent activation energy for the fuel
atltltaignitimt process, E is the universal gas et'nnstant, and A and n are constants
dependent on the fuel (and, to some extent, the injection and air-flow
characteristics).

Figure 10-3511 shows ignition delay data obtained by injecting liquid fuel
”PI-“m: In”! :t high-presttnrt‘ heated constant-whorl: bomb.“ Figure lU-IiSh

shows ignition delay data from it steady-flow high-pressure rear-to: where vapor-
imt fuel was muted taptdly with the Innate-ti ail stream 4‘ The match betwuen the
[firm ttl lEq. t IO 35] and the data is clear. Figure [ti—11511 also shows an equivalence
Tillie dependence (It the ignition delay. Representative values {or A. ti. and If, for
f'tt- liltifit, taken [tom these and other studies. are given in Table IGJ, lgnltlml
'JEI‘W iutlm; calculated with these formulas for various diesel engtnes are given in
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544 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 10.3

Constants for Arrhenius equation for ignition delay :‘“
Tutu-I19}: Ap'” eXII [EA/(51)] 

 

 

Conditions Parameters

Investigator Apparatus Fuel 1;, arm T, K n 4 EAR" K

Spadaecini Steady No. 2 diesel [W30 65(%900 2 2.43 x 10“] 20.926and TeVelde‘” flow
No. 1

Spada’. :int Steady No. 2 diesel 1930 650—900 1 4.00 x 10'10 20,030and Te\‘e1de“ flow
No. 2

Stringer Steady Diesel 30—60 770—980 0.757 0.0405 5,473el al.” flow 45—50 cetane
number

Weller“ Constant- Fuel with 8—48 59(%782 1.19 0.44 4,650volume cetane number
bomb > 50

Hiroyasu Constant- Kerosene 1—30 6737973 1.23 0.0276 7,230et al.29 volume
bomb

____—__—___—_.—.———-——_

Table 10.4. Air pressures and temperatures at TC piston postlion were estimated
from measured cylindet pressure data. Measured ignition delay times in “Rial:
types of engines tire; (1.6 to l nit. l'ot low-oompressiot1~ratiu DI diesel engines over
a Wide. range of operating. conditions; [1.4 [U l Il’lfi for ltiglt~crimpressi0tInn'ntm and
turbocharged DI tires-cl engines: 0.6 to l 5 ms for [D] diesel engines.“

The variation in the calculated delay times can lit: attributed to xrveml
factors:

1. In some cases the correlations are being extrapolated outside their original

range of operating conditions.

2. The methods used 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 has been explained. tlit:
phenomenon of autoignitinn of a fuel spray eonsmts of sequences of phyviml llllLl
CliCl'llICIll processes of substantial cutrtpltntity. The Iultttivt: importancc Lil ranch
process depends on the Hmlncnt conditions. on fuel properties. ilflll on [row the
fuel-air mixture is prepared. For example, fuel evapurnttmi times are stgnitltnlnt
in cold engines. but not under hilly warmed-up conditions. Thus! an L’qlmtit-n oi
the simple form of Eq. t H.135) curt only fit the date over It limited rnngn: nl ennui.
tinns The eon-elatimis of Spadaecini and Ital/clue“ have much Iltgher activation
energies. Normally. luwet‘ values of {flu/J? imply that physical prucgsscy such as
vaporization and mixing an: important amt relevant to t'hemieal processes. Thlh‘i
Fuel preparation. mixture inhomogeneity. heat loss. and nonuniform llow pollen"?
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TABLE 10.4

Calculated ignition delay times“  

Conditions rm , ms  

Spndaccini and
  

    

TeVelde”

Speed, p, T, - Stringer Hiroyasu
Engine rev/min atm K No. 1 No. 2 et al.‘s Wolfer‘6 et al.m
lDl Diesel

1. LOW swirl 600 45.6 690 17.3 33 2 6.26 3.94 9.60
1200 49.3 747 1.47 3 83 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 36 3 76 9 7.60 4.68 12.5
1200 48.4 721 4.18 10 3 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 much less 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. Thus relations of the form of Eq. (10.35)
should be used with caution.

In general, Tia is a function of mixture temperature, pressure, equivalence
ratio. and fuel properties (though no accepted turn: for the variation with equiva-
lence ratio is yet established}. In the above referenced studies. the fuel was

inieetml into a uniform air environment when: the pressure and temperature nnly
clumped due to the cooling client of the fuel-vaporization and fuel-heating pro-
cesses. In an engine. pressure and temperature change during the detay period
due to the compression resulting from piston motion To account for the efi‘ect of

changing conditions on the delay the following empirical integral relation is usu-
ally tlrifid:

tsi+ria 1

J (—> dt = 1 (10.36)tsi T

Where tsi is the time of start of injection. rid is the ignition delay period, and 1: is
the ignition delay at the conditions pertaining at time 1. Whether the variation in
Clintlitions is significant depends on the amount of injection advance before TC
that t:'. used and the length 111' the delay.
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546 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

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
chamber design, 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-up is also very important, and may be
different from fully warmed-up behavior due to lower air temperature and pres-
sure.

INJECTION TIMING. At normal engine conditions (low to medium speed, fully
warmed engine) the minimum delay occurs with the start of injection at about 10

to 15° BTC.47 The increase in the delay with earlier or later injection timing
occurs because the air temperature and pressure change significantly 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 conditions for ignition lie in between.

INJECTION QUANTITY OR LOAD. Figure 10-36 shows the 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 (and also, 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 engine start-
ing conditions, however, the delay increases due to the larger drop in mixture
temperature associated with evaporating and heating the increased amount of
fuel.47 This latter result should be expected since it 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 deter-
mined by injection pressure, injector nozzle hole size, nozzle type, and geometIY-
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pressure) at injection, thus
de for this increasing tem-

injected has no significant
litions. Under engine start-

he larger drop in mixture
; the increased amount of
he first part of the injected
: the minimum required to

y limits during the delay)

“hese quantities are deter-
nozzle type, and geometry.
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Ignitiondelay,ms 
CN = sz‘u1.0 _

* . FIGURE 10-35

_ _. h _ J _ . _ Ignition delays measured in a small four—stroke cycle
0 100 200 300 400 500 600 D1 diesel engine with rt = 16.5 as a function of load at

bmep, km 1980 rev/min. Fuel cetane numbers 30, 39, and 52.”

  
Experiments by Lyn and Valdmanis47 have shown that none of these factors has

it atgttillt‘ttnl cited rut Iltt; delay. At ttttrrnttl operating gumiiumm trturcming tutti-e-
[It'm tints-titre produces only modest dean-uses in the delay Dnuhttug tlu: Ilu‘L-‘Jt:
huh: diameter at constant ttttetctirtn [truss-urn: to iflCFCELSC the that Ilow rutt‘ thv a

lill'lttl n! :tlmul 41 and int-roast: the drop size thy about 10 percent] had no -.tt;titli~
cant cilifict on the tit-thy Studies or different nozzle httlc geometries shuwedthnt
tltc lettgtlrhlmtneter mun of the nozzle was not tittrtifimttt; nor did changes in
numh: type tmultftholtu ptutle, pintttttIct cause any .:fl05tallilfll variation in delay at
nmmnl ermine t-ottdttirms.

INTAKE AIR TFIMPEH.H"I.IHI". AND PRESSURII,_ l"igttlt;- lit-j? showed t'alttce; ul

igttittun delay for dtescl fuels plotted against thr- tcetpromt of charge temperature
tor auvul‘al charge pressures at the tum.- ur‘lflllllcllflll The. Intake. air temperature
and tu‘L'VStJt'c nill chct the delay via that: efi‘ecr mt charge cundittnna. during the
debut period. Figure ill-37' shows the taller-ts at Inlt-t air pressure and chrIchJEUII‘
«3 u Function of ctsgtne load. The fundamental tynittmt data ttvatlultlt: elmw a
fur-mtg. dependence at rgtttIt-m delay Ctll change taupe-returns heittw ubuttl “100 K

ut the hint: of injection tthrow: about ttttttl K. thC data suggest that: the charge
temperature is no longer so slgntltualnl. Through this temperature mum: then: 15
rtn client of pressure at the tune of induction on delay: the higher llJt‘ pressure the
shorter tht: llt‘fi-‘ly‘ Wlllt the ttll'cct decreasing as clutter: temperatures- tttcrtztmt! and
”El-fl) decreases. Strict: uir temperature and pressure-during the. delay period :tre
Mich ttnpurtunl variables. other emgtnt: variables thut .tl'letft the relation between
lht ttttet :u'r state and the charge state at the time of injection will influence the
delay llttr—t. an increase m the t'tbrrlpt‘esmon ratio will det'rcttst: the ignition dultt‘h
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CN = 50

3 _
- 2

| P.- (gauge)
:0 o Naturally (n
E, 5) aspirated E

1“? 2 . 103 kPa E'1: 33 J |

.‘é 5

l - 0

u—lL |_l__l_hi_ 04141.
I

II 400 800 1200 1600 0 400 800 1200 1600

bmep, kPa bmep, ld’a
(a) (’1)

FIGURE 10-37

ElIect 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 TI = 25°C;
50 octane number fuel. (b) Engine naturally aspirated; T,- = 25 and 66°C; 34 and 50 cetane number
fuel.48

and injection timing will affect the delay (as was discussed earlier), largely due to
the changes in charge temperature and pressure at 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.48 A change in engine speed changes
the temperature/time and pressure/time relationships. Also, as speed increases,
injection pressure increases. The peak compression telnpcruture increases with
increasing speed due to smaller heil' lures during 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 lmpingemeni oi' the luel jet on the wall occurs. to smite extent in
almost all of the smaller. higher speed engines. With the "M" system. 1hl5

impingement is dBSll‘Cd tit UblElll'l a smooth pressure rise. The ignition tlcliiy With
the “ M“ system is longer than in conventional [)1 engine designs.“ Engine flmi
combustion bomb experiments have been carried out to meantime the ellcel of
Wall impingement on the ignition delay. l'igum I048 shows the either 01 in: wall
impingement on ignition delay measured III a constant-volume u'milmstimltl
11mph. for a range nl' air pressures and temperatures. and wall lmttpcrtlttn'esi.
The wall was perpendicular to the spray and was placed 100 mm [mm the [101319
tip. The data shows that the. presence of the wall reduces the delay- til the luWe"
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lnti 7*

 

      
tin

— With wall .
— — — Without wall with wall- -- Without wall

\

|[lll—_ \ Ta = 440°C\ L = 100 mm

507 o ‘t
E E 200 C \ \
a 2 3° _ 280°C \2 N ,
g 3 new"E t: '-
IE' -.9. 470°C
Ea 'a 10-

" fl“ — 520°C (
5 _ T”, = W‘lF-T

3 _

l t - ‘ ' . _i-
0.1 0.3 0.5 1 3 5 10 0.1 0.3 0. 1 3 5 10

Ambient pressure, MP3 Ambient Pressure, MP3
(a) 0))

FIGURE 10-38

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; Tw = Tm. (b) Effect of wall tem-
perature at 440°C air temperature.29

pressures and temperatures studied, but has no significant eflect 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 almost zero (iet and wall close to
L'létt'Llllt‘ll tn perpendicular. The delay showed a tendency to become longer as the
nnpmgcnicnt angle demeanor}. the most important result is not so much the

nit-dust change in delay but the dillhr‘ettt‘c in the initial rant of burning that results
fmm the rlifl'ercnees in fuel evaporation and fuel-air mixing rates.

SWIM. NATE. Changes in swirl run: Chfil'lhll: the (net evaporation and lntLI-ttn'

TULUIHJ. processes. They also :‘tli'ettl wnll heat tranntizt timing compression and.
bent-.1; the charge temperature at injection. Only limited engine sltidics of the
uchct m" swirl late variations- an ignition delay hate-2 been made At normal open
tiling Culprit: speeds, the alien ni' swirl rtnc changes on the delay are small. [Indet-
engine stalling conditions (low engine speeds and compression temperatures] the
Bllkul is much mort- important.“ due presumably to the higher rates 01' cwrpnv
ration and mining obtained wnli swirl.

Oxt'm'iN (1‘.NC'EN‘I'RA'I'IUN. The oxygen concentration: in the thing: mm
Which the [net is iniuctcuj would be expected to influence the delay. The oxygen
c‘mi't‘flttzitmn is Chungcd. F0! multiple when exhaust gas is recycled to the intake
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25

— 2
20 -

g: IS ‘ l 5 E
a E
g v‘e’I:

E m e _ l 9%a an
H o p varied, f0z constant FIGURE 10-39

5 o .601 varied, p constant _ 0 5 Efi‘ect of oxygen density in gas on ignition delay in
single-cylinder DI engine of 1.3-dm3 displacement
with r: = 15 at 1800 rev/min. Oxygen density

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

Relative oxygen density 3 atm with air.“9

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. 10-39.49 Oxygen density is normalized by the natu-

rally aspirated no-recirculation test value. As oxygen concentration is decreased,
ignition delay increases.

10.6.5 Efl'ect 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 molecu-
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 cumpressirumgnition engines). Figure 10-40 illustrates these effects. A base fuel
was blended with pure paraffinic (normal, iso-, and cycloalknnesl. aromatic, and
olefinic hydrocarbons of various carbon numbers. by up to 20 percent by vnlumu.
The base fuel. a blend of 25 percent n-hexndccunc and 75 percent isOOCtilT'lt'. hilt-1
a celunc number of 38.3. The figure shows that the resulting ignition delay: r-U' “3‘
late well as a function of cetane number at constant compression ratio am] engine

operating conditions. Addition of normal alkanes (excluding mpentane and lower
carbon number alkanes) improve the ignition quality. As the chain length of the
added paraffin gets longer (higher carbon number) the cetane number improve-
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l‘t —

0 Base fuel: 25% nicclane + 75% i-octane
A n-parafi‘ins

LN: A Isoalkanes 540% by volume. O Cycloalkanes in base fuel
I AromaticsX

noI” X X

“a 25 " i .
:fi ‘ X X X i3 xx X I

E 3.6” '
X .

IE 20 7 if", J 1 n-pentane
E0 “‘31 .‘A- 3

4°15!
‘f‘g 2.7-dimethyloctanc

Base fuel —"_,' “A‘A/
15-— nihexyl hem“ (:1. _ 2“ me. sort 3,47dimcthyldecane

I as- l 50'". 3,3-dtethyloctane
1 i. .| .3
. A A

10L 1 t L _ I. | I
30 35 4O 45 50 55

Observed cetane number
FIGURE 10-40

Effect of type of hydrocarbon structure on ignition quality of fuels in D1 diesel combustion process at
constant compression ratio and engine operating conditions.50

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 :tttttclml In the ring. The. nature number of a fuel (a measure of its ability to
auhnpntlel generally varies inversely Wllh its octane number (a measure of its
ability to resist unto-ignition; Hut: Fig. 949 for the effect of hydrocarbon structure
on knock). The cetane number of commercial diesel fuel is normally in the range40 to 55.

Engine ignition delay data with diesel fuels of different cetane number, at
var10us constant loads and speeds, shown in Fig. 10-41, demonstrate similar
trends. Within the normal diesel fuel cetane number range of 40 to 55, an approx-
imately linear variation is evident. However, decreasing fuel cetane number below
about 38 may result in a more rapid increase in ignition delay.

Cetane number is controlled by the source of crude oil, by the rettning
l|"IL‘tB:~'5. and by additives m ignition accelerators. Just as it is possible to reduce
Utr- tendency to knock nr autoignile in spark-ignition engine fuels by adding
llllliitntllflx agents. so then: are additives that itnwove the ignition quality of
Cutnptusmun-Ignition engine fuels. Generally. substances that increase the tone
drum in knm'k enltunt‘tr ignition. and vice versa lgntlton-ncceleraling additives
llltiltt-lt- organic peroxides. nitralus. whites. and thflt'ltls sulfur compounds. The
mom impurtnnt of these umntncrcmlly are the inky] nilrntes tisuprupyl nitrate.
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10

E\ A
D \2\ 75°F inlet air\ ——— 15°F inlet air

I 9 — II\ '\ A

li \\<> AO\ .

i x. “M“ rev/min. 1/4 load \ .—- 2000 rev/min,
|_ 8 a! X “Ma/f 1/2 load 

 
 
 

3600 rev/min, full load‘H‘ 3 ”
.v g \\ V

2000 rev/min, 1/2 load
 

 
 
  
  
 
 

Ignitiondelay,deg
2000 rev/min, full load

2000 rev/min, full load

,1
/4 _

1000 rev/min. 1/4 load
  

 
._\I

I “ 600 rev/min, idle
_+ l 1 I

| 35 40 45 50 55
I

I I I Cctanc numberI

|

FIGURE 10-41

I Effect offuel cetane number on ignition delay over the load and speed range of 6.2-dm3 eight-cylinder
IDI swirl-chamber diesel engine. Top curve indicates typical fit between data and least-squares
straight line over this cetane number rangesl

 
- ] primary amyl nitrates, primary hexyl nitrates, octyl nitrate).52 Typically, about

‘ 0.5 percent of these additives by volume in a distillate fuel gives about a 10 cetane
number increase in a fuel’s ignition quality, though their effectiveness may

M depend on the composition of the base fuel. The incremental effect of increasing
i amounts of ignition-accelerating additives on cetane number decreases.48
'. Usually, the ignition delay obtained with cetane improved blends are found to be

‘ ' 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.

i 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

_ ‘ 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 nuinher.

showed no discernible difl‘erences. Fuel viscosity variations over a factor of '35
were also tested and showed no significant effect.48 Thus, in a warmed-up engine,

I! variations in fuel atomization, spray penetration, and vaporization rate over rea-
sonable ranges do not appear to influence the duration of the delay period Signifi-
cantly (see also Sec. 10.5.6 on fuel vaporization).
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2.0 . _.l

:1 Engine 1
0 Engine 2
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1.5
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0.5   
FIGURE 10-42

0 _ | _ ‘ Comparison of engine ignition delays
0 0'5 1'0 1'5 predicted with Eq. (10.37) with corre-

Measured delay, rns spending measured values.“

 
10.6.6 Correlations for Ignition Delay in Engines

Many correlations 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
bombs and flow reactors. An important factor in assessing the appropriateness of
any correlation is how it is to be used to predict the magnitude of the delay. If an
equation for 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 the full
range of engine conditions (see Table 10.4). However, if a model for 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 Hardcnhcrg and Hase53 for predicting
the duration of the Ignition delay period in D1 engines, has been shown to give
good agreement with experimental data over a Wide range of engine conditions
(see Fig. 1042).“ 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 3.1.2 0'63

tid(CA) = (0.36 + 0.2251,) exp [EA<fi — m)(m> ] (10.37)
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 i 
  

Cold starting
Ti = 273 K

  Warm engine     7}: 300KL= 130mm
400- , 300*

300 J | ', 1 l l
 

0 500 10001500 2000 2500 0 50 100 150 200
Engine speed, rev/min

FIGURE 10-43

Exponent n for polytropic model of compression process in Eq. (10.39) and corresponding end»of-
compression air temperature at TC. Warm and cold DI diesel engine with 130 mm stroke?3

where Sp is the mean piston speed (meters per second) and R is the universal gas
constant (8.3143 J/mol ' K). EA (joules per mole) is the apparent activation
energy, and is given by

€118.34“
E =— 1.

A CN+25 (038)

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

rthA}
0.00an

 

751110115) :

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:

T = Tilr"’l pTC : p.r" (1039a,b)
TC 0 l c

where n is the polytropic exponent (see Sec. 9.2.2), r0 is the compression ratio, and
the subscript t denotes intake manifold conditions. thlttcs ol‘ the polytropic mil-‘0'
nent are given in Fig. 10-43 for a direct-injection diesel under warm and cold
engine operating conditions.“"‘53
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10.7 MIXING-CONTROLLED COMBUSTION

10.7.1 Background

[-‘urlu'cr rice-tinny of “le ulisiplcr ham.- ilswclcipud our current understanding of the
iiirliwrlel processes which together make up in..- rtiiiil mica“m-miijiig-tuu-inng
rill]lleICE—illtlleilllfltl. vaporization, luul spray ttiz'vulopmcut. mi Cllll'alilfl'lcmi
ignition. .tnrl L‘umbuslmn. While the. pl‘lctlt‘lfl'lcutlllIgltfal nmdul developer-l by Lin"
tH'tW‘ltlcfi satisfactory lnyiuul [inks hCIWL'UII them: prom-sum, titiuntiliitiw links are
slill luck-mg. Especially ditt‘icritl to quantify an: the relations hctwizcn fuel spray
L![‘l'li]\ttfil‘, [innit structure. and his] burning rule the area of focus of this section.

The color plmingra [ms of tlic Cr'm‘tpl‘trm-linn-igflllion Eni‘flhlinil'ull prewar. iii itiffcr+
mi typutl of mortal engines in Figs. Ill-4 .‘md l0-5 two color plat: hammer] 4911 and
Mill SIJHW tmw the flame iirirnctlii'ilnly thltnwi’iig Ignition spreads rapidly ‘llld
cnwlups the spray. Depending on the «may configuration, the visible {tunic may
them till itlmnsl lhi: entire i‘tmlil'llfilltltl clmml'icr. Ihi: Hume and spray geometries.
A": I;||l.\'t':l)' related, Mining. processes arc. also critical aiming tlii: ignitiiin iii-lag
Iii-rind: wiiiic tlw. duration of the delay pcrmd is not influenced in it major way ii).
Ilic. rates of int-21y processes which together ttuiitrul " niiiting.’ the amount of Fuel
mixed Willi air to within cuiiibustiblc |1mit.~ during this delay (which slicers the
run; of nluswt‘c run: once ignition has occurred] ritwmmli, is directly related to
lllllii‘tg mica. Titus substantial (Ihwl’valiontli evidence support“.- IIIY.‘ mixing-
controller} cliuiuctcr tifiliescl engine cnrnhustion.

However. while it is wull accepted that three! combustinu I'd nnrrrmtly cori-
m-lletl in ”h; fuel-mi mixing mite. fundamentally biiscd qtlaltlilullwl)‘ itt‘curiuc
mu-lzls I'rir this coupled mining and er-irihtistiuii princess LII'L‘ not yet it\‘t|i|fll}i:§.
'I‘lm clit‘l’itziilliw are two-fold. First. 11'": spray guririictry III real diesel unmhusri‘rm
systems is extremely complex. Second, the phenomena which must be described
lurid t‘F-pL‘Li-tliy the iiustcsuiy turbulent difliiisir‘iii ilicscl engine tlnriicl tin: inttdc-

Litriiirlr understand. Current capabilities tnr modeling thesis. phenomena .iri:
ruvtmwd iii Ftiitp. H. 'I‘l‘icrmmlyimmic-hmud mutt-:Is of the diesel umntiugitmn

prom-.1. with arrirnizalirin vaporization, and spray tlcvclnprricnt described by
:iiipiriutl m“ Illfl'ltticflle‘FilHSCd whinou‘ult; have how rlcvclnpcd am] used to
predict hunting mics These. are described in Sect. 14.4.1 and IJAA. and stir-w
r‘.‘Jt:lt'lIl(li|lL‘ lml not precise agreement Will] data. Hurt]-im:chanic-hascd tl'ltJLlL'iB (Ir

iiir llnw. liicl «pray liehavitii, .iud cumlirtstinii in? under active ilm'cliipmnnt {mu
Frict- 14.51. Wliili‘ l'cttlisl‘lc ainfluw predictions are now [catsuit-c. predictions of
Spray Iwhavim .m- less well dcvulnpctl and ui'iriihiiminn-rutn predictions are still
"-‘t!l(tl‘-’ilt'ii r.

In the i’nlluwiiig sections, tilt: tVldtffJL‘C linking spray characteristics to flame
structure and burning rates is summarized

10.7.2 Spray and Flame Structure

The structure of each fuel spray is that of a murmu- liqiiitlcr-ntaining core
(densely filled with drops of order 20 pm in diametcrt Slll‘l'llLlIlEltJd by a much
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A. 1 1‘? ms after 501 Bi 0 13 ms after A C ".65 ms after A
  

  
  
   

 
  

A
\\

If x. I
Li D1

s/ - '

D. 2.6 1115 after A E. shins-rifle; A F. 5.6 ms after A

Air or fuel-air mixture Liquid fuel LurEusfilme Combustion products
FIGURE 10-44

Tracings of outer boundary of liquid fuel spray and flame from high-speed movies of diesel com-
bustion taken in a rapid-compression machine, looking down on piston through transparent head.
First occurrence of luminous flame at A, 1.17 ms after start ofinjection. End of injection at D.57

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.55 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,55 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 fuel 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 a
rapid-compression machine.57 These and other similar studies show that autOlg‘
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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later-injected fuel as explained in Sec. 10.5.2) and the injector nozzle. Experiments
where airt'luel rattu conlnurs for a gaseous fuel jet injected into a swirling air Ilmt
in a rig simulated the fuel—air mixing process in open-chamber diCSClS,58 unite:
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558 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

170 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 120
ATC, fuel injection has ceased, this rich core has moved outward to the piston-
bowl wall, and combustion within the expanded spray region is much more com-

plete. This oxidation of CO, as air 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 diesel 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 number of investigators.61453
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 chamber is 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.63 This substantially different character of the spray with swirl is clear
from the data in Fig. 10—46. Figure lO-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, at least
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. 10-46b, 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 tlatu identifies two main stages of combustion (see Fig. Ill-9}. The. hm is
the premixedncombuslion phase. when the fuel WIHCII has muted sul'licaently with
air to form an iguitnlrle mixture during the delay tlmictd is consumed. The sewn-Ila
is the maxing-controlled combustion phase. where rules 0! hunting (at least it!
naturally aspirated engines) are lower. Iixpcrttrtcntal evidence from l'lfilllefl‘ll‘viis‘v’
analysts indicates tltttl the majority of the fuel tusually more than 75 put'ccnli
burns (luring the second [mixing-controlled phase. Such evidence forms the “8515
for the Ilt'ialel'eiCiINC models used in diesel engine cycle simulations For example.
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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)

Egagfueyair equivalence ratios on spray centerline and periphery with quiescent chamber, edge of
wall) fow With sWirl, and within a shallow bowl with swirl, three-quarters of the way out to the bowl, or two InjeCllon timings (—22° and —27°). (b) CO concentration on spray centerline with
QUiescent chamber, edge 01' deep bowl, and within shallow bowl with swirl.““’3
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the fraction of the fuel {3 which burns in the premixed phase has been correlated
by Watson et al. (see Sec. 14.4.3) by the relation

 

[3 = 1 — , (10.40)

where 4) is the fuel/air equivalence ratio, r” the ignition delay (in milliseconds),
and a 210.9, b moss, and c 20.4 are constants depending on engine design
Equation {10.40) shows the expected trends for the premixed fraction, with
changes in the overall equivalence ratio 4) (increasing injection duration as load is
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 See.
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-Inachine 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 volume ratio of 15.4; a five-hole centrally located
fuel-injector nozzle was used. Figure 1047:: shows the heat-release profiles for
different initial air temperatures which produce difl'erent 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
1047b 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.

Diesel 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 TUB]
spray on combustion is clear.
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562 1N'renNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 10.5

.- Effects of engine design and operating variables on heat-
release rates  .l Effect on

.‘ Reference Parameter varied rm 1h," (2,, Q...

5, 64 Injection rate T * T T T
65 Turbocharger boost T l * l *
66 Compression ratio 1 T * T *
66 Number of injector holes T * T T T
67, 68 Injection advance T T * T *
67, 68 Swirl T * T T T
67 Intake-air temperature 1 T * T *
68, 69 Injection pressure T * T T T
11, 69 Speed T * T T T 

rid, ignition delay; mm = (rim/cit)”, fuel-air mixing rate; Q, = («IQ/imp, heat-release
rate during premixed-combustion phase; (2” = (rig/dam, heat-release rate during
mixing-controlled-combustion phase. T increase; 1 decrease; ‘ minor effect.
Source .' From Flee 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 engine is fully burned.

10.2. Small high-swirl direct-injection CI engines have fuel conversion efficiencies 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 higher efficiency?

l | 10.3. In a diesel engine, because the fuel distribution is nonuniform the burned gas tem-
l perature is nonuniform. Consider small fuel-air mixture elements initially at 1000 K

| | and 6.5 MPa at top-center with a range of equivalence ratios. Each element burnsat 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 equivalence ratios of 0.4, 0.6, 0.8, 1.0, 1.2. Assume the fuel is
' i isooctane.

10.4. The levels of combustible species in the exhaust of a direct-injection diesel engine
are: HC, 0.8 g/kW- h; C0, 3 g/kW - h; particulates, 0.7 g/kW - h. If the specific fuel
consumption is 210 g/kW- h calculate the combustion efficiency.

l

l

l 10.5. Consider the naturally aspirated direct—injection diesel engine in Fig. 1-23 operating

. T at 2300 rev/min and an equwalence ratio of 0.7. Estimate the following:
IT (a) Mass of air in each cylinder per cycle, mass, and volume (as liquid) of diesel fuel

l injected per cylinder per cycle.
l (1)) Estimate the average drop size [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

1' drops '3‘ [Neither of these assumptions is correct; however, the calculations illu9*
I 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 drl is 0.34 mm and L,,/d,I = 4. Determine the spray
angle and plot spray tip penetration versus time.

(c) Use Eq. (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
four orifices.

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
volume prior 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 number is 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 rid (in
degrees) as a function of compression ratio for r, = 12 to 20. Assume p, = 1 atm,
7} = 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 compression ratio is required?

10.10. Equation (10.40) predicts the fraction [1‘ of the fuel injected into a direct-injection
diesel engine which burns in the premixed phase. Plot [1 as a function of rid for
d) = 0.4. Show that for turbocharged DI diesel engines where rid is 0.4 to 1 ms, the
premixed combustion phase is much less important than it normally is for naturally
aspirated engines Where In is between 0.7 and 3 ms.
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1l.l NATURE AND EXTENT OF
PROBLEM

'Spttrk—ignil'ion and diesel engines are a major source of urban air pollution. The
“ark-ignition engine exhaust gases contain oxides of nitrogen (nitric oxide, NO,

'I-mting conditions but are of order: NO,. 500 to 1000 ppm or 20 g/kg fuel;
' . 1 to 2 percent or 200 g/kg fuel: and HC, 3000 ppm (as C.} or 25 g/kg fuel.

ten blowby gases, and fuel evaporation and release to the atmosphere through
HS in the fuel tank and carburetor after engine shut-down, are also sources of

"-" bUmetl hydrocarbons. However. in most modern engines these nonexhaust
DES are effectively controlled by returning the blowby gases from the crank—

' 10 the engine intake system and by venting the fuel tank and carburetor float
.1 through a vapor-absorbing carbon cannister which is purged by some of
l‘-"il:!111t:‘intal(e air during normal engine operation. In diesel engine exhaust,

nlratlons of NOx are comparable to those from SI engines. Diesel hydro-
will! emissions are significant though exhaust concentrations are lower by

. 3 factor of 5 than typical SI engine levels. The hydrocarbons in the exhaust
""9 3'30 condense to form white smoke during engine starting and warm-up.
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568 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

Specific hydrocarbon compounds in the exhaust gases are the source of diesel
odor. Diesel engines are an important source of particulate emissions; betWeen

about 0.2 and 0.5 percent of the fuel mass is emitted as small [ ~ 0.1 pm diameter)
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 alcohol fuels in either of these engines substantially increases aide.
hyde emissions. While these are not yet subject to regulation, aldehydes would be
a significant pollutant if these fuels were to be used in quantities comparable to

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 am0unts

(_<_O.5 percent). The sulphur is oxidized (or burned) to produce sulfur ti'uiuddcI
802, of which a fraction can be oxidized to sulfur trioxide, SO3 , which Cinnhincs
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

subsequent sections, the details of the basic formation mechanisms of 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 conventioni
al spark—ignition engine are illustrated qualitatively in Fig. 11-1. The schematic;
shows the combustion chamber during four different phases of the engine open-

ating cycle: compression, combustion, expansion, and exhaust. Nitric oxide {NO}:-
forms throughout the high-temperature burned gases behind the flame through-
chemical reactions involving nitrogen and oxygen atoms and molecules, which den
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 expans-
s1on stroke the reactions involving NO freeze, and leave NO concentrations TS;
in excess of levels corresponding to equilibrium at exhaust conditions. CflrbDTIf'
monoxide also forms during the combustion process. With rich fuel-air mutt-LIN”:-
there is insufficient oxygen to burn fully all the carbon in the fuel to C02; 3139' 1,“)
the high-temperature products, even with lean mixtures, dissociation flnSlflr‘W'
there are significant CO levels. Later, in the expansion stroke, the C0 Wilda“ '
process also freezes as the burned gas temperature falls.

The unburned hydrocarbon emissions have several different sotttm.
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' “Will r 0f HC, CO, and NO pollutant formation mechanisms in a spark—ignition engine.
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570 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

escapes the primary combustion process because the entrance to these crevices is
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 hydrocarboh
emissions. Another possible source is the combustion chamber walls. A quench
layer containing unburned and partially burned fuel-air mixture is left at the wall
when the flame is extinguished as it approaches the wall. While it has been show]
that the unburned HC in these thin (50.1 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 hydrocarbons is believed to be any engine oil
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 when the air/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 0f
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, q). 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
misflrc 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 deterioratCS)
and moderate NO emissions. Use of recycled exhaust to dilute the engine intake
mixture lowers the NO levels, but also deteriorates combustion quality. ExhallSt
gas recirculation (EGR) is used with stoichiomctric mixtures in many engine
control systems Note that the highest power levels are obtained from the engil‘le
with slightly rich-of-stoichiometric mixtures and no recycled exhaust to dilute the
incoming charge As we will see, several emission control techniques are requlred
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 Air/fuel ratio I
20 17 15 14 13 12 I

I I r' I I r | I- | fLean Stoichiometric Rich |

 N0,C0,andHCconcentrations(nottoscale)     
 

_ FIGURE 11-2

M I . L Variation of HC, C0, and NO concentration in
0.7 0.8 0.9 1 0 1.1 1.2 1.3 the exhaust of a conventional spark-ignition

Fuel/air equivalence ratio engine with fuel/air muwnteme ratio.

to reduce emissions of all three pollutants, over all engine operating modes, and
achieve acceptable average levels.

In the diesel engine, the fuel is injected into the cylinder just before com- ! i
bustion starts, so throughout most of 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 m1x1ng. Figure 11 3 illustrates how various parts of the fuel jet and the
flame affect the formation of NO, unburned HC, and soot (or particulates) during .
llte “ premixed " and “mixing-controlled ” phases of diesel combustion in a direct- '
injection engine with swirl. Nitric oxide forms in the high-temperature burned I
gas regions as before, but temperature and fuel/air ratio distributions within the ill
burned gases are now nonuniform and formation rates are highest 1n the close-
mnstoiclnnmetric regions. Sool forms in the rich unburned-fuel-containing core of
aha: fuel sprays, within the flame reglon, where the fuel vapor is heated by mixing
with hot burned gases. Soot then oxidizes 1n the flame zone when it contacts
.llnhurnetl oxygen, giving rise to the yellow luminous character of the flame.
'I'Udroearlmus and aldehydes originate in regions where the flame quenches both '
'fln the walls and where excessive dilution with an prevents the combustion Ii
“NW-USS from either starting or going to completion. Fuel that vaporizes from the 'i

.flQZZlc sac volume during the later stages of combustion is also a source of HC. 'I

 
cambustion generated norse is controlled by the early part of the combustion

'w-Q'l’fss. the initial rapid heat release immediately following the ignition-delay 'I ‘ ‘ ‘0 .
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Lcan flame-out Initial rapid
region: HC combustion:noise

 
 

 

 

Burned gas: N0
Fuel jet
mixing with air:
rich mixture

l Premixed
1

White/yellow flame

Burned gas‘ NO soot oxidationRich zones
_. in fuel jet:

_ soot formation

‘ . \\ FIGURE 11-3
. Summary of pollutant formation

mechanisms in a direct-injection

Flame quench
on walls: HC \

! Fuel vapor compression-ignition en '-'I from nozzle . “ . ., “ .gme
-1; sac volume dunng premixed and mixing-

1 Mixing controlled controlled ” combustion phases.

i 11.2 NITROGEN OXIDES
11.2.1 Kinetics of N0 Formation

While nitric oxide (NO) and nitrogen dioxide (N02) 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 compounds is an additional source
of NO. Gasolines contain negligible amounts of nitrogen; although diesel fuels
contain more nitrogen, current levels are not significant.

The mechanism of NO formation from atmospheric nitrogen has been
studied extensively.1 It is generally accepted that in combustion of near-
stoichiometric fuel-air mixtures the principal reactions governing the formation
of NO from molecular nitrogen (and its destruction) are]L

1 O+N2=NO+N (11.1)
N+02=NO+O (ll-2)

N + OH = NO + H (11.3)

TThis is often called the extended Zeldovich mechanism. Zeldovich1 was the first to suggest UH!
importance of reactions (11.1) and (11.2). Lavoie et al.2 added reaction (11.3) to the mechanism; ll
does contribute significantly.
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FIGURE “-3

Summary of pollutant formation
mechanisms in a direct-injection
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TABLE 11.1

Rate constants for NO formation mechanism‘.—--'———__—————-———___

Rate constant. Temperature Uncertainty,
Reaction cm3/mol's range, K factor of or % 

[1) 0 + N2 » NO + N 7.6 X 10” exp [—38,000/T] 2000—5000 2
[#1)Ne-NO—>N2 +0 1.6 ><1013 300—5000 :20% at 300K

2 at 200mm K

(2) N ,_ o2 —. NO + o 6.4 x 109 r exp [—3150/T] 3093000 30% 30mm K 2 at 3000 K

[4] o + NO _. 02 + N 1.5 x 109 T exp [—19,500/T] 100m3000 :30% at 1000 K
2 at 3000 K

(3) N ,- on —» NO + H 4.1 x 1013 3002500 180%
(4)11 + NO 4» OH + N 2.0 x 1014 exp [—23,650/T] 22004500 2-'—'—"'_-—'——_-'—"—————-——__

The forward and reverse rate constants (k,-+ and kf, respectively) for these reac-
tionS have been measured in numerous experimental studies. Recommended

values for these rate constants taken from a critical review of this published data
are given In Table | 1.]. Note that [he equilibrium constant for each reaclion, K“.
[see Sec. 1?.3], is related In the forward and reverse rule conslilllts by Kc” :
It" fit). The role. of formation of NE) viii reactions 1 | I. II to (11.3) is given by [see
[1115- [3.55) and [3.53)]

d[N0]
dt

 

= kf'[0][N2] + k2+[N][02] + kJENJEOH]

— kI[N0][N] - kiENOJEOJ — k§[N0][H] (ll-4)

where [] denote species concentrations in moles per cubic centimeter when k,-
11ch the values given in Table 11 l. The forward rate constant for reaction H l 1)
and the reverse rate constants for reactions 111.2) and 1 | 1.3) have large activation
energies which results in a strong temperature dependence of NO formationfiles.

A similiar relation to (11.4) can be written for d[N]/dt:

m = kHOJan — k; [N102] — k3+[N][OH]

— k1" [NO][N] + k;[NO][O] + k3‘[N0][H] (11.5)

@1111?” [N] is much less than the concentrations of other spec1es of interest
1“ 10 8 mole fraction), the steady-state approximation is appropriate d[N]/dt 1s

.1 equal to zero and Eq. (1| 5) used to eliminate [N] The NO formation rate
bn becomes

JUNO] 1 — [NOJZ/(K[02][N2])_——— 11.6
1 + krtNOJ/ik; [021 + karom) ‘ ’

FORD Ex. 1125, page 121

IPR2020-00013

___



FORD Ex. 1125, page 122
                       IPR2020-00013

 
 

 

 
 
 
 
 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 

 
 
 

 
 

 

  

 

  

 

 

574 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 11.2

Typical values of R1, RI/R2 , and Rl/(R2 + R3)'t‘

 
Equivalence
ratio Rll: RI/Rz R1/(R2 + R3)

0.8 5.8 x 10’5 1.2 0.33
1.0 2.8 x 10’5 2.5 0.26
1.2 7,6 x 10‘6 9.1 0.14

t A! 10 atm pressure and 2600 K.
1; Units gmol/cm3 ~s.

NO forms in both the flame front and the postflame gases. In engineS,
however, combustion occurs at high pressure so the flame reaction zone is
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, 02, OH, H,
and N2 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 R1 = kf[O]c[N2], = k; [NO],[N],, where []2 denotes equilibrium con-
centration, for the one-way equilibrium rate for reaction (11.1), with similiar

definitions for R2 = k; [NLEOzL = k; [N0]e[0]e and R3 = k;[N],[OH],
= k; [NO],[H],. Substituting [0],, [02],, [OH],, [H],, and [N2], for [0],
[02], [OH], [H], and [N2] in Eq. (11.6) yields

dENOJ = 2R1{1 — ([NOJ/[N0]e)2}
dt 1 + ([NO]/[NO],)R1 (R2 + Ra)

Typical values of R1, Rl/R2 and Rl/(R2 + R3) are given in Table 11.2. The differs
ence between Rl/R2 and Rl/(R2 + R3) 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], 4
1. Then, from Eq. (11.7),

.1040]
eff

 

(11.7).

 

= 2R1 = 2kr[0].tNZJ. (ll-3:1"

The equilibrium oxygen atom concentration is given by

K [0 ”2 I= 2:03 2 e (11.91
[OJQ “21“)“:
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10 7 T— f — T __

— — Adiabatic flame '
temperature

1 _-

. _ ‘

Tm I x fo" 10 x

u ._ (,1
.2 0e,” -'

-' _2 I" .
g ,3 10 fi. 0 8 .
I: / I u :

.¢ _ 1 2 FIGURE “-4.- ,1 _ ' . .

10*3 Inmal NO Iurrlmllon rate, mass rilll'lltjll per
' - second (for |_NO}J|NO]_. (:1), as a function of
1' Iemperamre for difi'ereul equivalence ratios («1| uml

“:4 lSulm prefisure. Dashed line shows attlubnliu
' 2000 2100 22003360 2400 2500 2600 flame temperature for kerosene combustion with

Temperature, K 700 K, 15 atm air.3

where KMO) is the equilibrium constant for the reaction

102 2 O

and is given by

3 — almn 1/2
pr) = 3.6 x 10 exp —T——— atm (11,10)

The initial NO formation rate may then be written [combining Eqs. (11.8), (11.9),
:1an (11.10) with kf from Table 11.1] as

.![NO_| 5x101" (—69,090— exp“cl. Tu: T )[02]§/2[N2]e mol/cma-s (11.11)

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
lfm'mntmn rates. Figure 11-4 shows the NO formation rate as a function of gas
iflfllpcratUre and fuel/air equivalence ratio in postflame gases. Also shown is the

r'fldiabatic flame temperature attained by n fuel-air mixture initially at 700 K at a
'Wllfilflnl pressure of 15 atm. For adiabatic constant-pressure combustion (an
I'llPPerriate model for each element of fuel that burns in an engine), this initial
NO formation rate peaks at the stoichiometric composition, and decreases
ttflpidly as the mlxture becomes leaner or richer.

A Characteristic time for the NO formation process, 1N0. can be defined by

_ _ 1 diO]
17“} — [NO], d] (11.12)
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576 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

[NOJE can be obtained from the equilibrium constant

KNo = 20.3 x exp (~21,650/T)

for the reaction

01 + N2 = 2N0

as [NO]Z = (KN0[02]9[N2]9)1/2. Equations (11.11) and (11.12) can be combined
to give

8 '.~< 10' l"’T exp {SSJIJWT}
If: (ll-13)I"

where we is in seconds, T in kelvins, and p in atmospheres. Use has been made
ofthe fact that in) i: 0.7!. For engine combustion conditions, cw is usually emu.
parable to or longer than the times characteristic of changes in engine conditions
so the formation process is kinetically controlled. l-lowever, for close—to.
stoichiometric conditions at the maximum pressures and burned gas tem.

peratures, TNO is of the same order as typical combustion times (1 mg) and
equilibrium NO concentrations may be attained.

Evidence that this formation model is valid under conditions typical of

those found in engines is provided by high-pressure combustion bomb studies.
Newhall and Shahed4 have measured the NO production, using the q-band

absorption technique. behind hydrogen-air and pmpaneelr planar flames prom.
gating axially in :1 cylindrical bomb. Some results are compared with predictions
made with this kinetic scheme {coupled will: tln “unmixed" combustion calcu-
lation to determine local pressure and temperature; see Sec. 9.2.1) in Fig. 11-5,

The agreement is excellent. Note that the NO concentration rises smoothly from

 
15ND =

 

   
5 x 10-7 a .1, = 0 7

v ¢ = 0 9
u d: = 1 0

Theoretical J
—7

”E 10 1
g s-‘5 X 10’O
E

.5‘e'e'b

g E I /10'

O - ' /
z 5 >< ll] 1 .. _/').

jfi/ FIGURE 11-5 '
F J Measured and rulcnlatcu rate-liimtud NO Emil-‘11}

..l‘_._t_ Lrnnons behind flame in l11|lli~PfWiNre Cyl'lldmn'm I “—— ‘ ' " ‘ H . ' unnum-fl 5 10 15 hnmb experiments wtltt 1 Mr
Time, ms 45 = equivalence ratio.“
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11.2.2 Formation of N02

that: temperatures, NOz/NO ratios should be negligibly small. While experimen—

'lil percent of the total exhaust oxides of nitrogen emissions.5 A plausible mecha-

White-mien“), conversion of this N02 to NO occurs via

llndrtfll.
tn 1 l MN"
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TABLE 11.3 i

Typical nitrogen content of distillate fuels1_—————_————-—__.—___

   
Fraction Average nitrogen, wt % Range, wt % HCrude 0.65 i
HeaVy distillates 1.40 0.60—2.15
Light distillales 0.07 0—0.60__._-———_—___—___

clot-c to (CHI. indicating that at these high pressures there is negligible NO pro-
dut‘LlOIl within the Home front itself.

i-‘uel nitrogen IS also a source of NO Via a different and yet to be fully
egplgtlllcti mechanism. Table It} shows the typical nitrogen content of
Pulpittcttitrderived l'uels l'Jnrtng distillation. the. fuel nitrogen is concentrated in
the higher lJDling fractions. [n dietillatc fuels. the nitrogen can exist as amines

and ting compounds tag” pyridine. quit-mime, and ctii'httzolcal. During cum—
btislintt them.- ctunpotinds are likely to undcluu some thermal decomposition
print to entering ll‘lt' cmnbtistiun zone. The precursors to NO formation will

therefore be low molecular weight nitrogen-containing compounds such :is NH3,
HCN. and CN. The detailed information on the kinetics of NO formation from

these tttt-tqttttttittr ts limited. fittitltttion ID NO is usually rapid. (remitting on a
time sunli- comparable in Unit of the combustion tent-titans. The NO yield
[amount ul Incl nitrogen motivated to NO! in sensitive tn the fuel/air equivalence
ratio. Kcidlfl'ttL‘,’ high NC) yields {approaching ltJt} percent} are obtained liar [can
mitt strii-rtiimnetrit: ”natures; relatively low yields are found tor rich mixtures. N0

yields are only weakly dependent on temperature, in contrast to the strong tem-
perature dependence of NO formed from atmospheric nitrogen.|

 
 
 

Chemical equilibrium considerations indicate that for burned gases at typical  
  ml data show this is true for spark-ignition engines, in diesels NO2 can be IO to

 
  intent for the persistence of N02 is the following.6 NO formed in the flame zone

“It be rapidly converted to NO2 via reactions such as

NO + H02 —>N02 + OH (11.14)

 

  
  N02+O—>NO+02 (11.15)  

  
 formed in the flame is quenched by mixing with cooler fluid. This

ons1stent- with the highest NOz/NO ratio occurring at light load
cooler regions which could quench the convers10n back to NO  ' diesels, When

Widespread. 5   
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FIGURE 11-6

(a) NO and N02 concentrations in SI engine exhaust as function of air/fuel ratio, 1500 rev/min,
wide-open throttle; (b) NO2 as percent of total NOx in diesel exhaust as function of load and speed.5

Figure 11-6 shows examples of NO and N02 emissions data from a spark.
ignition and a diesel engine. The maximum value for the ratio (NOZ/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
N02, with a chemiluminescence analyzer and call the combination NOx. It is
always important to check carefully whether specific emissions data for NOI are
given in terms of mass of NO or mass of NO2 , which have molecular weights of
30 and 46, respectively.

11.2.3 NO Formation in 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 f0!“-
mation process within the cylinder can be understood by coupling the kinetic
mechanism developed in Sec. 11.2.1 with the burned gas temperature distribution-
and pressure in the cylinder during the combustion and expansion processes. Thfi

T It is well known that the mixture composition within the cylinder is not completely uniform ”514'
varies from one cycle to the next. Both these factors contribute to cycle-by-cycle combustion ““1 ‘
tions. For the present discussion, the assumption of mixture uniformity is adequate.
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lllLLtu‘uuu-ui 0| :5! mitune Ni} tmmuliun mniict lui measured «ylinder Fl'cflklllt' p and culmlmcd mum
fl‘uullnn Immm a." (M calculated trmmruturc nl unhurned ga= I“ and hunted gm- ‘13. in early .mrl
'lqumrninu L‘lclilsritl'EiL Ir} altruism] ND an'cnlruiiu-us in curly- and intbuhtlmmg alumnus for rum.
controlled model and at equilibrium.7

nes

d air (and any recycled exhaust)
and vigorous mixing with the

e intake process. Thus the inn“
s plus any recycled exhaust) is
'ithin the cylinder during mm»

:‘orm, the nature of the NO fiat!-
rstood by coupling the hflfllJ-‘a'r
ed gas temperature tilfilflhflllon'
n and expansion processes. "I‘ll ,

Jumpnmim'c dislrihutinn whiuh develops in the hunted gases tlltc to the passage
Oflhu llum: across the combustion chamber has been IIISL'USSIEd in Set, 9.2.I. I
Mtwirc Wlllfil’l burns early is compressed to higher temperatures after com-
bustion :Ls thr. cylinder pressure Continues- In use; mixture which burns hater is
'f‘inlpresscd primarily as unburned mixturu and ends up rifle: combustion :u itNew 
 

 
  
 

  

I

burned gas temperature. Figure !]«7r: and b ShOWii. meusurcd cylinder prev Iutu Irom an upcrallng engine. with estimates of the mass fraction burned

and the tumpurutures of a gas element which burned just utter spark 1113- l:yhltdiu u: um unmplnltly unilnrln' 11
Ar: m cytflcvitwuyuc cnullumhufl 'I'“
iiformity is adequate.

fl has element which hurncrl at the end of the burning process The
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alternative ttlenli-muun that the burned gases tnis t'altitll‘.‘ and are thus ililtlurm
{51:43 Sec. 9.2.“. If the N0 fontmtii'itt kinetic ”mile-l [Eq ULTI] is used in unluuinte
ND mnmntrnlimts in these human gas e-terrnsnts~ usmg lhc- equilibrium mitten—
lrnttons of the speck“: O. 02. N3. 0H. and H correspondmg in IIJC :Wcmgt‘
tinciy'air etltlwnlcncu who and hurried gust. fraction ml" the maxim-c and these pres-
sure and temperature profiles. Iltc rate-limited mncenlrattion profiles in Fig 1 I77:
an: nhtillm‘li Also shown are lit;- NO coucentranons that wtmld correspond [u
cherniral equilibrium an these: conditions. "I he. mte-contmilcd CUIICEHII‘HIIUHE 1151.
ant the residual gm, Ni) concentration. lugging tin: equilibrium levels. then
cross [he equilibrium levels nnsl "iree1c”wuli above. the. equilibrium values curre—
spoltrling ll] exhaust wtnlilinm Depending on details nl engine uperalmp cunrli.
lions. the ramilimited C(‘IIlccllli'illimts may or may nut mutt: ell-15V- 10 Etillmbmln'l
levels at peak cylinder pres-sure 11nd gm: ltzuipcmituc. Mao. Lin: amount ui'tlecrnm
position from peak N0 levets winch nut-tits during expttnmun depends on engtnt
conditions as well '35 whether the mixture clement humctl earlv or late.‘

Once the ND chemistry has l‘tuzcn during the ettlly pal‘l nl‘ lhe expansion
sirtrke. integration over all element's Will give the limtl average NU uzunuunlrniiun
in the cylinder WillL‘iI equals the cttitflu'il (tlilt‘entt‘uliun. Thus, 11‘ {NH} is the Ittml
1111151.- Fructmn ul ND. then the average. exhaust NO mass fraction is given Iw

{W} = J1{N0}f dxb (11.16)0

where {NO}f is the final irtmrn MO mass fraction in the element of charge which
burned when the mass fraction burned Was 3,‘ Nutc that {N05 : [ND]MM,/p_
where MNo = 30, the molecular weight of NO. The :wetttgt: exhaust L't‘TlCElllll‘t-
tion of NO as a mole fraction is given by

—— M

5cm“ = {N0} M3“ 0117)0

 

and the exhaust concentration in ppm is 5cm,“ x 106. The Carlin burning it .11.-
1iuns of the charge contribute much more to the exhausted NO than do line:
burning fractions of the charge: frozen NO concentrations in these early-burning
elements L‘ull he an order nf magnitude higher than concentrations in late-
hummg elements. In lite EIbHuItL‘c of Vigorous bulk gas motion. the highest NO
wnumttrauons occur nearest the spark plug

Stlihifl'ltlial experimental evidence supports this tiem-nption of NO lunar
tion in spark—Ignition engines. The NO I:n‘nuentration gradient across the but "ml
gas in the engine cylinder, due to the lttrnpcrultll‘c gradient. 1m hem rte-tunn-
strated using gas sampling techniques" " and using ltlentttlt'cmcnls of the chemilu-
minescent radiation from the reaction N0 1 Ct *- ND3 l law in dctcrtnim the
local NO concentration. Figure 11—8 shows NC! concentration data as a function
of crank angle, taken by Lavoie10 through two dilTercnt windows m the cylinLiGi
head of a specially constructed L-head Cllglflc when: each window was a uill'ercnl
distance from the spark plug. The stars indicate the estimated initial Ni J Lumen»-
tration that results from mixing of the resniunl gas Wlli'l. lilC lfcsil clittrgt; :u Ihe'
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trations in these early-burning
than concentrations in late-

k gas motion, the highest NO

this description of NO I'M-mn-
ion gradient across the burned

lI‘C gradient, has been demon-
: measurements of the chemllu-

->N02 + hv to determine the
)ncentration data as a functlon
Eerent windows in the cylinder
:re each window was a rliflerefll
te estimated initial NO content
as with the fresh charge, a

 

t [I1L"

POLLUTANT FORMATION AND CONTROL 581

- Experiment W2
0 Emmi-imam W3——— Kinene solutions

10‘2i .q. :fir ‘ — i
5 . fir."
a ' f”.--
g /1' )i/_ 7/ '—
3 {I f /\. _.-‘o I .‘ n .'
E r. - a .-
. ' // .

O ‘ f { _." / l
210- , r r: / , FIGURE “-8

*r' 1: / Spectroscojmntlty measured M] cunuuntmtmus
/ I , through lwu windnws H", and W, in «metal

/ ‘15 = 0 9 L-Ilcml SI ungme (W2 is clusc: to spark tlmu Hg].
T'lte asterisks marl estimated unllul mndrtlans

| and flame arrival times. The dashed lines are cal-
. culated trite-limited concentrations for parts of”F. J_ _. 1_ __-_.1 _ . .A _20 0 20 40 60 Charge burning at these flame arrival times w1th

Crank angle, deg zero initial NO concentration.”

 
time of arrival of the flame at each window. The observed NO mole fractions rise
smoothly from these initial values and then freeze about one-third of the way
Ulniugll the expansion process. NO levels observed at WlflLlOW W2 , closest to the
spark plug. were substantially higher than those observed at window W3. The
dashed 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 NO level 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, and the existence of
NO concentration gradients across the combustion chamber have all beenobserved.

The most important engine variables that affect NO em1ss10ns 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 amount of diluent
such as recycled exhaust gas (EGR) used for NOx emissions control, as well as
l-htt residual gas fraction. Fuel properties will affect burned gas conditions. the
effect of normal variations in gasoline properties 18 modest, however The efl‘ect of
W‘mtlllona in these parameters can be explained with the NO formation mecha-
mam described above changes in the time history of temperature and oxygen

tfittnecutrutiun in the burned gases during the combustion process and early part
fill the expansion stroke are the important factors.“

air eq

II RATIO. Figure 11-9 shows the effect of variations in the fuel/air
tio on NO emissions. Maximum burned gas temperatures occur at
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Fuel/air equivalence ratio

 

I 05 1.0 . .8 0. 5
Jl‘lfliir —- —09 0 — 7 |

|

‘ 1'51. ‘
E 2000 .' 'i\

O r/ 'x

Z lmn‘ ff . ‘J
|

l ‘i FIGURE 11—9
0 .3 —16 18— 1i] Variation of exhaust NO concentration with AH? andfur-.Ir‘nlr equivalence rqtiu. Spark-ignition engine, 1600

rew‘nnn, r;l = 50 percent. MBT timing.”51H};

cf) z 1.1; however, at this equivalence rrtlm owner: concentratic-ns are low. As the
mixture is enriched, hurried gas temperatures lull. As the mixture is leaned out,
llttftlmsit‘lg oxygen rnnccntrnuuu initially ull‘sms the lalhnn gas. temperatures ntul
NU cmrssrtms peak al r]; a (13.). Detailed PFCIiIL‘IJHIIB.‘ til NU t‘ulrt'uittratinrtx in the
manual gnaw sugfim ihnl tin: mnecrtrrauun VCF‘rUh tum: histories nnrlcr l'ucl-lt-tin
crrndiLruna are diil'creni in character from thus-t. I‘m Fuel—rich conditions. In icrm
rmxmrcs NU concentrations I’Iccrc carlg.» III the expansion process run] iitllt- Mt)
rlcmmpuaiuun humus. In rich minim-cs. substantial NU dcwr‘nrtusimur nut-urs
{ruin the peak trrtrtcutitrnlinm. present when the cylrntlcr pressure IS 1 llli.l,\llhlrll1.
Thus m |-:tn rnixrnres. 3w: crintlitimrx at t'hu nmr. nl rmair pressure arc cspnuutllr

significant. 7

IillRHlL‘D GAS FRACTION. The unburned mixture in 1hr crlitrdar cuntntm‘. incl
vapor. an. and burned gases. The burned gases arc residual gm fmm the pmrinus»
cycle. and any Exhaust gas recycled tn the. inlnkc for NO. emissions urintmt. The.
residual tuna [nation is influenced lay luarl. valve. timing lcspcc-inliy lhv cslrni of

I valve overlap]. anti. in a Imam ringing by speed. air/fur! rarm, and urn-tiltrm-rttjtlt
ratm as described in Star; {5.4, The burned gases act as a diluent in the. Iridium-ct!
nurture; the nhsnlutr temperature reached :tircr cunrbnsrinn vane.» inVurSclt‘ WIIh
the burned gas mass fraction. Hence increasing. the hurried grist [mutinn rcrlums
NO amissmna levels. lion-ever. it aims reduces the uralnhtlsltol‘i rate and. thrrclmc.
makes stable crintbustinn mun- tiiii'rcull lv achieve tar-t: Secs. 9.3 and 9 4).

Figure ll- IO shuwa lht: ufi'cut of increasing till“. iJLllllCLi gas fraction It); recy-
cling exhaust gases to thc intake ayslertt rust l1t‘ifiw the throttle plate. Shimlnrlllul
rerittctiuris in NO concentrations arr: achieved with IS to 15 percent EDP-r Whlfil'
Lb ubt‘tttl the maximum amuunt of EUR lhc Bligtl‘lc wrll tolerate Illltisi nm‘m'tli

” [infirli‘lfolliu tzhrttlilinns. 0f amuse. increasing thr: FGR at lixcd engurr. triad 11““
speed increases l1»: inlet manifold preswrc. WilliL‘ fuel flow and air i'iIlW rental“
apprmrrnatcly cnnstant

The primary cflccl of the burned gas diluent tn the unburned uni lute on the
NO itrnntttiuu process is that it reduces flame tempuralttrr-s by increasing the
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alling gas temperatures and
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me histories under fuel-lean
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nsion process and little NO
NO decomposition occurs

der pressure is a maximum.
peak pressure are especially

n the cylinder contains fuel
sidual gas from the previous

NO,E emissions control. The
ring (especially the extent of
/fuel ratio, and compression
IS a diluent in the unburned

busticn varies inversely with

burned gas fraction reduces
nbustion rate and, therefore,
e Secs. 9.3 and 9.4).

burned gas fraction iiy may-
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S to 25 percent Infill. Whitlh
will tolerate undm animal-

3R at fixed engine load and.
tel flow and air flow remain

the unburned mixture on Infill
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NO,ppm

FIGURE 11-10

Variation of exhaust NO concentration with per-
cent recycled exhaust gas (EGR). Spark-ignition
engine, 1600 rev/min, =50 '

EGR, % ing 12 7],, percent, MBT tim»

   
heat capacity of the cylinder charge, pet unit mass of fuel. Figure 11-11 shows the
clt‘u-ct 0f iliil‘erent diluent gases added [0 the engine intake flow in a single-
cylnuli-r engine operated ill iuiiisraitii speed, fuel flow. and air flow},3 The aim? in
Fig. ! tr! 1.1 show that equal volume percentages of the dint-rent dilttents produce
duller-uni reductions ID NO etiiiSsiuns. The same data when plotted against diluent
heat capactty (diluent mass flow rate x specific heat, cp) collapse to a single

é 

 
 
 
 
 
 

 
  

 
   

a?
y 80 ,

g 59. 80O

a lit" E 60
.E Eq .5

lg ~10" 5 40 n (:02
3 ‘3 0 H20: A N2

20 E 20 I He0 Ar
+ E

0 10 2l0 0 —1 l J— xhaust gas
D. . 4 30 0.2 0.4 0.6 0.8 1.0

iluent in intake mixture, % vol Diluent heat capacity rizc , J/K - s
(a) (b)

i gt‘ redueti ' ‘ . ' ’ ‘ .
Willi diluen on 111 mass NO emtsstons With various diluents. (1:) Correlation of NO reduction1 heat capacity Spark-i ' ' '. gnition engine operated at 1600 rev min, constant b

Pressure ~05 atm), with MBT spark timing.13 / rake 103d
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584 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

curvai A simlliar study where the hunted gas fraction 1n the unburned marge
was variad by changing lhc valve m'crlap. compression ratm. and EOE. septu-
atcly. showed that. under mun: realistic engine npcraliug conditinns. 11 1s Ilte hum
capacity (If the lutal diluent mass in the in-c—ylinclur mmurc that is Important
Whether the diluent mass :5 changed by varying Ht: valve overlap. EGR. or awn.
the compression ratio is not impm'lam,“

l'icuausc of the above. it 13 possible to correlalc [lac influ—

ence 131' engine operating variables (such as ulrjfucl ratio. angina speed. and lam,”
and dcmgn variables [such as vaJve timing and compressron ratio} on NO amt-5—
siruns with two purmnuters which define the in-cylindc-r mature (IUTUDDHHDHI 111.;

- fuclfuir mguiVulcncv ratio [often the animal ratio 13 used instcudl and 1111‘. gasfl‘ucl
H rutm r112 gas-final ratio (611') is given by

.I'
' G total mass m cvlindcr A x,

' =— 1+1 x (11.18)— b

EXCESS AFR AND EGR.

 
 

F _ fuel mass in cylinder F

(4.3)]. These together define the rulmlwwhere t... is the burned gas fraction [Eq.
5 in the m-cylindcr mixture, and Imut'r

pmportiuns of fuel, air, and hunted gase

   
15 — — 7 -— -—

12.'1
4.:

| 5OD
m” 10'
.5

I B
I g ,

OK 7 5z

i 5
'0

it 3 l-‘IGUflL ”.1:2 5 Carr-ulnuun hulwwn natuft'ucl ruuu HEN: um! indl‘
L'illflLl apcdfin. NFL amt-salons :u vmmu- ntrflufll
mllna 1.11131 and vullmmnc cilluwnuwy ill”!- 30”?!“

0 lynmrm align“: npcrutcd ul I400 rut-1mm wlth sl‘M‘ktuning Fellini-M In gum 0.1in of mummum hulk!-

‘ Gas/fuel ratio torque.”
 

e fact that the residual gas fraction is slightly different
1‘ Some of the scatter in Fig. 11-11 is due to th

.I for each diluent.
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n in the unburned charge
In ratio, and EGR, separ-

1g conditions, it is the heat
nixture that is important.

lve overlap, EGR, or even

sible to correlate the influ-

lo, engine speed, and load)
ession ratio) on NO emis-
' mixture composition: the
(1 instead) and the gas/fuel

 

x, > (11.18)ll—xb

together define the relative
ylinder mixture, and hence

en gem-"fuel Intlo ILEIH‘] mi Unli-
)x emussit-m. at vut'iL-u- uliiiliul
Iolumell‘lt' effluent-its ”1,1 brim-l0
erateii at 1400 rev/min with spark
0 have 0.95 of maximum brake

' I I I "‘1

lual gas fraction is slightly tliltun

l

_ ——~———;—-——‘="—_—-—i
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will correlate NO emissions.‘l‘ Figure 11-12 shows the correlation of specific NO
en-nssiuns. from a lotii-cyilndcl engine. utter a wide range or engine operating
conditions With the air/Fuel ratio and gas-Ethel rulin. Lines of eunstant nit/fuel
unit- and volumetric efl'iuieney are shown. the direction at" increasing :Iiluliun
with residual gas and FOR :11 constant air/fuel ralm 15 to Ilie rielil. Execsmive
tlilnliuu i'csnlls in print combustion quality. partial burning. and, eventually.
muslire (see 513;. 9.4.1). anesI NU emissions consistent Wlll‘l good fuel eonsurtlp.
11ml (avnnimg the use of rich mixtures] are. nhlaillml with a sloichimnemt
mixture, with 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 111 Ihe beginning of this scum-n) and expeiimental data show good
dmuuucill wnh normal nmmmls nf tlilmion.16 With extreme tliltltion, at NO
levels u! about ltlfl ppm ur less. the NO formed within the flame reaction zone
cannot, apparently, be neglected. Within the flame, the concentrations of radicals
“net; :i:. 0, DH. and II can be substantially in ewes» of equilibrium levels,
resulting in much higher formation rates within the Ilanu: than in the postflame
gases. it is believed that Ilie mechanlsm [reactions (11.1) to (11.3)] and the forma—
tion rate equation (11.6) are valid. However, neglecting flame-front-formed NO is
no longer an appropriate assumption.1 7

SPARK TIMING. Spark timing significantly affects NO emlss1on levels Advanc-
ing the timing so that combustion occurs earlier 1n 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 15 smallerl; 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
NO formation rates result. Figure Ill-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 not critical for fuel
consumption and power where the variation with timing around MBT 1s
mode-SI! there is always considerable uncertainty 1n NO emlssmns at MBT
liming. Often, therefore, an alternative reference timing IS used, where spark 1s
Iel'tlrtletl from MBT timing to the point where torque is decreased by 1 or 2
percent from the max1mum value. Great care with spark timing is necessary to
Shh!" accurate NO emissions measurements under MBT—timing operating con—lilting,

-—_‘__ _

'l' sitilm'k 1mm 1;; alsn
. ‘ suit-cm N0 emissions, as dismissed next. The above discussion relates to engines"I"1 With linllliy at .'\

I B? or with torque at a fixed percentage of (and clove to) the maximum.
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3000

2000

1000

FIGURE 11-13
Variation of exhaust NO concentration with spark

. retard. 1600 rev/min, 11” = 50 percent; left-hand end
l Spark timing, deg BTC of curve corresponds to MBT timing for each A/F.12

NO,ppm 
‘ 11.2.4 N0: Formation in Compression-Ignition

Engines

l The kinetic mecltanlstns for NO and NO: formation described in Secs. I I.2.t and
H.121 and the asanmpuons made regarding equilibration of species in the

' (fr-Own system apply to tliesrls as. well its to spark-ignition engines. Tin: min.
cal dilTerence‘ of course. is that injection nl' [be] into the cylinder occurs p.151
licfnre combustion starts. and that nonuniform burned gas tempurtttut'e and tom-

pnsillml result from this nonuniform fuel distribution during cmnhusttnn. l‘ltu
fuel—air mixing and combustion processes arc cxtrctitciy complex. During. (In:

| "premixed“ nr tincontrnllcd diesel Cnmhuttllm‘l phase immediately i‘ntluwtug the
ignition delay. fuel-air mixture with a spruad in composition about stoiuhiimwuic

I burns due- to spontaneous Ignition and flame propagation. During the ttitxlng
Controlled combustion phase, the burning mixture is likely to he closet tu Stub
ultiomctric titu- llama structure is that of u turbulent. though unsteady. tlitttuton
tiamcl. Howuver‘ throughout the combustion process mixing. between already
burned gases. air, and lean and rich unburnud ['qu vapor—ah mixture ”CC-11m
changing the uflil’lptihlllull orany gtls elements that burned at a particular squirts»
tom-c ratio. In addition to these untitpusitii'm [and honor- tcnipcrnturt-t changes
due to muting. mnlncritiltl'i: changes due to compression :md expansion urcttr its
the cylinder pressure rises and falls.

The discussion in Sec. 11.21 showed that the critical equivalence ratio for
l NO formation in high temperature high-pressure burned gases typical of dilgiflcfi

Is close to stoichiometric. Figure l1-4 is relevant here it shows the initial N0
formation rate in combustion products formed by burning a mixture of .-i tt‘pltttll
hydrocarbon fuel with an (initially at 700 K, at a constant pressure of IS tilfl'l'll
NO formation rates are within a factor of 2 of the max1mum value for 0-85 5
45 S 1.1

The critical time period 1s when burned gas temperatures are at '1'
maximum 1.e., between the start of combustion and shortly after the acumen“?
of peak cylinder pressure. Mixture which burns early in the combustion PW“-
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into the cylinder occurs just

red gas temperature and corn-
tion during combustion. The

:remely complex. During the
arse immediately following the

[position about stoichiometric
upagat'ion. During the mixing
is likely to be closer to stoi-

nt, though unsteady, diffusion
rcess mixing between already
lel vapor—air mixture occurs,
burned at a particular equiva-
:1 hence temperature) changes
:ssion and expansion occur as

e critical equivalence ratio for
turned gases typical of engines
here: it shows the initial N0

burning a mixture of a typical
constant pressure of 15 am“

1e maximum value for 0.85 S

gas temperatures are at II
nd shortly after the ”warrant!!!-
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FIGURE 11-14

Concentrations of soot, NO, and other combustion product species measured at outer edge of bowl-
lnimnlon Eltllhllllh'tiOfl chamber (location S) H] l.|llll:}ll‘x"l'll Ill Ilium wulr rapid Hum pling valve. Cylinder
gm: nresmn- [I muan Iralmemtme T, and local euuwalunre ruim q‘; shown. Bore = 95 mm
«ltnlir = llil turn, V: = Mn. FnuH‘mle nozzle wrlh hula rluumner = 11.2 mm ”‘ ‘

is especially important srnce it is compressed to a higher temperature increasing
the NO formation rate, as combustion proceeds and cylinder pressure increases.
lifter the time of peak pressure, burned gas temperatures decrease as the cylinder
Elissa expand. The decreasing temperature due to expansion and due to mixing of
.tngh-Iernpcnsuu: gas with air or cooler burned gas freezes the NO chemistry
This second eflect (which occurs only in the diesel) means that freezing occurs
mute rapidly in the diesel than in the spark-ignition engine and much less
lineumprmirmn of the NO occurs. ’

I‘m The “have ulcsuriprmn u; supported by the. NO Concentration rlntu obtained
llDfiTu‘lTiigfliiilf!ils where gas was sampled from within lht.‘ cylinder of normally
“.14 “ML-4 1:1.tn1giims 'wult special gas-sampling valves and analyzed. Figure
Mam.“ pmwgs Eunxnesl nl :nupir species concentrations. through the corn—
r"! u leIiuscen: J" . :4 trier wit) a I:Iprd-ur.11ng sampling valvetl‘ ms open time)

'11ch CF‘fl‘ailIJErLirlti“l ‘ruurmn ”first! engine. Concentrations at diflereni positions
I. mmhur Were olumned; the sample valve location for the Fig.
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FIGURE 11-15

0.2 _ Ratio of cylinder-average NO concentration at
“ given crank angle (determined from cylinder., l _l . dumping experiments) to exhaust NO concen.

A20 —10 O 10 20 30 40 tration. DI diesel, equivalence ratio = 0.6,

Crank angle. deg injection timing at 27° BTC.l9

11-14 data is shown. Local NO concentrations rise from the residual gas value

rink-wing the start of combustion. to it peak at the pain! where the local hill‘l‘lcd .
gas cqniv-nlunce ratio changes from rich to icnn Iwhcre the (‘01 concentration
has its Inusinnnn value). As the local burned gas equivalence runo becmucs
leaner due to mixing with excess air, NO concentrations decrease since formation
becomes much slower as dilution occurs. At the time of peak NO concentrations

within lln: howl (15° .-\ ['C'j. most of the bowl region was tilled with flame. l'ln:
total amount of NO witlim the cylinder of this type of direct-injection dIESl‘EI

during the NO torn-ration prnccss has also been measured.19 At 2| predetermined
time in one cycle, one: steady-Malta: warmed-up engine operation had been
achieved. the contents of the cylinder were (lumped tutu an evacuated tank by

rapidly cutting open a diaphragm which had previously sealed at? the tank
system. Figure ll-l 5 shows how the ratio oi the average cylinder NO concentra-
tion divided by the. exhaust concentration varies during the nomhustion process.
N0 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 eflect on the shape of this curve. The 20 crank angle degrees after the start all
combustion is the critical time period.

Results from similar cylinder-dumping experiments where injection tuning
and load (defined by the overall equ1va1ence ratiol were varied also showed that
almost all of the NO forms within the 20“ following the start of combustion. M

injection timing is retarded, so the combustion process 1s retarded; NO Emma--
tion occurs later. and concentrations are lower since peak temperatures are.
lower. The effect of the overall equivalence ratio on NOx concentrations is HIwWfl
in Fig. llv I6. At high load, with higher peak pressures, and hence IelnpurnlUw-‘n
and larger regions of close-to-stoichiometric burned gas, NO levels increase. BM“:
NO and NOx concentrations were measured. NO: is 10 to 20 percent of low
NO,‘ Though NO levels decrease with a decreasing overall equivalence r3113
they do so much less rapidly than do spark-ignition engine NO emissions {5'5
Fig. li-9) due to the nonuniform fuel distribution In the diesel. Though 1'"
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FIGURE 11-16

0 . _ Exhaust NO,‘ and NO concentrations as a function
. ‘ of OVk‘l‘til cqtiwtttrnce rllltn or engine Iontt DI

Equivalence ratio diesel, 1000 rwfnun. injection timinn at 27° 3113.”

amount iil [qu iiticcted decreases prnportintially iii the overall ethvullmue ratio
is drummed. much of tin: I'uul still burns close to sti-irhit-tncttiu Thus- NO unit's-
sinl‘lri should ht’. roughly proportional to the mass of fuel lnjt‘lfilcd Iprovidml
hunted gas pressures and temperatures do IlUl chaupc greatlyl

Similar gas-sampling studios have been thine with tttdit'ei‘t-i'tt;m:tt'mt diesel
engines Modeling studies suggesr that must nl‘ the N0 forms within the pre—
chamber and is lllen lrattsported mm lht: main chambet what: the reactions
[Tc-car: as rapid mixing With tlir occurs. l-lnwuver. the prechumhur. except at light
Iom‘l. Opt-rules rich twctzill so some tirltlltmnal NO can him] up; the rich LII‘IIll-
.|Jllstlt.itt titmlucts art: diluted thrtiugh the stuicniumclric ct‘ttt'tttt'rsitinn,"ll F‘ltturt:
ll-l? shows local NU mnuctitt'utii'ms and mimvalenct‘ ratios as it ltttiutiott of
trunk .‘ttiylu tlirlertniitcd with a mpnhnciing sampling valve at different locations

 

    
Mutt .

Distance of sample valve from wall

3011* 2mm —-—-—— 10mm
—-— 15 mm —---—- 18.5 mm

E millil— 1 5n. .

g Hull *2
g 1.0

800 8

E
400 - '3 0'50"

Lu

L‘ (—4—. . i l 0—10 TC TO—zo—sfitY—so . ‘
Ignition —5 TC 10 20 30 40

Crank angle, deg Ignition Crank angle, deg
(11) (b)

F'll'iUlll; 11.17
W No concentral
I‘lfll'rtinm dista
'mllill'lr speed

Ions measured with rapid sampling valve and (b) calculated equivalence ratios at
nces 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?l
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wilhut the ptcchttntbm 11ft: (lntnct swrrl chamber IDI engine.“ The gas mixture
mpidly twmmcs guiicltlrtrtmlril: or hurl-rich. Composition nonuniformities across
the urculuunher are Rilbttlflllllal f‘cuk NO concentrations, as expected, corre—
spond .-tppmv.irn:1tt:l\= to locally str-tchiometric regions. Because the mitture
remains fuel—rich in the prechmnher :15 the burned gases expand (after the time Of
peak pressure which occurs between t- 11ml 10° ATC), substantial NO decomposi-
liUIl within the prechttmhcr can occur However, by this tttlh: much of the gas
mud NO) in the prtrtrhutnltus' has been transferred to the main chamber Where
[running of the. NO chemistry will occur. tf'yhmler—gns (lumpingr experiments.

:tirt chamber and pruchambct' gases were dumped and quaintth
average. N0 concentrations. tletctrtttned tn,

initiated the engine cyltntlct from <‘ll‘l L"h'HI_,

Ltutod tank at prudent-ruined points in tin: cycle nt an otherwise nu'n'mully 11pm.
Mctl ID] engine. rtsu. rapidly once combustion slum until the N0 uhcttttstt't- tr.
cllcctivcly itozcn at about [5 ATP. Little net NU tinctunnositmn occurs.” lit-at.
release-mic diagrams obtained from pressure data analysis for the same IDI

rite. than combustion u; out} about one-half complete at the time the

when: hrttlt Ill

cunl‘urn this description Cylinder

rapidly opening. .1 diuphrtun which so

engine Indie
NO lormtttion process causes.

Diluunts milled to the intake air tench mt regrets-Ll exhaust] 1111: climtiw: zll
reducing the NC} [mutation talc. and tltcrctnn: NOA exhaust un'tlfifiltlll‘s M with
spark-ignition engines. the chem is primarily one (It t‘utiumtt} the bill ttcd gas mu.

.1 given mass {it lust and oxygen i_1|_!tlll;l.l. Figure ll—ltt shows the
h N: (‘01. and exhaust ltd; on NU,

s” Thu hcul titttaclly nt' ('01. tper mole] til the temperature.”- rule
cnttthuslinn is atltnut twtcc that of N, 'l‘httt ul' exhaust to»: is

'l'lturcl‘orc these 11:11:] show thut tht: ell'cct I.L. ports
tcmprttutmus. Note that the. cl‘tl‘llpttétilltttt nl lltt.‘

d. m idle. there Is little- Cflj and ILL}. and
till“ {it high [tutti the lit-n1

per-attire. l'nt
ell-rel 0| dilution at tin: intake air wit
exhaust iL'Vtzi
mm to these]

slightly ltlgltol' than that of Na.
nmrity um.- a! reduced hunted gets
exhaust gas of: diesel Vitrics wtlh Ins
the cntnpt'isition docs nut dil‘tct much truth that of

  
  

'\

\. FIGURE 11-18

%\ Effect of reduction 1n oxygen concentration by dif'€02 - “a, N . ferent diluents (exhaust gas, CO: N2) on NO;
\ Emal’s' 2 emissions in D1 diesel. Bore - 140 mm,

0 ‘ gas; I stroke = 152 mm, rc = 14.3. Speed = 1300 NW21 20 let t“ l7 16 min, fuel rate = 142 mm “/stroke, injection Itttllttt'
Oxygen concentration, V01 % at 4° ETC.23
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= —34, 300

' I», DI engine
-\

 .U |_ m. 1'; 7
:7. it; “.

oQ :‘u c“
z .u .3
i 9 ._ Lu
\6 at, \0"
Hz Hz

at o 1 ‘4 0 l
0: addition N2 addition

7 F0 Present study
D Yu and Shahed

0 0] 41‘14

 
 

   
l 0.01 I I,_.J_|__t__

3,4 3.6 3.8 4.0 4.2 4,4 4.6 3.4 3.6 38 4.0 4.2 4.4 4.6 4.3
‘04 104—,104/K — 4
T1 T1’ 10 (K

(a) (1:)
FIGURE 11-19

t‘unc-lmiwr I“, N1 1. timers-inns IIIIIE.‘ EIND‘ for 9 Wide range nl' operating mmlnlons with reciprocal of
"“‘uh'm‘u'fl‘ ""“um ”W” 'El‘li‘I‘Tfl'UI'I' hri in] L)! engines: Hi) ![)| engines. [ilmuu lunlt
VtLI'LtEtl lay Ililrlltlllil Ill‘tlllk’lcnl diluent}. and ”Mixenlri. 11'!sunnlunl \Jl'llilillllllh.

turulwes

Values "1' LI...” Iii-mullized with value at

czlpaelty incrulscs us the conccnll'aliuns of CO2 and H20 are substantially
higher. Similar studies In an mdirrct~iniwrtion engine show comparable trends.
Addilion or diluent: [exhaust gas {E-GR) and nitrogen] reduce peak flame tem-
peratures and NOX emissions; also, addition of oxygen (which corresponds to a
reduction in diluent fraction) increases flame temperatures and therefore increases
NOX emissions.24

Confirmation that NO forms in the close-to-stoichiometric burned gas
regions and the magnitude of the stoichiometric burned gas temperature controls
NO, emismnns is given by the follnwiny. Plee et al.”26 have shown that the
allbuls of changes in intake gas composition (with EGR, nitrogen. argon. and
Oxygen addition) and temperature on NO,r emissions can be correlated by

E

EINox = constant >< exp (F) (11.19)f

ometric adiabatic flame temperature (evaluated at a suit-
reference p0int: fuel-air mixture at top-center pressure and air temperature)

'lj-(kclvinl is the stoichi
able

'lmll E is an overall activation energy. Figure 11-19 shows EINO: for a range of
Jul-like air compositions«Mural

«lam a1

ilbfllii: fl

and temperatures, and two DI and two IDI engines for
loads and speeds, normalized by the engine NO, level obtained for stan-
f, plotted on a log scale against the reciprocal of the stoichiometric adia-
ame 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.27 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 amount of excess fuel increases. For fuel-lean mixtures, CO concen-
trations in the exhaust vary little with equivalence ratio and are of order 10‘3
mole fraction.

Since spark-ignition engines often operate close to stoichiometric at part
load and fuel 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.

V I
3 2

7t ' :3
8. as'6

6 a -7 -I' R

f x= .1J'F .g
5- ”HP—LINEN “0all

CO,vol‘70     
(2)}? 0.8 0.9 1.0 1.1 1.2

Relative air/fuel ratio )\
(b)

 
FIGURE 11-20 ‘ 17
Variation of SI engine CO emissions with eleven fuels of different H/C ratio; (a) with air/fuel ratio;( )
with relative air/fuel ratio 2.“
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atter since the model used is The levels of CO observed in spark-ignition engine exhaust gases are lower
Sign and operating parameters than the maximum values measured within the combustion chamber, but are
the burned gas temperature significantly higher than equilibrium values for the exhaust conditions. Thus the

P]'(oL‘.I:3~SC.‘- which govern C0 exhaust levels are kinetically controlled. In premixed
[mlrt-mrbmi—uir flames. the ('0 COHCL‘III ration increases rapidly in the flame zone
“t u Iiiiixiniimi value. which is larger than the equilibrium value for adiabatic

l combustion of the fuel-air mixture. CO formation is one of the principal reaction
combustion engines are con- steps in the hydrocarbon combustion mechanism, which may be summarized by1Figure 11-2() shows CO levels

_ RH—>R—>RO2 —>RCHO—>RCO—>CO (11.20)ngine for several different fuel ' '
;t the relative air/fuel ratio or where R stands for the hydrocarbon radical. The CO formed in the combustion
e curve. For fuel_1-ich mixtures process via this path is then oxidized to CO2 at a slower rate. The principal CO
ly with increasing equivalence oxidation reaction in hydrocarbon-air flames is

uel-lean mixtures, CO concen- C0 + OH = CO2 + H (11.21)
' are of order 10‘3 _ _ ,e ratio and The rate constant for this reaction is1

T

kgo = 6.76 x 1010 exp (m) cm3/gmol (11.22)
:lose to stoichiometric at part
ssions are significant and must

:11 on the lean side of stoichio-

. .umicrullv :issuiiicti tlril in the iositiiime utnnbustion ruducts in :1 5 ark-l to be unimportant, therefore, ll "i . . . t p p
ignition engine. tll conditions close [1: poi-it; t-yclc temperatures IJHOU K) anti pres—
sures (1:1 to 41) [111111. ll‘lt‘ carbon-mygendiydrugcn system is eqtiililirntetl. Thus
(‘0 concentrations in the immcitlutc pustl‘lame burned gases are close to cqiii-
libi‘iuin However as the burned gases cool during the expansion and exhaust
strokes, depending on the temperature and cooling rate, the CO oxidation
process [reaction (11.21)] may not remain locally equilibrated.

Newhall carried out a 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.28 Of the reactions important to CO chemistry, only three-
body radical-recombination reactions such as

1 H+H+M=H2+M (11.23)
‘ H+OH+M=H20+M (11.24)
6i, H + 02 + M = H02 + M (11.25)

t, hil't‘c found to be rate controlling. The bimolecular exchange reactions and the
LT.) oxidation reaction (1121) were sufficiently fast to be continuously equili-

, brutal Only during the later stages of the expansion stroke was the CO concen-l-' trillion predicted to depart from equilibrium, as shown in Fig. I l-21 Us1ng this
44_1__a"*'. ~L+_' 1:: lurlmiquu to predict average CO levels at the end of expansion over a range of
0,8 0.9 1.0 1'1 1'2 ‘Wlli‘mluncc ratios (rich to lean), Newhall obtained .1 good match to experimental

Relative air/melratiok Until (see Fig. 11-22). The kinetically controlled aspects of the CO emissions
0:) -I-IIL‘cllutiis:n have thus been confirmed.

These calculations Showed that a partial equilibrium amongst the bimolecu-
ll" Emllallitc reactions occurred a posteriori. Analyses based explicitly on this
‘lmlllal equilibrium assumption (which are considerably simpler) have been

-

goo-c<oonud koomqomeuu—

.0!

J"

 
 

:nt H/C ratio: (a) with air/fuel ratio; “ll
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594 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

a°.N

Carbonmonoxide,molefiaction ... o 1.

FIGURE 11-21
Results of kinetic calculations of CO con.

  
’ | centrations during expansion stroke following

TC combustion in SI engine; stoichiometric
mixture.”

carried 0ut.29'3° 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 number of particles or moles per unit volume of burnt gases, i.e.,

(1) fl = 1:02,.- — R: (11.26)
V is the volume of the elemental system considered, n is the total number of
moles, Rf“ and R; are the forward and backward rates for reaction 1‘, and k
represents the number of three-body recombination reactions included. All other

   
 

14

v Experimental lmeasurements
12

E . —— Calculation,
end of expansion._. O

|

Carbonmonoxide,mole%
on

FIGURE 11-22 _ .
Predicted CO concentration at end of expansion
stroke, compared with measured exhaust mncenll"?
tions, as function of air/fuel ratio. Equilibrium {5“}? '

3 10 12 14 16 18 at TC combustion and exhaust conditions 519“
Air/fuel ratio shown.”
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functions were usstttuttd to he cquiliitrntcd. ’i'hc studies usrng this simplified
tum-tic model have cuntirmtrtl IIUII til pcttlt cylinder pressures and temperatures.
equilibration limes I'm (‘0 mt! luster than time-i characteristic of changes in htnnt
gas minim-ms rim-t tu cun‘iprcssinn or c'tpnusmn. Titus Iltt: CO concentration
rapidly equilibrates in the burnt gases just downstream of the reaction zone fol-

lowing combustion ol' the lwdmuai hon tut-l. However. ll has at: Indy been
pmnml out in Sec. 9.2.] that the burnt raises art: not uniform in temperature,
Align. the hlowdown of cylinder pressure In the rxhaurtt manifold level during this:
ushauat pt‘ucess and the decrease in gas temperature that accompanies it occupies
u stiltstanttul portion of the L'yclfli'dhtml 6t) crank anglt: rtegrccs. Thus. the
tunincrnlurc- anti pressnrmtimc profiles til parts of tht: charge at different lucaw

tinm throughout the cylinder alill'cr, depending on whcn these parts ofthc charge.
tiurn um] when they exit the cylinder through the. exhaust t'alt'c and enter the
exhaust manifold.

The results of an idealized calculation which illustrate these effects are

shown in Fig. 11-23. The C0 mole frnctirms in different elements or parts of the
burnt gas mutture are plotted versus crank angle; in, is the fraction of the total
charge which had burned when each element shown burned; z is the mass frac-

|jrm win-Jr had left the cylinder til the tirnc caclt clement lcft tlte cylinder. The
patluli L'fillilihrltlm unlctllttttuns show tht; burner! gases are chute to equilibrium
until 'tl_lt.1'l.l| an trunk intuit: dome-cs ntict tup-ccnter. During the exhaust hlt-‘tw—

down process after the exhaust valve opens, gas which leaves the cylinder early 

 

  
 

3 X 10“] I ' T ' . | I:3

, If ———z = 0.01
f ‘0" = 0‘05 —- — z = 0.50 I

' I. ~.__ x. — z = 0.99
", H CO »——7~——- Equilibrium CO

10-2 - A. \_ ' _-’ . ‘.

_ Xi; = "Ly-”2‘ "S\ r5 = 7 1
'.\_ ¢ :10 l

L :" - ‘ 2‘ N = 3000 rev/min
. -..m'. a.--
2 ‘ ' —__-"‘x
H \ L ‘9 ‘\ \n— Ih ‘\ ‘-._~ _/' ' \ _::-._k_k
u \ ’;~<fi_‘__ ‘ :—
l —o tarsus- .\ ' ‘\\ -7'..'f'_“:

3 / _ FIGURE 11-23
10‘3 C09 ‘9 \ CO concentrations in selected

- ~ \ :1] elements of SI engine cylinder
. \\ z = 0.50‘I charge, which burn at different

Exhaust . \ ', - times and which exit the cylinder
valve z ; 0 01 \ z = 0:91;” at different times. x,, is mass frac-

[ opens ‘ ‘ tion burned when element
' X 10" — burned. z is fraction of gas which

TC BC "V“? has alread in c lind r d '30 60 W 120 150 Ill“ 210 y e ’3 e “mg
_ ‘ L_ I . _‘_ I - _L_ J exhaust process prior to element

0 r ' [ T ' i ' ' leaving cylinder. Speed = 3000
5 10 rev/min, rc = 7, equivalenceTime, ms ratio = 1.0.30
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596 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

(z < 1) mush”. more rapidly.- than gas which leaves late I: c.- I). In these Calf."-
lations. muting between gas elements which hum at tlill‘creut time: was neglected.
It can he soon that u ['0 medium mists .trt‘t-Ss the burned gust-.2. and that the. LED
concentration in the exhaust gases is unlikely to be uniform. Experiments with

single-cylinder engines support these courlusions that CO is in equilibrium
(hiring. the combustion process but deviates from equilibrium late in the expan—
sion stroke (cg. see Refs. 10 and 31).

Conclusions from these detailed studies are as follows. The measured

average exhaust CO concenl rutmtuc for lttcl vrich muttures are close to equilibrium
cOttccrtttnttons in the burned gases during the cspansion prowess. For close-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, mettsutcd
CO emissions are substantially higher than predictions l'rmn any of thc moth-iv,
based on kinetically controlled bulk gas phenomena. Onu ['nossible explanation Of
this lean-mixture discrepancy is that only p‘al'lli'tl oxidattmt to CO may occur of
some of the unburned hydrocarbons emerging during expansion and exhaust
from crevices in the combustion chamber and from any oil layers or deposits on
the chamber walls.

Whllt‘: many questions illtt'tl]! dutnrls of the CO ntttduttmt mechanisuu
remain. as -.t practical matter -:).IIE!LI5I emissions are determined by the. lticIrt-in
equivalence ratio The degree of cnntml ltchiettt-rl wrtlun the engine to date has
some frurn improving tutu-m: unilurmily and leaning-mil the intake mixture ill
mullicylimlcr Ct‘tgillfii. httflttst' CO increases t’tlpitlll' M. the ll‘lltil tlti'tltm‘ hEBIlHlU‘S
rtchct than stmchiometric, CV‘ll‘lllL’I-Hl‘t‘y“Ililcl' vurinluum ‘lll cquivaleua rutiu
about the mean value are important; nonuniform distribution can significantly

increase average emissions. Finn improved cylinder-to-cylinder lute/air ratio slut-
trihuuttn has hecomt: essential Also, because tt is necessary to enrich the fuel‘atr

mixture when the enptrtr is cold. (J) emissions during engine warm-up art: much
higher than emissions in the. fully warmed-up state. further. In transient engine
operation during acceleration and acceleration. control ul' fuel metering l‘lftn had
to be improved. Additional tcrltttltnns H1 (:0 lteyond what can In". itcllicvvd tn tltt’
engine are possible with exhaust treatment Lit-woes. which are reviewed In Sec.
Ito. Dxldtlltlitt of C0 in the exhaust <ysrctu witlmut mu: ut‘ SpKClfll exhausl trunk
rrtcut devices docs nut occur to any significant tlcgt't't: because the exhaust gas

temperature is too low tI-‘ig. 11-13 Shttws [hill the CO oxidatinu reactions elm"
lively freeze as the gas. passes through the exhaust mlvet.

11.4 UNBURNED HYDROCARBON
EMISSIONS

11.4.1 Background

Hydrocarbons, or more appropriately orgamc emissions, are the consequence or
incomplete combustion of the hydrocarbon fuel. The level of unburned hydrOCar'
bons (HC) in the exhaust gases is generally specified in terms of the total lwdm'
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TABLE 11.4

Hydrocarbon composition of spark-ignition engine exhaust
(by class)”___——————_________

Carbon, percent of total HC 

Parafiins Olefins Acetylene Aromatics  

Without catalyst 33 27 8 32
With catalyst 57 15 2 26—-——-—___'————____

carbon concentration expressed in parts per million carbon atoms (C1).T While
total hydrocarbon emission IS a useful measure of combustion inefficiency. it is
not necessarily a significant index of pollutant emissions. Engine exhaust gases
contain a wide variety of hydrocarbon compounds. Table 11.4 shows the average
breakdown by class of the hydrocarbons in spark-ignition engine exhaust gases,
both with and without a catalytic converter. with gasoline fuel Some of these
hydrocarbons are nearly inert physiologically and are virtually unreactive from
the standpoint of photochemical smog. Others are highly reactive in the smog-
producing chemistry (Some hydrocarbons are known carcmogens. see Sec.
l |.5.2). Based on their potential for oxidant formation in the photochemical smog
chemistry hydrocarbon compounds are divided into nonreactive and reactive
categories. Table 11.5 shows one reactivity scale which has been used to estimate
the overall reactivity of exhaust gas hydrocarbon mixtures. Other scales are used
for the same purpose.“ Scales that ass1gn high values for reactivity to the olefins
(like Table | 1.5), which react most rapidly in the photochemical smog reaction,
probably best approximate smog-formation potential near the sources of hydro-
carbon pollution. The simplest scale, which divides the HC into two classes~
methane and nonmethane hydrocarbons—probably best approximates the end
result for all HC emissions. All hydrocarbons except methane react, given enough
time. More detailed breakdowns of the composition of spark-ignition and diesel
engine exhaust HC are available in the literature.” 35

Fuel composition can significantly influence the composition and magni-
tude of the organic emissions. Fuels containing high proportions of aromatics
and olefins produce relatively higher concentrations of reactive hydrocarbons
However. many of the organic compounds found in the exhaust are not present

 

Inrlrgilit22ause the standard detection instrument, a flame ionization detector (FID), is effectively a
methane mo]:oL;nter e.g.._ one propane molecule generates three times the response generated by one
19“]; to comes!!! 6. Some data in the literature are presented as ppm propane (C3), or ppm hexane
“Russian: wer to(§)pm.C1 multiply by 3.0! by 6, respectively. Older measurements of hydrocarbon
Rai- the difl‘ereetrfia 6 With nondisperswe infrared (N_DIR) detectors which had different sensitivities

‘ analyzer“ ydrocarbon compounds. For gasoline-fueled engines, HC emissions determined by
Elect S are about tWice the levels determined by NDIR analyzers,32 though this scaling is not
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TABLE 11.5

Reactivity of classes of hydrocarbons 

Hydrocarbons Relative reactivityT

C17C4 parafl'lns
Acetylene
Benzene

C4 and higher molecular weight
paraffins

Monoalkyl benzenes
Ortho- and para-dialkyl benzenes
Cyclic parafiins

Ethylene
Meta—dialkyl benzenes
Aldehydes

l-Olefins (except ethylene)
Dioleflns

Tri- and tetraalkyl benzenes

Internally bonded olefins

Internally bonded olefins with
substitution at the double bond 100

Cycloolefins
—-—-——.—____.______

‘r General Motors Reacllvlu- Scale {D—Itm}. Based on the No, for-
muliun mu.- For the llydn'rcurhon relulwi: In the N171, formation ratefor 1‘l-dlmcthyf-Z-henzenu "‘

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

Oxygenates are 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 alde-
hydes and aliphatic ketones. The volatile aldehydes are eye and respiratory trawl
irritants. Formaldehyde is a major component ($20 percent of total carbonylsb
Carbonyls accounl for about IO percent of the HC emissions from diesel [735‘
senger car engines, but only a few percent of spark-ignition engine HC mnissiensr‘.
Phenols are odorants and irritants: levels are much lower than aldehyde levelar
Other noncarbonyls include methanol, ethanol, nitromethane, methyl I‘ormfl'?
Whether these are significant with conventional hydrocarbon fuels is unclear..
Use of alcohol fuels increases oxygenate emissions. Both methanol and uldellyd'l
emissions increase substantially above gasoline-fueled levels with methanol-fueled:
spark-ignition engines. 
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11.4.2 Flame Quenching and Oxidation '
Fundamentals '

Flame quenching or extinction occurs at the walls of engine combustion cham-
bets. The cool walls of the chamber act as a sink for heat and the active radical

Spur-ins generated within the flame. Quenching of the flame occurs under several
dill'elimt geometrical configurations: the flame may be propaguling normal to, ..

paratlel to, or at an angle to the wall; the flame may quench at the entrance to a .j
crevice—a thin volume with a narrow entrance to the combustion chamber such L

as the region between the piston crown and the cylinder wall. When the flame I
filldnt‘hes, it leaves a layer or volume of unburned mixture ahead of the flame. '
{Whether this results in unburned hydrocarbon emissions depends on the ranch!
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 (Fe), is approximately constant for any given
geometrical configuration. The simplest configuration for study is the two-plate
quench process, where the minimum spacing between two parallel plates through
Which a flame will propagate is determined. The Peclet number for this two-plate
configuration is given by:

It)" SI. Lin!" 11.- — 1“} g 1”,, SI: L‘PJ Ii“

’90} — rib/dip k}

which is approximately constant over a wide range of conditions. p, SL, cp, T,
and k are the density, laminar flame speed, specific heat at constant pressure, gas
lenmernturc. and thermal conductivity. respectively, with the subscripts u and f
referring to unburned and flame conditions. dq2 is the two-plate quench distance.
The wall temperature and unburned gas temperature are assumed to be equal;
ll‘llli assumption is also appropriate in the engine context smce there is ample
time during the compressron stroke for a thermal boundary layer to build up to ll
thickness of at least the quench distance.

Lavoie36 has developed empirical correlations for two-plate quench-
‘illsttmre data for propane-air mixtures only limited data for liquid hydrocarbon .

|

  

(11.27)E’2

l'uL'h: such as isooctane are available. The data in the pressure range 3 to 40 atm
4m: well fitted by

0.26 min(l. 1M2)

Pe2 = E (g) (11.28)
Mimi! p is the pressure in atmospheres and 4) is the fuel/air equivalence ratio. The
WWDIHIC quench distance dq2 is then obtained from Eq 111.27) and Prandtl
'“fl'll‘lér and viscosity relations for the flame conditions [see Sec. 4.8 or Ref. 36).

ml“;- the minimum size creVICe region into which a flame will propagate can be i”mined.
F

imam

 

or the process of .1 flame front quenching on a single wall, there are many
it? geometries. The simplest is where the flame front is parallel to the wall
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600 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

and approaches it head on. The one-wall quench distance dql, defined as the
position of closest approach of the reaction zone to the wall, scales with flame
properties in a similar way to the two-plate quench distance. Thus, a one-wall
Pcclet number relation can be formed:

It’ll S [. JI d!
Pei = AF—L‘ ~ 8 (11.29)

it.“ ~

where the subscript u denotes properties evaluated at unburned gas conditions.
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

dqz _ re; — 0'2 (”‘30)
is a reasonable fit to the single-wall quench data. Typical two-wall quench dis-

tances for spark-ignition engine conditions are 0.2 to 1 mm; these distances rep.
resent the minimum crevice size the flame will enter. Single-wall quench distances

are, therefore, in the range 0.04 to 0.2 mm.
While a fraction of the fuel hydrocarbons can escape the primary com-

bustion process unburned or only partially reacted, oxidation of some of these
hydrocarbons can occur during the expansion and exhaust processes. Hydrocar.
bon oxidation rates have been determined in a number of different studies and

several different empirical correlations of the data in the form of overall reaction

rate equations have been proposed. A reasonable fit to the experimental data on
unburned HC burnup is the rate expression:36

({ch 48,735 ~ - p 2dt = —6.7 x 1015 exp (T>xmxoz(fi (11.31)
where [ ] denotes concentration in moles per cubic centimeter, few and ice, are
the mole fractions of HC and 02, 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 in
closed vessels or bombs have been useful in identifying the mechanisms by which'

hydrocarbons escape complete combustion. The residual unburned hydrocarbons-
left in the bomb following 2: combustion experiment have been shown to comfi.
primarily from crevices in the bomb walls. Unburned HC levels were proportion-
al to total crev1ce volume, and decreased to very low values (w 10 ppm C) as all?
the crevices were filled with solid material. Thus wall quench hydrocarbnnl
apparently difluse into the burned gases and oxidize following the quenchinfi
event.’1 7 Analytical studies of the flame quenching process, and postquench dim-1'
sion and oxidation with kinetic models of the hydrocarbon oxidation process, "$1"
in agreement with these bomb data.38 Flame quenching can be thought of 35 ‘5
two-stage process. The first step is the extinction of the flame at a short distafl‘;
from the cold wall, determined by a balance between thermal conduction 0f he“
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”up; the hot tenclmn 7.11111: [1) tin: wall and Inuit released in the reaction zone by
It“: Itnmc reactions. The second step is tlu- postquench utilisation and oxidation
E“mum”.- on a lime sttfllt: of one or n l'ew milliscctmds .tftct quenching. l'he ditl'tt—
sitm .tml umdnti-in process ultimately reduces the mass ul' wall quench hydrocar-
hnnri to srwral tmiers nl‘ magnitude below Ilh value tll the time at quenching.

t"lt'tscd~vessu| cumhuslinn experiments have alga humt used to stinw that nil
“unfit: ”n the walla nt'thtt bomb cause. an increase in residual unburned Ht‘ levels
Ari” \ttnniltlfi-llflll is complete. The inidttit‘ntul llt' that result in experiments with
oil lllm-t present are primarily tr-‘Jj "circuit l‘ncl mntcctilcs. and :Ilt.‘ directly pru-
lwrnmu‘tl to the amount nl int placed on Il‘tt- wall.» of the reactor and the solu—
hililN .11 the Elltfllill fuel in the oil. Tilthic results f-llti'lw that absorption at that Hi
m,- ”it "cents tniur tn ignition this dissc'ilvctl fuel is: Ilnm itesnrhctl into the
but‘tunl gases Well after Cuml‘mfltion is complete. Thus liiul alistnlttion into and
dgnturplion from any oil tnycts is a potentially important cngtnc HC mecha-. E‘l
nun:

11.4.3 HC Emissions from Spark-Ignition
Engines

Llnhtntiud Int-.lrrit'ni'hnn levels in the exhaust nt :1 Srll-‘tl'teignillult engine under
nurmul updating conditions are typically in the rnttgc ltlttn to lt'lttt) ppm CL. This
cantata-ml}; In between about I ittnl 3i [IO-ICC!“ til' the fuel flow into the engine;
[hr unpnn: mmhnstinn efficiency is high. As indicated I11 Fig. I l-l. HL‘ CfiliSS'lan'S
rise- int-tillt ”H the mixture lttfk'Uiilut. substantially richer than stoieltintitctttc.
When combustion qtutlity dctcn'otntes, tag" with very lutm mixtures, HC emis-
sn‘nts can rise rapidly due to incomplete mtnbustion or int-dire in a fraction of the
engine’s operating cycles. As outlined in Sec. 11 I. there are several mechanisms
that contribute to total HC emissions. Also, any HC escaping the primary com—
bustion process may oxidize in the expansion and exhaust processes. While a
complete description of the HC emissions process cannot yet be given, there are
'ttttfl’ictcnt fundamental data available to indicate which mechanisms are likely to
the: most important, and thus how major engine variables influence HC emission
lut't-lrt.

Four possxble HC emissions formatiOn mechanisms for spark-ignition
tttttgiuua (where the fuel-air mixture is essentially premixed) have been proposed
ill flame quenching at the combustion chamber walls, leaving a layer of
llfllturnuu fuel-air mixture adjacent to the wall; (2) the filling of crev1ce volumes
Mill unburned mixture which, Since the flame quenches at the crevice entrance,
*3th the primary combustion process (3) absorption of fuel vapor into oil
“We”? on the cylinder wall during intake and compression, followed by desorp-

L‘TI of fuel vapor into the cylinder during expansion and exhaust. (4) incomplete

"ii {30mplete misfire), occurring when combustion quality is poor te.g., during
“Hill": transients when A/F. EGR, and spark timing may not be adequately

'mnlmllfl'll. In addition, as deposits build up on the combustion chamber walls,
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Variation in HC concentration and HC mass flow rate at the exhaust valve during the exhaust

FIGURE 11.24

i‘ process. SI engine operating at 1200 rev/min and 45 = 1.2, unthrottled.”

HC emissions increase. Whether the deposits constitute an additional mechanism

or merely modify one of the above mechanisms is unclear.
All these processes (except misfire) result in unburned hydrocarbons close

to the combustion chamber walls, 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 iiis~
trihution in the exhaust port during the exhaust process to provide insight into
the details of the formation mechanisms. Gas concentrations were measured with

a rapidmcttng sampling valve placed in the exhaust port exit. Figure ll—24 ghouls
results from these time-resolved HC concentration measurements. HC concentra-

tions vary significantly during the exhaust process. Gas which remains in the

| exhaust port between exhaust pulses has in 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

ll concentration In the blowdown exhaust gases is clearly discernible, as is the rapid
‘ rise in HC concentration toward the end of the exhaust stroke. The cylinder-6x11

i HC concentrations were then multiplied by the instantaneous exhaust gas mass.
flow rate to obtain the instantaneous HC mass emission rate from the cylinder
throughout the exhaust process, also shown in Fig. ll-24. The unburned HC 8"!
exhausted in two peaks of approximately equal mass: the first of these Quint-fiddli-

H with the exhaust blowdown mass flow pulse (which removes the majority of NW-
mass from the cylinder). the second occurs toward the end of the exhaust SHOE:

I t where HC concentrations are very high and the mass flow rate is relatively low _
Other experiments have confirmed these observations.“1 Clearly, mixing 0' 
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ttnttttt'ttcd lit." with ll]L‘- hulk cylinder gases nucut's ttultnp expansion ttttter ll'll'
¢§lltlltsl htttwdown pmccss. than. the limit stages of IllriILIn tnrtttntt during the
gxttnttst strnltc push must at the t-ctittttntng traction tit lltt.‘ cvltndcr mass with tts

[1ng3 MC concentration into the exhaust. This would ht: expected to ltfli't'c ;-: hit-.1-
cunLcllil’allDH til HC in ll‘lL‘ residual gas in tltc. cylinder [Julietimerils C(Indugla]
in which the valve mechanism of a single-cylinder cut-int: was arranged to am”.
gfigt. during Upcrtttion and trap residual gases III the cylinder confirm this l‘lll'
[INC wt ttl' typical engutv t'tpcrttttng conditions. upprttxinnttcly Gnu—third Ul slit:
tmltocarhtms lull unburned in an engine critttttusumt event was retained lit the
cyllflt'lL't' and recycled.“

FLAME QIIIZNCHING at 'lllE WALLS-j. The existence at quench lavcr‘t on ”In
cult! uttlfllmmml Ii'll'tlltlbcr walls of u alltlrkelglllllfin Cl‘tL‘tnI: WEJS shown plIL‘lll-
Bratihttailly hy- Daitticl.“ Photographs of flu: flame region immediately nttcr lltll‘lli‘
nt’tl'Jlll at the wall tltruttgh a window III the cylinder heat! shower] a thin tutti.
radiating layer adjacent to the wall. The quench layer thicknesses measured were

in the. tangc lltlfi ti} 04 mm ttlttittnest at high luadl. In tough ugl't'cn'lt’ltl thtt
predictions ltamtl on experiments in combustion bombs l'lllWCVUI. tttort: recent
witrlt‘ Ill '11]th and engines. indicates that tltthisiuIt Ll'l hydrocarbons from the
t|l|ULIIJll later into this burnt-i] git-505 and its .-tthscqu:2ttt ttsldulilon occur on El time
scale of a few milliseconds, at least with smooth clean combustion chamber walls.
The cottstuttl-volttmc cntnhusttnn hmnh dttttt which suggested this ttmtclttttintt
lll'lll lllt‘ lunatic calculations which support this ctplatuitton (it why qttcnclt hitters
an: nttt :tilzttil'tcarit with smooth clean walls have already hot-rt dust-tilted In Sec.
link] The [allowing CWLlL‘nCC shows these conclusions an: also valid in an
engine.

A special rapid-acting poppet valve was used in u single-cylinder engine to
suthptc the gases from a torus-shaped region, of height of order 0.25 mm and
tittuntnt-t' about 6 mm, adjacent to the wall over a l-ms period. Sampling was
Itipntllctl every cycle to provide .1 steady stream of sampled gases for analysis.
'lt‘gurt: 11-25 shows the variation in concentrations of HC specres through the
unmbustion, expansion, and exhaust processes. The fuel was propane lC3H5). The
fuel concentration drops rapidly to a low value when the flame arrives at the
tulve. at the same time, intermediate hydrocarbon product concentrations rise
and then fall sharply to values below 1 ppm. Beginning at 60° ATC, all HC
-I1t\nt:uutr:niont. rise and vary somewhat during the remainder of the cycle tn t
‘tht' that depends strongly on engine operating conditions. The observed rapid
'l'llt- in partial oxidation products immediately after flame arrival is consrstent
'Wlllt the flame quenching short of the wall. The presence of CH20 and CH3CHO
ill-Significant quantities indicates that low-temperature oxidation processes are
'I‘Ctutriitp. However, since all HC product concentrations fall rapidly within 2 ms

ml flame arrival to very low values, the unburned HC in the quench layer difl‘use
“"1" the bulk burned gases and oxidize. The increase in HC concentrations later
‘1‘ the cycle results from the sampling of hydrocarbons from sources other than

‘r‘lilllllE-tl layers44
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hydrocarbons adjacent to combustiOn

. CH3CHO \__ chamber wall, as a function of crank angle
during combustion, expansion, and Exhaust
prr‘lg‘cyfiflfi Mam; sampled with rapid—acting
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Total exhaust HC : 400 ppm C. Engine
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100 200 300 equivalence ratio 20.9, MBT spark timing,
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Though quench layers on clean smooth combustion chamber walls are not
a significant source of unburned hydrocarbons, it has been shown that wall
surface finish does affect exhaust FIC levels. Comparisons have been made
between the standard “rough” as-cast cylinder head surfaces and the same cylin—

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.45 Buildup of deposits on the combustion
chamber surfaces also aflect HC emission levels, as will be discussed later.

CREVICE HC MECHANISM. The crevices 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. The largest 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 center electrode, crevices around the intake
and exhaust valve heads, and the head gasket crevice. Table 8.1 shows the 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 volume is a few percent of the clearance volume and the piston and ring
pack crev1ces 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 15
forced into the crevice regions. Since these volumes are thin they have a large
surface/volume ratio; the gas flowing into each crevice cools by heat transfer ‘9
close to the wall temperature. During combustion, while the pressure continue?
to rise, unburned mixture continues to flow into the crevice volumes. When 11"

FORD Ex. 1125, page 152

IPR2020-00013



FORD Ex. 1125, page 153
                       IPR2020-00013

LE 11—25

trations (mole fractions) of selected
irbons adjacent to combustion
:r wall, as a function of crank angle
combustion, expansion, and exhaust
es. Mass sampled with rapid-acting
eld constant at 7.6 x 10’6 g per pulse
exhaust HC = 400 ppm C. Engine

: 1250 rev/min, imep : 380 kPa,
ence ratio = 0.9, MBT spark timing,
R.“

ibustion chamber walls are not
it has been shown that wall

30mparisons have been made
:ad surfaces and the same cylin-
HC concentration decreased by

area was 32 percent of the total

)f deposits on the combustion
s will be discussed later.

6 combustion chamber walls—
ich the flame is unable to pen-
)f unburned HC. The largest oi

aiston, piston rings, and H'ililde-l'
nes are the threads around the

trode, crevices around the nitttkl'
:rev1ce. Table 8.1 shows the state

in one cylinder of a “intuit-tier:
cold-engine enmnnncnis. Tot:
volume and the pram“ and ring

: during the engine cycle are ”10-
ompression, unburned ”intuit?
times are thin they have 333 -l
crevice cools by heat transit}:

ion, while the pressure wirie‘i-i'l
o the crevice volumes. W

 

 

 
 
 

 
 
 

 
 
 

 
 
 
 

 
 
 
 
 

 
 

 
 
 

 
 

 

 

POLLUTANT FORMATION AND CONTROL 605

[innit HI'UVFS HI one}. crevice. ii. can either propagate into the crevice and fullyr or
pHHJ-Jliy burn the [net and tilt Within the crevice or it can quench at the crevice
Cntr'tltlui: Whether the [lame quencher.- depends on crevice entrance geometry. the
gainlptlilrillltl of the unburned mixture. and its 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 rites-
sure is higher than the cylinder pressure, gas News back from each cretnre into
the cylinder.

The most impurtant of these crevices, the volumes between the piston, pis-
ton rings, and cylinder wall, is shown schematically in Fig. 8-27. This creme-e
wusi‘strr til it series of volumes. connected liy tlnw restrictions.- such as. the. ring side
Cienrnnee and ting gap who-n georrietry changes as the rinr nnwera up and down
in tin: ting! grnovt seating nitlrer iii the top at“ bottom ring surface. the gas tlow,
Wesson: distrtlmLInri, and ring motion fllt: therefore twitnllctl, and their hcltnvnn-
during the compression and expansion strokes has already been discussed in Sec.
8.6. During compression and combustion, mass flows into the volumes in this
until UI."\riL‘-L' r't‘gn'ni Una: the cylinder prcsntrc starts to decrease tnt'ter about 15’“

MT; gas tiruws not white top of these t‘rt'irio; regions tn Fig. 8-37 Into the cylin-
der at low velocily edit-idem tra lln‘. cylinder wall The important result is Iliai the

(rectum til the total cylinder charge (5 to It) percent] trapped in these regions at
mt nrm nl‘ pent: cylinder pressure esctlpt'fi the primary combustion prneens. Most
ni' llltr- nits {lows hack into the twiirnler tint-mg the expansion process. Depending
rm tlpilt'id plug location in retaiinn to the pmiiiuii til' the top ring grip, Wetl Iibtwe
3U percent of this tit-tr; can be unbuiried fuel-air mixture. its potential crunritninon
to unburned HC emissions is obvious.

There is substantial evidence to support the above description of crevice
l-IC phenomena and the piston ring crevice region in particular. Visualization
studies.- in a special engine have identified the spark plug crevice outflow, low-
.t'ttlueity gas expansion out of the volume above the first ring after the time of
real: pressure, and the jet-like flows through the top ring gap later in the expan-
sion process when the pressure difference across the ring changes Sign.46 Gas
nutrition from the volume above the top ring, using a rapid-acting sample valve
mounted in the piston crown, has shown that the gas composition in this region
‘flflrrcspnnih. to unburned fuel-air mixture until flame arrival at the crev1ce
mtrunce closest to the sampling valve location. Next, product gases enter the
, twice as the cylinder pressure continues to rise. Then, during expansion as gas

 

flows" out of this region, the composition of the gas sampled reverts back toward
”it" of the unburned mixture which enters the crevice region earlier ‘ "

Direct evidence that the piston and ring crev1ce regions are a major contrib-
°'f to exhaust HC emissmns comes from experiments where the volume of this

TEN: region was substantially changed. Wentworth48 almost completely elimi-
l'fitl this crev1ce by movmg the top piston ring as close to the crown of the
Inn as possible, and scaling this ring at top and bottom in its groove with O

« Tests of this sealed ring-Orifice design in a production engine showed
WIS of between 47 and 74 percent from baseline HC levels over a range of
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(a) (17)
FIGURE 11-26

(a) Piston top-land crevice volume. (b) Effect of increasing top-land clearance on exhaust hydrocarbou
emissions. Unthrottled spark-ignition engine, r, = 6, 885 rev/min, A/F = 13, MBT timing.”

speeds and loads. Haskell and Legnle,W in experiments in a Single-cylinder L'FR
engine, steadily increased the piston top-land clearance [see Fig. I Initial and mea-
sured tln: ell'ect on exhaust HC em15sions. Figure lI-lfilr shows the. results. IIC‘

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

|t|.|t< rum} is close to the two—plate quench distance estimated from Eq. (11.171.

For plSLLIn top-land clearances above this value, the flame can enter the crevnce
and burn up much of the 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 Constant-volume reactors or combustion
bombs 5° The cylinder head was sealed with a steel plate across the head gasket
plane to make one reactor; the piston and rlng 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 combustion initiated with a
spark discharge across a spark plug. following combustion the burned gases wew
exhausted, sampled, and analyzed. The crev1ces were sequentially filled Willl
epoxy or viton rubber and after filling each crev1ce, the exhaust HC rillis‘filfll’l
level determined. It was found that the rmg pack crev1ces produced :mpi‘fll!

imately 80 percent of the total scaled HC emiss10ns, the head gasket mvlcu-
about 13 percent, and the spark plug threads 5 percent. All other HC sources in
these reactors produced less than 2 percent of the total HC. While these nllllll‘fifi'
cannot be applied directly to an operating engine [the crev1ce filling and 6111131)“
mg rates in the bomb experiments are substantially different from these rates lib
an englne), they do underline the importance of the ring pack crevice region

Blowby is the gas that flows from the combustion chamber, past the [155w "
and into the crankcase. It is forced through any leakage paths afforded by ll 1'
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a 9‘:9' 750.94
0 00°

5 \
a 500i 00'E"-1

25° ' FIGURE 11-27
Effect of ilwrcaslng crankcase blowby on exhausl

  
0 41* . hydrocarbon mmssirmx Prmluetmn pistons and

0 0.05 0.1 0.15 0.2 rings. 5] engine all [BM [ct-11min, Intake manifold
Blowby flow, dm3/s pressure 0.6 atm, A/F : 14.2.51

piston-bore-ring assembly in response to combustion chamber pressure. Blowby
of gases from the cylinder to the crankcase removes gas from this crevice region
and thereby prevents some of the crev1ce gases from returning to the cylinder.
Crankcase blowby gases 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 IS 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 8-30 shows how blowby increases linearly with the smallest gap area.
Figure Il-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
gases are now recycled to the engine intake system.

The location of the ring gap in relation to the spark plug also affects HC
emission levels. Experiments have shown that HC emissions are highest when the
top ring gap 18 farthest from the spark plug: the gas flowing into the crev1ce
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-
bmtimt process. The difference, highest to lowest, was between 9 and 42 percent
tn" the average level for any set of operating conditions, and in most cases was
“Dott- 20 percent.“

The fate of these crevice HC when they flow back into the cylinder during
“Darwin“ and exhaust Is not well understood. Both jet-like flows Ie.g., that from

1" Flng gap) and low-velocity creeping flows [e.g., that from the piston top-land
IL’I'cwce) have been observed (see Fig. 8-29). While the former could mix rapidly
“mil the high-temperature bulk burned gases, the latter will enter the cool gases
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608 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 11.6

Amount of gas flowing into and out of crevice regions’l‘_———__————-

"/0 mass ppm C 

Total gas in all crevice regions 8.2
Total gas back to combustion chamber 7.0
Unburned back to combustion chamber 3.777.01 500m9400
Unburned to blowby 0.54.2:
Total unburned escaping primary combustion 4.27821 

T For V-6 engine operating at 2000 rev/min and wide-open throttle.
3; Depends on spark 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 DESORPTION IN ENGINE OIL. The presence of lubricating
oil in the fuel or on the walls of the combustion chamber is known to 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 was primarily unre-
acted fuel (isooctane) and not oil or oil-derived compounds.51 The increase in
HC can 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 compress1on. 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 the liquid oil film into the gaseous combustion pm'
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 ox1dize. 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 emissmns. The exhaust HC levels increased in proportion to the
amount of oil added when the engine was fueled with isooctane. Addition of
0.6 cm3 of oil produced an increase of 1000 ppm C in 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 changes the solubility
and diffusion rate of the fuel in the oil.52

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:

5:, = liq—f (11.32)

Where if is the mole fraction of fuel vapor in the oil, pf 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 p, = nN ET/V (where n“ is the
number of moles of fuel in the cylinder, T is the temperature, and V the cylinder
volume} and xf = nLn/(nfm + no) 2 rim/no for no > n“, [where a” is the number
of moles of fuel dissolved in the oil and n, is the number of moles of oil),53 then

n” nURT

n” HV

Difi'usuon is sufficiently rapid for Eq. (11.33) to be valid if the diffusion time con-
stant 1,, IS much less than characteristic engine times: i.e.,

  

(11.33)

52 _,
Id%B<N

Where 5 is the oil layer thickness, D is the diffusion coefficient for fuel vapor in the
[13:31: End N is engine speed. D for a hydrocarbon through a motor oil is of order

CHE/S at 300 K and of order 10 5 cmZ/s at 400 K. Oil film thicknesses on
10 ygl‘tndgr wall vary during the operating cycle between about 1 and
“11:1: I Thus dllfusion times for engine conditions are 10 ’ to lo 3 s; for

‘r Innest 01] layers approxrmate equilibration would be achieved. A theoretical
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FIGURE “-28

Correlation between exhaust hydrocarbon emissions and oil consumption rate. Production piston
rings and sealed ringeorifice ring designs. SI engine at 1600 rev/min, imep = 422 kPa, equivalence
ratio 2 0.9, rt 2 8.0, intake pressure = 54 kPa, MBT spark timing.57

study of this problem—the one-dimensional cyclic absorption and desorption of
a dilute amount of gas 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 be a significant contributor to HC emission levels.56
Correlations between engine oil consumption and exhaust HC emissions

provide a perspective on the relative importance of oil absorption/desorption and
crevice mechanisms. Wentworth measured oil consumption and HC emissions in

a spark-ignition engine for a range of piston ring designss7 Some of these designs
were of the sealed ring—orifice type which eifectively eliminates all the crevices
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 normal con-
sumption levels shows a reduction in exhaust HC levels, but this decrease is
significantly less than the difl'erence in emission levels between the production
and the sealed ringéorifice designs which effectively remove the major crevice
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. Flame extinction in the bulk gas, before all_ of
the flame front reaches the wall, is a source of HC emissions under certain englfle
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FIGURE 11-29

Effect of increasing burn rate on tolerance to recycled exhaust gas (EGR) and HC and NOx emissions
levels. COVWW defined by Eq. (9.50). SI engine at 1400 rev/min, 324 kPa imep, equivalence
ratio = 1.0, ME 1‘ mm.“

conditions where combustion appears to be “normal,” and that this mechanism
is important in practice.
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res-tilts typttrtttly Ill :3 reduction tn HL' cnttssinns to close to clean enthnc Itwcts.
With unleaded gasoline, whtln the nlcpout cmnpnsition is completely tlitlnrcnt
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mulnted ttltllfiflgc L'- contr-ut‘nblt‘. Sttl'l mm).- dL‘PUfitlfi. such as those which nut-tunn-
hit: after llll‘lnlng tin.- cugltlc on .t TICII mixture. also canal: tin intttcmtc in tIL'
emissions. Again. when the UCflOblls were renmvntl the t-mtssiotu rah: lull Hljnltl 13
percent in the original levet.” Studies with simulated deposits tptcccs of metal-
toam Sltcct tttt mm thickt .illhcltcd tn the cylinder head and piston ulhll nurtured
Increases tn llt‘ umtssitnts. The increase varied between :tlntnt It! and
It)“ ppm thm‘ of simulated duptvsn area. The rlt‘ect lot it E'JVL’n area of Iltttutsil
Vllfled wtllt dept-sit location tncutmns close to the exhaust valw. whm't‘ the llnw
tlircctintt during the exhaust process would ht: expected [u be. directly into the
nth-aunt purl. showed the lllfljtcfil increase in emissions ”

[I Is believed that absorption and desorption ol' hydrocarbons UV “ll-‘5'}
surface deposits is the mechanism that lands to an increase in emissions. [Jupustttt
can nlsn build up an the piston ting crevice rcgtons. A reduction In tttttttntc of'

ions would decrease HC‘ emissions {and such :t decrttmtt: has beenlhctte crcwce my.
thSIItt

tittttctvcdl. However. changes tn piston cyllntldt wall clearance due 10 till
(Jill affect tin: Ilatneutttenclting process and cnnltl increase emissions ‘”

HYDROCARBON TRANSPORT MECHANISMS. All of the above inertia-”ism“
texcept misfire) result in high hydrocarbon concentrations adjacent to the rum“
bustion chamber walls. While any jet—type flows out of crevices during the CM)“ 9"
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:xpected to be directly into the
:ions.45

tion of hydrnc.trhons by time

1 increase in emissions. Deposits:
ions. A reduction in volume 01

IS (and such a decrease has been
wall clearance due to ttuposllb'
increase emissions.”

All of the above mechmnslflfi'

=entrations adjacent to the torn“
out of crevices during the :3le
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FIGURE 11-30 (C)

ScherliiatiCIof flow processes by which ring crevice HC and HC desorbed from cylinder wall oil fil
exit I e cy Inder. (a) exhaust blowdown process; (1)) during exhaust stroke; (c) end of exhaust stroke 613

atom and exhaust strokes can transport unhumutl l-{C' into the bulk g-‘tses m 'I ‘l'
the HL WI“. t‘mrtam near the walls l'wu mechanisms by which gas ne‘ztt'the int!“r
tit" thll exits the ct'hhtler have been demonstrated fine is entrainment lily“!!-
vtgomm 5'.th flow out ol'ltn! cylinder which occurs during thi- cxhnust ht n It 1':
pmccss. the other is the vortex generated in the piston or. I l' 1 “1th
corner during the exhaust alt-ukc. Own—CY Indef W311

der “1:15:33: ifghiclltéitfizltgst titliflow professes I: Fig. 11-30a the engine cylin-
. _opens uring t e blowdown roces . At th‘

tune the unburned HC from the ring crevice regions laid l ph S ' IS
expansion tand possibly HC from the oil film on the ’cylindiroI\i/galtl 2:22;“ :dlring
Lfilttimtiltjdcghngler :sl1:he cyllnder pressure falls. Some of this miterialpwilihgg
hluwdmv“ {see eS u gases in the. rapid motion which occurs during exhaust
mgiuns On the Ct; 6.§). The rapid thinning of the thermal boundary-layer
from em . com ustion chamber walls during blowdown, which would result

ralnment of the denser hydrocarbon-containing gas adjacent to the wall

gas entrainment process will continue
'3‘! shown in Fig. 11-30b.
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Tl'u: scmru‘. mcchaumn smrls :11 the hcgll‘iflillfi I'ui' Ihc exhausl stroke :11 the

piston ItI-Inwsiwliriilus' wall corner Flu: pmlun motion dmiug I11:- uxlmus'l fitrnkc
suaupcs lhc houndzuwlnw: gases. oil the cyhmlur wall [which unutam ihu rizmmn-
do] ul' up: piston :‘IIILI mag arm-Ice hydrumuhnns). roll» Ihcm up mm :1 wrlct‘ mm
[mums than Imwrcl the: Inn ul IIII: clenduL This pislun crown cylinder wall
C‘Ol‘l‘lCl flow :5 discussed .In Sun: K7. and has; I'm-en ubsm vcd In lumalmrcm mgnm
11'»; wrl] d5 Ill water-HIM engine analog sludlrs. AI Ihc uml 01' Ihc cwlmusl Fitl'nku

l ' lhx: height of lhix‘ vurlL-x Ir. urmpuiablc In ”It: might Clearance lIujglIl. As. shown
in Fig. I I‘ll!“ :1 rcuirwlniinn flow is likely In [mild up in me upper unmet nl' 'iIL'
L'yltndm' away from iih‘: L'hllilllF-I‘i valve, calming the Mum to dalnch I‘I‘m‘n llII: wali
and partly sworn .ml of 111: cylinder In 1]“: corner nearest Ihc valvu the flaw .3
deli-Julml around IlIc vulva, fllfill lcuilmp. III pull pull of 111::- vorlcx out nf mu
uhmnlwr. III thin way it Is. pnssihlr for «I lurgu pun I‘ll lho. Vortex. winch ".m-
mumins :1.‘41Ilinsl:lrlll;ll lruulion mi 111:: unhimwd HC migmnlly luczncd illijllIJL‘IN n.
Ihc cylinder wall, in lcnvc Ihc cylinder II! [he and 01 HI: exhnml SlrlecI Thu,
“mt-.3. flow 11‘- Ihunghi ln tn: I'ne Incchuuwm {lull lrzidx m tht high H!“ ammumrr
1mm; mcmmcd .‘il Hut and of tin: exhaust princess. which cm'ulrihulca llIu. mhcr lmll'
Di thr. \Diil‘dusitfl‘ HC‘ I'd-.1225 ism: l-‘Ig. ll-del. and in In: rlzfipunblillc [or the III}
EU‘IIICCHIIIIHUIIS IHLTHMII'l'ul In [ht rundual 131mm.- l'Icing much higlmr llmn avatar:
“1mm |-|I_' icvcis.” Tim; study showm Ihal .11 clusir in wide—upun-Ilirulllu mn-
liihmu. only .ihnul lWl'i-‘lllll‘da‘ of “Ir H(' which fail LII minim- maids lhe cylinde-

" were. .txhnusimL though ‘33 pcrcuui nl' IlIc gas wiIlIiII the cyhmlcr Ilium Inn
Ihmugh ihu Irxliausl vnlw. l‘hc residual gm HF concumrulinn wrm dbflllh ll
{um-2. 11m Mamie exhaust level. .-'\I ['Iurl~lhrn|[lt= munditimls. where Ihc residual
gas linuhun iF- higher, it hm been mimucd lll'u‘ll nnly ubulll hull nl lhl.‘ unrcnmcd
III.‘ III IhI: cylinder will cman I'll: szh:Iu.~L“'

HYDRUFARBDF‘. UXIDAHIIN. Llnhinncul [12"(ili'lflfifhlfllh which cacum- me
cmnbuslim pruCCSS by ”11:. rI'It‘crhanIsnIs described :fliCWL' u1-.I;.Iprimary engine H I L' ll.)

IIIun rdamn: I'm: cmunsmu and cxhuuxl plume; wili‘wul midin‘ng I! thus-
alum“ 1n lhI: cxhalm Since lllL‘. iml‘mILlnn NICCi‘ifll'llSl‘ilS meluL-I: uni-urnod III." :M
lumpemlmcs chm: in tin: wnll Icmpcrnmm, mnIInp. with bulk humcd gas Hum
mir plum: ill‘S'l to miss um I'll" lcmpcruturc in the paint Wham! I-cnulmn call
New. l'lIr. acclilcncc ol prJIICHS'Bl-I whiiil'l links [he ‘iLliIl'tJC muchumfimr: lo hydrrmi-
hulls at IlIc.L');1\auslI.!-\Iii ‘15 illusnrucd m FIg. lI-Rl; ll. Invnlvm mmmg and midli-
mm in hnlh llh“ cylinder and the cxlwusi system.

I‘hcrc is. Ct‘llfilldlliflhic cv'idchc lll’dl Huhslunlml uin'laiinn Linus occur The
in [he quench lilyl'l'n l‘nrmuil an ”IE umnhmliunminimum 01 lifli‘llll'fiLELi Ht.‘

(Il |Jl"d(.‘l l ms uflcr litt.‘ flame is :xl'ungmsh-‘rd haschumtncr walls. on II IiInI: scale.

.iimady hbfll discushcd Ilccnluc lhI! quench layers. an: llnn. diffusuun nl' Hf; mm
the bulk burned gm: ih rapid BBL-aim. llII: hurncd gainer. arc will :1! :1 high lL‘ITl'
poi-mutt. oxidiilmn than Occurs quickly. Mmmnrcmrnla nf ln-Cylllldul' H£ rofl'
ccnlruliims by gin; sampling prim In Exhaust valvc. opening a‘lmw lurch, uhnur L5
HI 1 times the avcrufiv caliausl Icwlf‘""" Thv exhaust unhumual Ht :M‘ '-'
mixlun: of fuel II yt'lrnuai'bnn cmnpumuls and pyrolysis and partial oudnliun W'J'
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ing of the exhaust stroke in the
)tion during the exhaust stroke
wall (which contain the remain-
rolls them up into a vortex, and
his piston crown—cylinder wall
observed in transparent engines
t the end of the exhaust stroke,

gine clearance height. As shown
1d up in the upper corner of the
: vortex to detach from the wall
rer nearest the valve, the flow is

1 part of the vortex out of the
part of the vortex, which now
2C originally located adjacent to
:nd of the exhaust stroke. This

leads to the high HC concentra-
which contributes the other half

1 to be responsible for the HC

reing much higher than average
close to wide-open-throttle con—
'ail to oxidize inside the cylinder

within the cylinder flows out
ZC concentration was about 11

: conditions, where the residual

only about half of the unreacted

drocarbons which escape the
chanisms described above must

without oxidizing if they are to

anisms produce unburned HC at
ring with bulk burned gas must
0 the point where reaction can
source mechanisms to hydrocar-

31; it involves mixing and oxida-

mtial oxidation does occur. The
rers formed on the combustion

ter the flame is extinguished has
:rs are thin, diflusion of HC into

ed gases are still at a high tem-
lrements of in—cylinder HC unur

ve opening show levels about '15
1e exhaust unburned HC are El

rolysis and partial oxidation Pm“
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FIGURE 11-31

Schematic of complete SI engine HC formation and oxidation mechanism within the cylinder andexhaust system.62

ducts. While the relative proportion of fuel compared to reaction product hydro-
carbon compounds varies substantially with engine operating conditions, an
average value for passenger car vehicle exhausts is that fuel compounds comprise
40 percent of the total HC. Though partially 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 18 direct evidence that HC oxidation in the exhaust system
occursé‘1 Since in-cylinder gas temperatures are higher, 1t is likely that mixing Of
unburned HC with the bulk cylinder gases limits the amount of oxidation rather
than the reaction kinetics directly

Overall empirically based expressions for the rate of oxidation of hydrocar-
b0ns of the form of Eq. {11.31) have been developed and used to examine in-
Cylinder and exhaust burnup. A characteristic time rHC for this burnup processcan be defined

1 1 d[HC]
Inc [31?] dt (11.34)

 

Using an ex
SI pression similar tO Eq. (11.31) for r![llC]/dt, Weiss and Keck“ have

Inwn that any HC mixing with the burned gases in the cylinder prior to exhaust
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616 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

lilr-wdnwii Will mtuli'hi. The. II'I‘IJIVIiI'lI’JCf gas leinpcriinire prior to ninuitnwu gen.
Liinlly exceeds lI-ifiu 1~"_, the characteristic reaction time THC is then less than 1 ms.
DIJI‘lI'Ii! liltiwdnwri ilie u‘nnpct‘niiirc falls rapidly to values lyrically less than
Hint} K, 1m is than greater ilmn about 50 ms. An exiiernneuiiil study of HC
turning {mm a simulated EZrEWCE Hilllfl'iL: has shown that complete HC oxidation
iirily ticunir. when the cylinder gal-,4 temperature is above 1400 K.65 Thus a large
fraction iii the 11C Icavniu L‘I‘L‘Vfl‘t regions or oil layers during the exhaust process

1 in StllVlVL‘ wrih Int]:- further oxidation finvsampling data showcan he in neuter.
ilitit- decrease in iii-cylinder IlC cunuuiiirations during the exhaust stroke, thus
supporting this ci'iiicttisiiui_“"" i'JwrriilL probably about half of the unhnmed
HC l'urmcd hi» the source insuliniiisnis described above will oxidize within the

r lllIL‘ exiii‘i tinintiiii cannot yet hi: predicted With any accuracy; u
design and operating cmnlitiniis"'i.

As shown schematically II\ My, |l—_i|. uxiduliun of 11C' in tin.- uxlmim
tll'. (men lilh‘ is enhanced by nit :‘irlilitiun min the purt [opium 1..

ensure that adequate itxygcn ['nr huntllf- is available However. sum: the gm lim-
pcraiure steadily decreases its the cxhnnsi gusus flow through the exhaust I‘m-i
and iiiui-iii‘ulit, the puiuiiuai liir HL‘ Inirnup rapidly diminishes Tn minim: inc
Iiydmmrhuns in the gas Film-Lt n resident‘s timr: of order Sit mic iii: longer at
temperatures. in excess Hr hilll' l: are ictiuired. To oxidize carbon monoxide tem—

.irc inquired. Average exhaust gas temperatures at

llit‘ cylinder exit in! the exhaust vulva: plane) are til-rout 800‘ C; average gas tem-
peratures at the exliausu [inn uni! are about (ititi"C.T figure (3—2] shows an
L‘Mll'ilpll: of the measured cylinder pressure, measured gas temperature at the
exhaust port exit and estimated mass flow ruin: into the port and giis lCniPur-JH'LH:
in the cylinder, during the exhaust firm'flfih’ at a pattiiiruitle operating mmiiiinn.
I‘uri residence lime and gala. temper-mums vary significantly through the prunes.
Precise values ol' these variables obviously depend rm engine ijil'ieraiinii' cumin
lions. it is apparent that only in the cxliiuisi poll and itiisiriwni end til the mimi-
loltl can any significant gas-phase 'rlC nxidation occur.

The iinpurtance of C‘li'iiltlh'l gar icirir-eruiiire to exhaust system cadmium
hiuuup is illumruted by the ri‘xulls‘. shown in Fig. I l-Rl.” The lilti'ltlllh't system of
a four-cylinder engine was modified by installing it section (If llliikiCtJ and inst»
intud pipe in maintain the exhaust gas ieiiipci‘aiure constant iii the ahsenec of
any Hi." or (TO hiiiiiup. The L‘NIITIIJSI iutiipt-rnlurc entering this lL‘Sl .‘iu‘llt‘lil “as
WINE-{1 tn- fitijllHllI‘lg the engine operating emit-Jiiinns The iigurc shows ('0 iIuLl
Ht." unnecniraiiuns as lunciinus uf residence turn: in the exhaust icin Nttl’lu'tli in:
eil’uctwely LISI I: tuiieiiun r-I (IINIJHL‘C from the crigiuei. 1;. is ll‘L' entering tub W!“
penttiire. The exhaust cuiiipnsitmn was l‘ucl luau With 3 percent (L in ”IE inltm‘d

engine L‘yliiidt‘
is likely in depend on engine

system can (we.

pasture.» in excess. al 'i'titJT.

thl'OlIlRln‘il.‘ the‘rid Of
firm that there is a Significant Valliliion in the mnnvrature of the exhaust gratin

e-nnuat process The gas exhausted first is about lllli K hotter than the gas exhinmed at lb:
the process (see Sec. 6.5).
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.‘ed gas temperature at the
he port and gas temperature
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icantly through the process.
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i upstream end of the mani-
r.

o exhaust system emissions
32.66 The exhaust system of
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e
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Jan the gas exhausted at the en
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FIGURE 11-32

Effect of exhaust gas temperature on HC and C0
llumurt m the exhaust. 5] engine at 1600 revltmin.

 
I: in inn Ifin 1m :10 engine my flow = 7.7 dm 'js, lean mixture with 3'21.

Residence time, ms 02 and 13% (C0 + C02) in exhaust.66

gas stream. HC oxidation starts immediately (for T 2 600°C), the rate of oxida-
tion increasing rapidly with increasing temperature. Under fuel-lean conditions,
incomplete HC oxidation can result in an increase in CO levels. CO oxidation
commences later. 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 mixmg 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 secondary air are important.

Engine experiments where the exhausl gas reactions were quenched by
timed 1nJection of cold carbon dioxide at selected iocations within the exhaust
port have shown that significant reductions 1n HC concentration in the port can
occur. Parallel modeling studies of the HC burnup process (based on instantane-
ous mass flow 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 residence time are the critical
variables. The percenl of unburned HC exiting the cylinder which reacted in the
exhaust system (with most of the reaction occurring in the port) varied between a
Jew and 40 percent. Engine operating conditions that gave highest exhaust tem-
Pfll‘flillrt's (stoichiometric operation, higher speeds, retarded spark timing, lower
titlmprussion ratiol and longest residence times (lighter load) gave relatively
higher percent reductions. Air injection at the exhaust valve-stem base, phased to
‘GPlIICidL' with the exhaust process, showed that for stoichiometric and slightly
rlcll' conditions secondary air flow rates up to 30 percent of the exhaust flow
Sllbsmlllially increased the degree of burnup. The timing of the secondary air flow
Native to the exhaust flow and the location of the air injection pOIDt in the 1301't

. are known to be critical.“
Reductions

' in exhaust port heat losses through the use of larger port cross-
'15Mtlurl.tll areas (to reduce flow velocity and surface area per unit volume), inser-
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618 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

lion ul' putt liitcrs to provide higher port wall temperattues, and attention to port
design details to Imnimirc hot exhaust gas impingement on the walls are known
to increase the degree ol'reactiun occurring in the port.

SUMMARY. It will be apparent from the above that the HC emissions formation
prawn: in spark-ignition engines is catrernciy cumplm. and that there are several
paths by which a small but important amount ofthc fuel escapes combustion I;
is appropriate here to summarize the overail structure of the spurk‘igmtjun
engine hytlrocarhon emission prohlem and identify the key factors and engine
variables that influence the different parts of that problem. Table II 7 provides-
such a summary. The total 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 of a 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 cxlcnstvcly described in this sccttuu. It
is through each of these mechanisms that fuel or fuel-nu mixture escapes the.
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 emisstons. The rate of mixing of these
unburned HC with the hot hulk cylinder gases, the tempmuttu‘c and composition
of the gases with which these IIF mix, and the subsequent temperature-time and
composition-time histories oi the mixture will govern the amount of Itiicylu-der
oxidation that occurs. 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 on the details of the inflljrllfldl‘i Ituw
patterns that take them through the exhaust valve. Overall. the magnitude iii' the
residual fraction will be. one major factor; tlu: residual gas is known to he much
richer in HC than the average exhaust. In particular. the flow patterns in 1hr:-
cylinder toward the end of the exhaust stroke as the gas scraped off the cylinder
wall by the piston moves toward the exhaust valve will be important. Finally, a
fraction of the unburned HC which leave the cylinder through the exhaust VLllVfl
will burn up within the exhaust system. Urns-phase oxidation in the exhaust 1‘!“le
and hotter parts of the exhaust maniiuld is significant. The amount depends on
the gas temperature, composition, and residence time. If catalysts m a therrntll
reactor are included in the exhaust system. very substantial adtlttiuual reduction
in HC emission levels can occur. These devices and their operating cliuraelu'iSilFs
are described in Sec. 11.6.
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TABLE 11.7

Critical factors and engine variables in HC emissions mechanisms..—-————__._________
1. Formation ofHC

(a) Crevices
(1) Crevice volume
(2) Crevice location

(relative to spark plug)
(3) Load
(4) Crevice wall temperature
(5) Mixture compositionT

([7) Oil layers
(1) Oil consumption
(2) Wall temperature
(3) Speed

(6) Incomplete combustion
(1) Burn rate and variability
(2) Mixture composition’r
(3) Load
(4) Spark timing:

(,1) Combustion chamber walls
(1) Deposits
(2) Wall roughness

3. Fraction HCflowing
out of cylinder
((1) Residual fraction

(1) Load
(2) Exhaust pressure
(3) Valve overlap
(4) Compression ratio
(5) Speed

(b) In—cylinder flow during
exhaust stroke

(1) Valve overlap
(2) Exhaust valve size and

location

(3) Combustion chamber shape
(4) Compression ratio
(5) Speed

--—.____________________
gas fraction (residual plus recycled exhaust gas).* Fueli'air equivalence ratio and burned

1 Relative to MBT timing.5 (Jf at lens
I .1: great an importance its engine details

—u———- ~—————=———_—_—___q

POLLUTANT FORMATION AND CONTROL 619

2. In-cylinder mixing and oxidation
(a) Mixing rate with bulk gas

(1) Speed
(2) Swirl ratio

(3) Combustion chamber shape
(b) Bulk gas temperature during

expansion and exhaust
(1) Speed
(2) Spark timing):
(3) Mixture compositionT
(4) Compression ratio 'i(5) Heat losses to walls I'

(0) Bulk gas oxygen concentration
(1) Equivalence ratio

(d) Wall temperature
(1) Important if HC source

near wall

(2) For crevices: importance
depends on geometry

 

4. Oxidation in exhaust system

(a) Exhaust gas temperature ‘(1) Speed i
(2) Spark timingi
(3) Mixture composition‘l
(4) Compression ratio
(5) Secondary air flow
(6) Heat losses in cylinder

and exhaust

(b) Oxygen concentration
(1) Equivalence ratio
(2) Secondary air flow

and addition point
(0) Residence time '

(1) Speed '2(2) Load "
(3) Volume of critical

exhaust system component
(d) Exhaust reactor§

(l) Oxidation catalyst
(2) Three-way catalyst
(3) Thermal reactor

 
if present m 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-
Ital pymu-gjs of fuel compounds occurs within the fuel sprays during the diesel
combustion process. Thus, the composuion of the unburned and partially oxi-
dized hydrocarbons in the diesel exhaust is much mun: complex than in the
spark-ignition engine and exttnids over a larger molecular Mite range. Gaseous
hydrocarbon Clttissintts from diesels are measured Using a hot particulate filter lal
llllt'CI and a heated llama ionization detector. Thus the HL‘ Constituents vary
from medium: to the ltcztviest hydrocarbons which remain in the vapor plutsc [It
the heated sampling line (which is also maintained at about l9ll"C‘). Any hydro
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. 'I"Iti'-se hydrocarbons tlmt condense
at or below this temperature are absorbed onto the soot. They are. Iltu extractable
fraction of the particulate: i.e., that fraction which can be removed by a pnwuuful
solvent, typically between about 15 and 45 percent of 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 combustion is occurring.23
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The cmnplcit [triurugtitiunuzi nature ofitrusel combustion, where fuel evupii-
ration, fuel—air ant! hurried—unburned gas mixing, and combustion can occur
simultaneously, has been disrtisecd extensively in Chap. 10. As a result of this
complexity. than: are many processes that could contribute to diesel engine.
hydrocarbon commons. ltt Chap. it} the diesel’s compression-ignition combustion
l'li'llttfli‘u's was tlivnicrl itlltl four stage» 11) the ignition delay which is the time
between the start of injection and ignition; (2) the premixed or rapid combustion
phtmu, during which the fuel that has mixed in within coinhustihlc [in-tug during
1|]Q\lt_.‘|?l_\’ period burns; 13') the inning Cilnlrllllud combustion phase, during which
it]..- uutc of burning depends. on tlu: rate of l'ui-l-zur mixing to Within the combusti-
i‘llt! lirmts: tail thr- lritr COInl‘ntslt-Dn 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-
{Eons pit-railing msrtir the combustion chamber or, during the primary mm-
husiiun process. this flJL‘l—tlit‘ nurture may be too rrch to ignite or support a flame.
Thin fuel t'an then he cum-turned 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
processt

Figure ll-33 shows schematically how these processes can produce incom-
plete combustion products. Fuel injected during the ignition delay (Fig. l1-33a)
will mix with air to produce a wide range of equivalence ratios. Some of this 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 be too rich to burn (locally overrich
mixture). The overlean mixture will not autoignite or support it propagating
flame at conditions prevailing inside the combustion chamber (though some of
this mixture may burn later if it mixes with high-temperature burned products
early in the expansmn 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 mixtng with air subsequent
autoignition or flame fronts propagating from the ignition sites consume the
Combustible mixture. Complete combustion of overrich mixture depends on
furlhtl mixing with air or lean already burned gases within the time available
before rapid expanSIOI‘l and cooling occurs. Of all these possible mechanisms, the
(-ivet'luiut mixture path is believed to be the most important."

For the fuel injected after the ignition delay period is over (Fig. Il-33b),
‘tunir! Oxidation of fuel or the products of fuel pyrolysis, as these mix with air

i-Note that under normal engine operating conditions, the combustion inefficiency is less than 2
mm ; see Sec. 4.9.4 and Fig. 3-9-

L
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622 INTERNAL common 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.23
Hydrocarbon emission levels from diesels vary widely with operating condi-

tions, and difi'erent HC formation mechanisms are likely to be most important at

diflerent operating modes. Engine idling 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 over-rich
mixture during the combustion period, is the mechanism by which some of the
fuel remaining in the injector nozzle sac volume escapes combustion, and is also
the cause of very high HC emissions during overfueling. Wall temperatures affect

HC emissions, suggesting that wall quenching is important, and under especially
adverse conditions very high cyclic variability in the combustion process can
cause an increase in RC due to 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 (duh. 0.3)

increases rapidly with time.” Figure 11-34 illustrates this equivalence ratio dis—
tribution in the the] spray at the time of ignition. In a swirling flow, ignition
occurs in the slightly lean-oi-stoichiometric region downstream of the spray core

Air swirl __ __ _

 / '1
Puel jet boundary

Ignition location 0 " 'xed HC

FIGURE "-34 ..
Schematic of diesel engine fuel spray showing equivalence ratio w) contours at time of igmliofl:
¢,_ = equivalence ratio at lean combustion limit (30.3). Shaded region contains fuel mixed leunef
than (13,,“
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ExhaustHC.ppmC
FIGURE 11-35
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Iion nl iglnllurl deliiy in: [)1 diesel engine. ViIrn-us
fleets. engine. loads. untrue“ tunings. boost pres-

Ignition delay, deg stiles. til JHHII levftnin "‘

 
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 beyond the lean
[knit 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 amount of fuel
injected during the lgnrtlon 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. I1-35 from a direct-injection naturally aspi-
rated engine show that a good correlation between these variables ex1sts. As the
delay period increases beyond its minimum value Idue to changes in engine oper-
ating conditions), HC emissions increase at an increasing rate.67 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 is
long.

llNllEKu-HXING. Two sources of fuel whi
antl which result
have been identifie
often late in the
“0221::

ch enter the cylinder during combustion
in HC emissions due to slow or under mixing with air
d. One is fuel that leaves the injector nozzle at low velocity.

combustion process. The most important source here is the
sac volume, though secondary injections can increase HC emissions if the

pl‘tibium 1s severe. The second source is the excess fuel that enters the cylinder
under overfueling conditions.

At the end of the fuel-injection process, the injector sac volume (the small
Vfllumc left in the tip of the injector after the needle seatsi is left filled with fuel
A9 the combustion and expanswn processes proceed, this fuel is heated and
VHDIlI'IZE‘K. and enters the cylinder at low velocity through the nozzle holes. This
““31 Vapor (and perhaps large drops of fuel also! will mix relatively slowly with air
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624 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

Standard sac, volume = 1.35 mm3

[11)”

a

aS

300-Exhaus1HC,ppmC 2007

'"U _, Approximate volume of nozzle holes
l |__ I I. ._J._ l i

—[I,2 O 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Nozzle sac volume, mm3

 
FIGURE 11-36
Efl‘ect of nozzle sac volume on exhaust HC concentration, DI diesel engine, at minimum ignition
delay. V, = 1 dm3/cylinder, 1700—2800 rev/min."7

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 some of the injector nozzles used. The
correlation between HC emissions (under conditions when the overleaning

mechanism is least significant) and sac volume is 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 mm3 gives 350 ppm C1 while 1 mm3 of fuel
would give 1660 ppm C1. The sac volume may not be fully filled with fuel. Also,
the higher-boiling-point fractions 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 dm3 per cylinder displacement DI engine.67
In DI engines, exhaust smoke limits the full-load equivalence ratio to about

0.7. Under transient conditions as the engine goes through an acceleration

process. overfueling can occur. Even though the overall equivalence ratio may
remain lean. locally overnch conditions may exist through the expansiigm stroke
and into the exhaust process. Figure 1H? shows the effect of increasing the
amount of fuel injected at constant speed, with the injection timing adjusted to
keep the ignition delay at its minimum value (when HC emissions from overleatl'
ing are lowest). HC emissions are unaffected by an increasing equivalence ratlo
until a critical value of about 0.9 is reached when levels increase dramatically A
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FIGURE 11-370.2 0.4 0.6 0.8110 -
O 7 . . _ ¢__ Effect of overfueling on exhaust HC concentration.
0 25 50 1:5 100 IJj DI diesel engine, speed=1700 rev/min, injection

Load, % timing nl full-Illnd 15c ETC.57

similar trend exists for IDI engines.67 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
overleaning at light load and idle.23

ULIENI "INC AND MISFIRI-l. Hydrnum'holl emissions haw: been shown to be
sensitive lo oil and cook-ml temperature: when these temperatures were increas‘cd
from in lo Otl‘f.‘ in a DI diesel. HC‘ emissions decreased by 30 percent. Since
igfliiiini delay was maintained umulnnl. nvcrniixing phcrioiiienn should remain
aligniunndtely constant. Thus. wall quenching of the flame may also be a signifi-
cam H'IJUICL". ol l-lf‘. depending on the degree of' spray tmoingcmenl on the cum-huslinn chamber walls. -

While cycle-by-cycle variation in the combustion process in diesel engines is
generally much less than in spark-ignition engines, it can become significant
under adverse conditions such as low compressmn temperatures and pressures
and retarded injection timings. Substantial variations, cycle-by-cycle, in HC emis-
sions are thought to result. In the limit, if misfire (no combustion) occurs in a
firtulinn of the operating cycles, then engine HC emissions rise as the percentage
Hf misfires increases. However complete misfires in a well-designed and ade-
qunlulgr‘ controlled engine are unlikely to occur over the normal operatingtaupe.

SUMMARL There are two major causes of HC emiSSions in diesel engines under
normal operating conditions I ll fuel mixed to leaner than the lean combustion
pm" during the delay period, (2) undermixing of fuel which leaves the fuel injec-
-}::u::'zzle at low velocity. late in the combustion process. At light load and idle,
'eyllndaimlil is especrally important, particularly in engines of relatively small
m‘m’ Size at high Speed. In IDI engines, the contribution from fuel in the

In sac volume is less important than with DI engines. However. other sources.nl - . . .

“HEW veloc1ty and late fuel injection such as secondary injection can be signifi-
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626 more“ CUMRtltt'l‘tLtttI mums runnmmrtm

“.5 PARTICULATE EMISSIONS

ll.5.l Spark-Ignition Engine Particular-es

'l‘ltere are three classes of spark-ignition engine particulate emissionfi: lead,
organic particulates (including root]. and sulfatea.

Significant sulfate emissions can occur with oxidation-catalyst equipped
engines. Unfunded gasoline contains 150 to 600 ppm by weight. sulfur, which is
oxidized within the cog-me cylinder to sulfur dioxide, SUI. This 502 can he oxi-
dized by the exhaust catalyst to SO, which combines with water at ambient
temperatures to form a sulfuric and aerosol. Levels of sulfate cmifis'ions- depend
on the Fuel sulfur content, the operating conditions of the engine. and the details
or the catalyst system used. Typical average automobile sulfate emission rates are
20 dig/km 0r less.“

For automobile engines operated with regular and premium leaded gar
ohncs [which contain about 0.15 g Phfliter or dm’] the particulate emission rates
are typically tut] to 150 mgfkrn. This particulate is dominated by lead mm-
pounds: 25 to tit) [lament of the omitted mass in lead.” The particulate emission
rates are considerably higher when the engine is cold, following start-up. The
exhaust temperature has a significant elTect on emission levels. The particle size
distribution with tended fuel is about 80 percent by mass below 2 pm diameter
and about 40 percent below 0.2 pm diameter. Most of these particles are pre-
sumed to form and grow in the cxhamt system due to vapor phase condensation
enhanced by coagulation. Some of the part-tales are emitted directly. without salt
fling. Some of the particles either form or are deposited on the walls where
agglomeration may occur: Many of these are removed when the exhaust flow rate
is suddenly increased. and than: partichns together with rust and scale account for
the increase in mass and size of particles omitted during noel-«ration. Only a
fraction (between 10 and 50 percent] of the lead consumed in the fuel is
exhausted. the remainder being deposited. within the engine and exhaust system

Use of unleaded gasulu'tr: reduces particulate missions to about 20 org/km
in automobiles without catalysts. This particulate is primarily soluble
[condensedl organic material. Soot omissions (black smoke} can result from corn-
bustjon of overly rich mixurres. lrt properly infiltrated spark-ignition engines. soot
in the exhaust is not a significant problem.

I [5.2 Characteristics of Diesel Particulates

MEASUREMENT TECHNIQUES. Diesel particulates consist principally ofcorrt—
busLion generated carbonaceous material {Scott on which some organic com-
pounds have become absorbed. Most particulate material results [torn
incomplete combustion of run] hydrocarbons: some is contributed by the luhn-
eating oil. The emisaion rater. are typically 0.2 to OI: ga'lrm for light-duty diesels in
an automobile. In larger diraotrinjectlon engines. particulate emission [31.95 at:
0.5 to 1.5 g/brnke HIV in. The composition of the particulate material depends on
the conditions in the engine exhaust and particulate collection system. At tern-
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peratures above 500°C, the individual particles are principally clusters of many
small spheres or spherules of carbon lwith 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 poiynuclear
aromatic hydrocarbons. The condensed material also includes inorganic species
such as sulfur dioxide, nitrogen dioxide, and sulfuric acid lsulfates).

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 are critical because the emitted specres are unstable and may be altered
through loss to surfaces, change in Size distribution (through collisions), and
chemical interactions among other species in the exhaust at any time during the
measurement process (including sampling, storage, or examination). The most
basic information IS normally obtained on a mass basis: for example, grams per
kilometer for a vehicle, grams per kilowatt-hour for an engine, grams per kilo-
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 of particulate 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
measuremenl procedure, dilution tunnels are used to simulate the physical and
chemical processes the particulate emissions undergo 1n the atmosphere. In the
dilution tunnel, the raw exhaust gases are diluted with ambient air to a tem-
perature of 52°C or less, and a sample stream from the diluted exhaust is filtered
to remove the particulate material.

PARTIC'LJLATE COMPOSITION AND STRUCTURE. The structure of diesel
particulate material is apparent from the photomicrographs shown in Fig. I1-38
of particulates collected from the exhaust of an IDI diesel engine. The samples
'ill'e seen to consist of collections of primary particles (spherules) agglomerated
lulu aggregates (hereafter called particles). Individual particles range in appear;
times from clusters of spherules to chains of spherules Clusters may contain as
Inlflny as 4000 spherules. Occasional liquid hydrocarbon and sulfate droplets have

can identified. The spherules are combustion generated soot particles which
”3"?- in diameter between 10 and 80 nm, although most are 1n the 15 to 30 nm
“PF“: Figure 11 39 shows a typical distribution of spherule size (solid line) deter-
*ll'llned by Sizing and counting images in the photomicrographs The number-
‘mefl'n diameter [=ZN,d,./N) 1s 28 nm. The volume contribution of these
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FIGURE 11-38

Photomicrograplrs of diesel particulates: cluster (upper left), chain (upper right), and collection from
filter (bottom).To

Numberofspherules Volumecontribution
FIGURE 11-39

Typical distributions of spherule diameter and
Spherule diameter, nm volume.70
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._. TABLE 11.8

chemical composition of particular matter70
I ___—————-—-——___.__

/ Idle 48 km/h1'

Extractable

COmPOSition C23H2904.7N0.2i C24H3002.6N0.1s
H/C 1,26 1.63

t J Dry soot .
GOmPOSition CH0.2700.22N0.01 CHoJiOoisNoni '
H/C 0.27 0.21 I|___‘._——-—._________

lelcrulrs IS shown as the dashed curve in Fig. 11-39. The volume-mean diameter, '
[y Nfdill/NJIHJ-t 31 nm.

Determination of tin- pm-tirlc size distrihutmn with a similar technique
.' intiulvux itsrttgmng a single dimension to a complex and irregular aggregate. and

’ introduces uncertainties arising from only having two-dimensional images of par-
L l ticlcs available Other approaches based on Inertial inipncturs :lnt! electrical

aerosol analysers have been used, Some. of the data suggest that the particle size.
distribution n.- birnr-dal. The smaller-size range is thought [0 be lltllild hydrocar-' | hon drops tindy‘tar individual qpherules chamclcriacd by number-mean diameters

’ of 10 In 30 nm: the larger-Size range. IS thought to he lllt! particles of agglomer—
ntcd tpfietulcs characterized by number—mean dimneturs of MD to l5” nm.
However, other particulate samples have not shown :1 bimodal t'llSlI'lltUljnn;
volume-mean diameters ranged from 50 to 220 nm with no notable trend with
either speed or load.70

The exhaust particulate is usually partitioned with an extraction solvent
g into a soluble fraction and a dry-soot fraction. Two commonly used solvents are

dichlmumetlmmz and a benzene-ethanol mixture. Typically 15 to 30 mass percent
is extractable, though the range of observations is much larger t~10 to 90

chain (upper right), and collection from peter—m]. Thermogravimetric analysis (weighing the sample as it is heated) pro-
duces comparable results. Typical average chemical compositions of the two par-
lIi—lulalc fractions are given in Table 11 8. Dry soot has a much lower H/C ratio
than the extractable material. Although most of the particulate emissions are
formed through incomplete combustion of fuel hydrocarbons, engine oil may also
contribute significantly The number-average molecular weight of the extractable
maternal shown In Table 11.8 ranged from about 360 to 400 for a variety of
Maine- conditions. This fell between the average molecular weight of the fuel t199)
until that of the lubricating oil (443 when fresh and 489 when aged).70 Radioactive
Hirer-m studies in a light-duty IDI diesel have shown that the oil was the origin of
'hfl'lwtcu 2 to 25 percent by mass of the total particulate and 16 to 80 percent of
'lll'c extractable organic portion, the greatest percentages being measured at the
'!ll3l1otl engine speed studied (3000 rev/min). All of the oil contribution appeared

3'9 ' f h te diameter and "1‘ the extractable material. The contributions from the different individual com-
”buu‘ms 0 5p er“ 'lmllfltls in the fuel have also been studied. All the compounds testedfiparafl'ms,
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630 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

  
I . FIGURE “-40H Lattice-imaging micrograph of a diesel particulate.72

olefins, and aromatics—contributed to the particulate emissions; as a group, aro—
matics were the greatest contributors. Eighty percent of the carbon-14 used to tag
individual fuel compounds was found in the insoluble fraction and 20 percent in
the soluble particulate fraction.71

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.70

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.
5 This is not surprising; the environment in which diesel soot is produced is 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 103 crys-

 FIGURE 11-41

Substructure of carbon particle.73
 

Crystallite
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tallites per spherule. The crystallites are arranged with their planes more or less
pin-ilk" m the parlic-lc surface. This slrnutnrc ul “murdered layers is called inrlm
slill"; I'lu" Spliel'iiles. 10 to fill nm in Liiiiinr‘it‘l‘. urn: fused II'igc-lher to lTIllH par-
ticle; .15 shown in Fig. 11~v1-lJ. A slngle splicrulc iroiilaim II}5 to 1“" carbon
atoms-70' 73

A surface area of about 200 mZ/g has been measured for diesel soot. A

smmtin—mutated Eli—nun (liamrler when: willi a densny njf 1 tilt-‘1”! Would my“ a
sullllrfix‘ffllilhfi iulm nf IOU mirg. so the measured value is about IwiL-e llie SIIDL‘F
llC-li'l Hug", Approximating a pur'liclc ul' :Igglomeraled silliei‘tilcs lay a single sphere
of IUD uni LlilltnltlL'l' gives: a Hill‘fl-ICE/n'mhs ralll‘l ml 15 uni-“g.” l'hcae data and L‘h‘ll-

mates of superficial area per unit mass indicate that diesel soot has low porosity.

soLUBLE FRACTION COMPONENTS. The extractable 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 methods are

used in (ILlI'III—I lllc iii-garlic fraction from parlit-iilale samples. Because llll‘ partic—
ulllIC‘s ill'l.‘ iiuxllncs ol polar and nonpolar C'u'smponcnls. l'ull extraction requires
dillufcnl :cilwrms.‘ any one solve!“ N a compromise Nieliljrllllil’ clilnniic Is lllL’

most L'mmronly uscrl extruciaiit, however. Since a complex mixture of organic
compuumh is associated with diesel particulates, a preliminary fractionation
gehelum IS used to group similar types of compounds before final separation and
inlenlil'iuzition. The scheme most frequently used results in seven fractions gener-
ally labeled as basics, acidics, paraffins, aromat1cs, transitionals, oxygenates, and
ether insolubles. Table 11.9 indicates the types of components in each fraction

and the approximate proportions. The biological activity of the soluble organic
llslctioi'r and its subfractions is most commonly assessed with the Ames
Salimmi'llui'rmcmsomul test. With this test, a quantitative dose-response curve
shimmy. the mutagenicity of a sample compound is obtained. The Ames test uses

.I mutant strain of Salmonella lyphimurium that IS incapable of producing histi-
lllm'. Mutagenicity is defined as the ability of a tested compound to revert
bunk-mulnte~this bacterium to its wild state, where it regains its ability to
lmflt'lucc histidine. ‘ 5

“.5“? Particulate Distribution within the
'Cyllmlnr

Mtilsflrt‘nwulu have been made of the particulate distribution Within the com-
él‘lllalluli Chamber Of operating diesel engines. The results provide valuable infor-

‘lml-"i" 0n the particulate formation and oxidation processes and how these
'l'lllll-n' t0 the fuel distribution and heat-release development within the com-
Llfillflh Chamber Techniques used to obtain particulate concentration data
Include- use of rapid-acting poppet or needle valves which draw a small gas

‘llll'ml‘lt‘ from the cylinder at a specific location and time for analysis leg. Refs. 21
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632 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

TABLE 11-9

Components of the soluble organic fraction”

Percent of

Fraction Components of fraction total

Acidic Aromatic or aliphatic 3—15
Acidic functional groups
Phenolic and carboxylic acids

Basic Aromatic or aliphatic <1—2
Basic functional groups -
Amines

Paraflin Aliphatics, normal and branched 34—65
Numerous isomers

From unburned fuel and/or lubricant
Aromatic From unburned fuel, 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 i
Transitional Aliphatic and aromatic 1%

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 ta nit
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 con tents
in general; nor do they represent the time history of a given mass of gas. The fuel
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 81":
found in 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 500“
after combustion starts. Figure 11-42 shows a set of sample-valve SOD"
concentration data from a large (30.5-cm bore, 38.1-cm stroke), quiescent, dirECl"
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6—25  

.FIG UHF. 11-42

Pnrllmlzue concentrations, In g/m:1 at standard temperature and pressure, in various regions of the
dual spray as .I function of crank angle in quiescent DI diesel engine, measured with rapid sampling
valve Different sample valve locations in combustion chamber and spray indicated on left. Cylinder
hurt - 30.5 cm, stroke = 38.! cm, r-_. I29, engine speed = 500 rev/min, bmep = 827 kpa_74., Refs. 75 and 76), and cylindEr

dly emptied into an evacuated tank ll.

3th DI .and IDI‘ 611811165 have ‘heen mjuctlu'sn diesel engine which illustrates these points.74 The particulate ‘at specrfic locations 1.11 the ”had“. Dorlccmrntions on the fuel Spray axis close to the injector orifice are remarkably .
iresentatlve 0f the cylinder conform? lmth (~200 to 400 g/m3 at standard temperature and pressure). This corresponds
ory Of a 3“?“ mass °f_ gas. The “'1’. hi at large fraction of the fuel carbon in the extremely rich fuel vapor core being
; 1n the cylinder are highly ”TNT; mauled as particulate (as soot and condensed HC species). Such high particulate
l the details 0f gas motion in ”I? I’I'lmlions of the local fuel carbon ( -- 50 percent) have also been found in the very
ston changes posrtlon are ”“1“ 3' cl rich cores of high-pressure liquid-fueled turbulent difl‘usion flames. Pyrolysis

. . 5 ant fit the fuel is therefore an important source of soot. These very high local soot
ghest parthUlate concentratlon '03 llfinccnlmtinns decrease rapidly once fuel injection ceases and the rich core mlxes
ere local average equivalence rail-1n, '9 “33 nut equivalence ratios. Soot concentrations in the spray close to the piston
ot concentratlons rlse rapidly 3‘ ' 'hOWI outer radius and at the cylinder wall rise later, are an order of magnitude- e snol- .MS a set of sample valV l' 'I- .8. and decay more slowly. Away from the fuel spray core, soot concentrations:, 38.1-cm stroke), quiescent, {193°
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634 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

FIGURE 11-43
Particulate concentrations at various distances
l'tmn wall at preuhumhm in swirlinhttmlm Ill!
diesel engine. measured with rapid sampling vulw
lunginc speed—— Illtlll rev/tum. IlllllL‘llUlI at V"

t¢——_—>l Crank angle, deg . . . _ 7
Injection fill. . ignition at 5" i311."

decrease rapidly with incrcztsutg distance l'miit lhi’ i:i:ntet'ltne. A useful compari.
son with their: soot concentrations is the fuel Concentration in at stirit-lti‘umetnr

3 Approximate E‘illnltllCS of the mean sot-t mitccnuri.itituurc, about 75 g fuel/m .
lion inside the cylinder through the combustion process suggests that almost all

timed print to exhaust. Similar resuttslove: 90 percent) of the soot formed 15 mil
have been obtained in a small direct—injection charm with swim”9 l’cak :u'mt
(Litttwmr‘ijlttlilfi iti |.llt‘ r-utci regions of the lucl le'tlv were comparable l ~ In g/
mi]. M ‘iiSilll‘ullltilllfi Wlil'l' not made In the spray corn: mmr the injector urilit’c;
however. based on the c{]LII"'-‘ll(:flt.‘c ratio results in Fig. limo, soot concentrations
would l-ii: cxpcclml to Iii; luwur tllll.’ to the more rapid mixing with air that occurs
with swirl.

Similar data are available from sampling in thc pt'ccliamber of an IDI swirl
chamber engine.“ Figure. ”~43 shows h‘uu! concentrations 2, 10, and 15 mm
from the wall 01' the ptct‘ltambetr. li'tiuivnlence ratio distributions from this study
have already been shown in Fig. 11-17. Cuitcct‘ttrtttiuns punk 5 to Ill' All, at
levels ~2 fifth]; thus-J an: substantially luwcr than Dl cnpinc punk soot unman-
tt'utions (presumably due to the more ntttitl l'lllXIIIt; nl fuel and air In the ID]

engine). Concentrations in the prechaml‘ncr itt lllBSl! locations the." decrease villi-n
stantially.

A better indication of av

tniitl cylinder Sampllllg experiments. Md
particles and mm- vutumc traction through llll'.
made m an Illll passenger car dittsul. l'hc content: nl‘ the engine cylinder. .ll =1
preselected point in the cycle" Were rapidly expelled through it l'llflWLlUWl‘l iintl.
diluted. and collected in n sample hlttt. Figure ll-il-‘l almwn out: set oi I'L‘filillsi
Partictcs first “ppm“ shortly after I'll: start of crimhttslitm M: In 5' All]. Ilia
number density rises to a maximum at 30' ATL‘ and than hills rapidly as a result
iii particle Coagulation and. pussiblv. (mdaltuit. l'lu‘ exhaust pttt‘ticulalc numbt‘t
ilclllilly is less than one-tenth L'll the peak value. The volume traction 3on1 tlalu
[soul mass concentration l5 proportional to volume l'rticlittnl show .1 much llallfl-
tituitttntini earlier in the combustion prurcss and a decrease Itltlt'. to midiltimll

Midalmn apprirenllt'
from 20 to 40° ATC to about one-third al ”1!: peak value, (
ceases at about 40° ATC at these conditions.

erage concentrations within the cylinder is given by
ustirctncnls of the tut-.11 number ul' snot

combustion [.‘I'UGI‘J‘S have been
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n 1'0 FIGURE 11-44
"150.8 . CVEII'IIt't-HVL'V-dhr' Dutt'ltclr'number density N and
E g: (ii-LEN, l‘nltnllbt‘oltlmc ll'tttfllt'f'l t". at a functiort of crank
If 0:2 . f \‘\g_;__ __E_Xfla}1,5t angle in IDI diesel engine determined from

0 __ (t—|—J——J.—__J_J\r_t_ cylinttt't dutnpittr. experiments. 1000 rev/min,

l

TC 10 20 30 40 50 “(E/(:20 ¢=033, lllll’ttllttn starts at 3.5" BTC. Gas
Crank angle. deg volumes at standard temperature and pressure.77

11.5.4 Soot Formation Fundamentals

the Mini particles. whose characteristics have been «Inscribed In the abut-t- two
bCCllt'tllt}. form prttnttrity from the Gatl‘mn tn the diesel fuel Thus. the fitnnmim.
prtlL-Lfib starts with :1 fuel rnnlcr-utc containing [2 in '23 carbon stunts and an lift"
mm nt’ ulmut 2. and ends up With particles typically a law hundred nanometers
in dl‘dlltL‘lUl'. comprised of sphetutes '20 to I") run in diameter each tmitaitung
some tH’ carbon atoms tutti having HI] HJC ratio of about Itt. Must or the
mfmmntum available on the fundamentals of mo: formation in combustion
tmmrs tmm studies In aimph; premixed and diffusion Raine-s. stirred reactors;
sltnctt trlhcs. and constant-routine combustion brunt“; A recent [EVIEWB'E sunt
tttartttmi the extensive literature available from .tu.t:h studies. Also. the production
of crtr'rtml {slut-tr requirin- tt high yield of mar {ruin pyrutysttt ot a hydrocarbon
feedstock. and lht‘. literature from that field l'ttt‘S' ITJIIL‘ii In ttittttrthutc (see Ref. Sit
Hum-vet, tltr: characteristics of diesel combustion which make. it ItitMlllnl’JlE for
more tututttmcntrtt studies—the high gas temperatures and pi-
the] utttnptu'titmn. dominance of turbulent uniting. the unsteady nature at the
process. “ml the three-dimettsinnttt gctnnmrt - also matte It dlthtCtIII to interpret
I‘ltntittmenmt ttlcas regarding snot formation tn the diesel context. There 15 much
about the soul formation ptout'.
incompletely understand

Soot formation takes place in the diesel combustion envrronment at tem-
Ptbrmtu-cr. between about 1000 and 2800 K, at pressures of 50 to 100 atm, and
Whit sufficient air overall to burn fully all the fuel. The time available for the
rur'tlttlllm of solid soot particles from a fraction of the fuel is in the order of
milliseconds The resulting aerosol—dispersed solid phase particles In a gas—can
W Characterized by the total amount of condensed phase toften expressed as the

fraction, FV. the volume of soot/total volume), the number of soot
'u per unit volume (N), and the 5126 of the particles to g., average diameter

v‘ N. and d are mutually dependent [e.g., for spherical particles FV 2

ensures. complex

55 In diesel engines, therefore. that is poorly {illti
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636 INTERNAL COMBUSTION ENotNE FUNDAMENTALS

tn/titNtP], and any two of these variables characterize the system. It is mom
convenient to consider N and FV as [he independent vanahlcs since they cant.
relate to the “almost-separate” stages of soot parttcle generation lthe sottrw “f
N) and soot particle growth llln: source of Ft l.

These stages mtn be sumnmriaed as {ONOWSIBO

where the first condensed phase material arises from the1. Particle formation,
Lulu-:13. Them; products,

fuel molecules viii Ilictr oxuiatn-n author pyrolysis pt
I typically include V'dtlnllB unsaturated hydrocarbons. particttlnlly acctyicnt‘ .utct

its higher anttlogncs IIL'JHHJ, tintl polycyclic ttroirtattt: hydrocarbons ll'AHt
Theta: two types of molecules are considered the most likely precursors oi I-totn

| in flames. the condensation reactions of gas-phase species such as these 1.31.;
recognizable 540111 particles (often called nuolm,

d < 2 mm and the formation oi iilILItL'
the region UI their iK‘HTIh-

_ to the appearance of lhc [list
I These first particles are very .sntull (

i nttmhers of them lth'ilvt: negligible soot loading int10n.

2. Particle growth.

gullllli. Snrlucc 3
Mn], Involves lht:
and their incorporation into the parttc

' of the molecular weight of a species In plotted ag
illustrates some important points about this process.

0.5 it is apparent that neither purely [it'iiyticctylunc than)

which includes both surt'flcc growth. coagulation. and aggru
:nwih, by which the hull: of the soltdmhttsc muict iul is gcnt’r-

attachment of gate-phase spout-s [U the surface ol‘ particles
ulztte phase. Figure ”—43. where the log

aim-n its hydrogen molt. fr'ac-

tion 5c“, Shifting with a
fuel molecule of SCH 2

 

 
 I'ulytAri'JlL‘

aromatics 
  Paraflins / ////

‘7‘ 1' i l n 4‘
Full 1 .' h- " I’lllyncctvluntsw; _

 
log(molarmass)

 

FIGURE 11-45 so
Paths to soot formation on plot of species molecular weight M versus hydrogen mole fraction 55w
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growth not purely PAH grown: wuuld [cad In Sut'l ptlrllCICS which have in 1:]
[hr range ill to 0.2 Wltal is required H condensation of species with the right
hydrogen content. or condensation 01 species wi1h higher hydrogen content
(“Unwed by dehydrogenation. t'll' a ctm‘ihinuliun nl‘ both these prncesses Obn-
ously some polyacetylenes and some PAH can satisfy these requirements, as
can saturated platelets (e.g., C27H27; see Sec. 11.5.2). Surface growth reactions

lead to an increase in the amount of soot (FV) 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 F,, constant. Once
surface growth stops, continued aggregation of particles into chains and clus-
ters can occur.

These stages of particle generation and growth constitute the soot forma-
tjon 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 C02. 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 relationship between
|l1cse processes.70 Although they are illustrated as discrete professes, there is
some overlap, and they may occur concurrently in a given elemental mixture
region within the diesel combustion chamber. Of course, due also to the non-

homngcnmus nature of the mixture and the duration of fuel injection and its
macrlap with combustion, at any given time different processes are in progress in
dilfercn: regions or packets of fluid. The fundamentals of each of these processes
will now be reviewed.

Nucleation DehydrogenationOxidation
L__

DehydrogenationS
urface growth __ Oxidation

A 1 t' Dehydrogenation
gg omera m [‘F Oxidation

\r .
Aiznirpmsn and

condensation FIGURE “-4.6
Processes leading to net production of

p diesel particulates.”

 
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

n

CmHn +y02—>2.C0 +5142 +(m-2y)Cs (11.35)

m becomes larger than 2y: i.e., the C/O ratio exceeds unity. The corresponding
fuel/air equivalence ratio is given by

d) = Z<E>(1 + 6) (11.36)0

where 6 = n/(4m); qb is 3 for (C/O) = 1, with n/m = 2. The experimentally
observed critical 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.80

It is obvious that soot formation is a nonequilibrium process. Yet despite
decades of 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.
Reviews of these theories can be found in Refs. 73, 80, and 81. Often-cited mecha-

nisms are thermal cracking that results in fragmentation of fuel molccules 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. Thrcc 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 compounds of 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
seems likely that involves carbon vapor.70

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 et a1.82 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 graplntelike
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 meluI-‘i’r'
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Aromatics
l_':||||ll.‘JI\"-l|llUlI reactions

’fimw / " l [JII‘I‘U IliumL l.—. —- J. —* 5°“
5 1'

 

"’ xxx)???“
"if/ea"-J'a ’11.

"Sivan;
'\ J

'x‘ CHX Indirect (slow)
.I Csz Soot

. 0W C3Hx
fit-'9

511““ FIGURE 11-47__ -' \ - .

AliphallCS l .16;st Mechanistlc model for formation of soot
4'5? from aromatic and aliphatic hydrocarbon

\ compounds.70

soot nuclei. Aliphatic molecules can only follow this latter less-direct route.
Experimental measurements in flames suggest that polyunsaturated hydrocarbon
compounds are involved in nucleation, and acetylenes and polyacetylencs have
been detected that decrease in concentration as the mass of carbon formed
increases. Such observations fit the indirect path in Fig. 11-47. Results of studies
of perIysis of benzene between 1300 and 1700 K support a physical conden-
sation mechanism for the low-temperature path. This mechanism begins with the
transformation of the initial hydrocarbon into macromolecules by a gas-phase
reaction. The partial pressure of these macromolecules grows until supersatu-
ration becomes suflicient to force their condensation into liquid microdroplets.
These become nuclei, and subsequently formed gaseous macromolecules then
contribute to nuclei growth.70

800:1" PARTICLE GROWTH. Nucleation produces a large number of very small
purtlclcr; with an insignificant soot loading. The bulk of the solid—phase material
is generated by surface growth, which involves the gas-phase deposition of hydro-
carbon intermediates on the surfaces of the spherules that develop from the
nuclei. A qualitative description of the changes that occur as a function of time 1n
II premixed flame during nucleation and surface growth 1s shown in Fig. 11—48.
The soot fraction FV , in units of soot volume per unit volume of gas, 18 related to
the number density N and the volume-mean diameter of the soot particles by

FV = Nd3 (11.37)CH?!

'd *3 the rlclunl diameter of the spherules, or the diameter of a sphere of equivalentv . . . '

dullttm. to an agglmneratcrl particle. The rate of change of particle number
finally Wllh tune I can be written

dN . .

T = N" — N, (11.38)  
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SootvolumefractionFV,particlesized, flparticlenumberdensityN,hydrogen/carbonratio
FIGURE 11-48
Variation in soot volume fraction FV, particle
number density N, particle size d, and soot
hydrogen/carbon ratio with time in a flame.70

   
where N” is the rate at which fresh nuclei appear and Na is the rate of agglomer-
ttttun of splturules or purttnlct that collide and incl-t. -\t the punk til the N Clll'l'tj,
N“ = N”. To the left ol’ the peak. N" x N” the pnrticle diameter t‘ctnumk esstn-
Iihlly trumtt'tnt at the minimum detectable diameter and the. him-all} rise in mot
t-nlumt: lh dominated lw httcluattun. To the "IIL'I'Il n!‘ the punk in the N cum;

Na > N". The number of aggtuntertmng collisions is high hccuttse of the hull]
number density; at the same hum ntlttlcutltm and; because then: is entillflh ttir-
pernctl surface area for garcons Littlttwlltlrl ol' hydrocatbt'ttt intermediates HUI the
prnhtthtlity E‘Jl generating; new IHIL'iL‘l talls II) mm. With nurlcalmn halted slightly
to the right at the N hurri- perils. all the subsequent increase in. sum volume

fraction tthe majority} slants from author: growth. To the right of the N rut-w
peak. the number density falls: in the case Illustrated h}- t'hrct.‘ orders of irritant.
(tide. This is the result 01' agglomeration. which is responsible for a portion til the

increase in particle diameter. Agglomeration does not contribute to the rise in
soot volume fraction, FV. Surface growth that takes place on nuclei and on

spherulcs Is responsible: for forming the concentric shells (somewhat distnrtmt and
‘lll'pclli that curmtttttc the outer ptltti'ttnrt nl upticrules arm] which are Lllfwllllt-‘l

from the less—ntgamzetl split-rule centct‘ tare Figs. ll-rtll and I[-4ll. Surface

grumh mt ztgglttml‘mmd particles mew partly fill in the crevices at thu: Jttnulttrct
at adjoining ephut‘ltlcu lo [lt‘tlt'idt‘ the nodular Sll‘llclltl't: evident in Fig. ll-xlt]. ‘”

Utter. particles have formed. trucrparticlc cullisiuns can lead to ngtltlmflf'
ntiuu. thereby decreasing Iht: number of particles and increasing their size 'l hit-e
types of ngglmneraiinn have been identified in snot limitation. During thr curl?
stages of pttt'ttclt: gt‘t'JWth. uttllisinn ul tw” when-gal particles may insult in that
annihilation into 3 single hlJl‘tLll'Ulll This tit catty to vrsualidc ht hydrocarbon Null
'{Ixis where the beginning-- of a snot put'uttlc may luv: the viscr'tsit't' of u tarry
haunt?“ Alan. when the inthvnlnnl particles are small. tiltttid surtauc growth Wl“
quickly refit-m: thc {It-Initial i.phcruml shnpt 7" This [truceSs occurs up in lem"
L’lCl‘b (-t‘ :thottt It! rim. On the other hand. it bpltut'ltln' have solidified tutor: 60“)"
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11-48

in soot volume fraction Fy, particle
density N, particle size d, and soot
/carbon ratio with time in a flame.70

:ar and N“ is the rate of agglomer-
stick. At the peak of the N curve,

ie particle diameter remains essen—
meter and the (small) rise in soot
right of the peak in the N curve,
isions is high because of the high
ends because there is enough dis-

hydroearbon intermediates so the
:ro. With nucleation halted slightly
bsequent increase in soot volume
)wth. To the right of the N curve
istrated by three orders of magni-
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does not contribute to the rise in
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e collisions can lead to agglomer-
:les and increasing their size. Hire:
[1 soot formation. During the earl}
ierieal particles may result in ”'1le
to visualize in hydrocarbon :iyrelr
may have the viscosity of 21 mt"
.re small, rapid surface growth Wt“
3 This process occurs up to dim-
)herules have solidified before cull"
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guilt [till] Stirlllct‘ gi'nwtli riitcs haw itiiiiixiishml. Il'lL‘ I'tPNtllltttg particles resemble. a
“In“!!! in which the original SPiICItIlL‘H l'L'Iflllt Illltt'll or their iiidivuluat identity
M.“ \llt'illUl-l’ growth essentially cut-ism, continued coalescence iil llii: sniil particle};
rusllllb tn the formatitm til uhiiiiiliku rLIi IltfllltL‘h of dist-tutti spherules. I'llis suggests
dcctfnflflllf flirt-es art.- significant. Positive t'liui'gr- rim-muted m) these partial:
t’lllllltfi lfa‘ L‘lfllfllud in he the unusu- of limit L‘iltllilllLL' tutti-Jute.” “ lillh itlllL'l'
coalescence once surface growth ceases is termed aggregation.

It this been shown urtpei'inicnmlly that tlimiig nuigululitiu the rate of

deemise of particle number density “’35 pi-npoi'lii'm.il to thy ptr’itlllr‘t of a coagu-
mimii COL'lrlh'lL‘T'i and the: square cifilit‘ riim'iht-r (ternary:

dN 2
— a = KN (11.39)

This is the Smoluchowski equation for coagulation of a liquid colloid. Based on
browniin motion, this equation I5- applltblilit' when the Kiitiilsen number Irntio of

mum: I'it‘L' path to particle diameter) Il\t't3l"1JS 10. K depvrml» on such fal'luls as
liumi'lc NIH" and rilitipc. tall: tlisliihiiliotl. and the temperature. pressure. and
dgnrtlly (it the gas. liquuituii ll l..W‘i lins- been LlS-ZL‘I [0 media cougiiltitimi tutu»- in
IpW--[}ti."P-'~'|JI'L‘ writing llttiiics.”-"” II has also I‘L'tflt imidif‘ieil an Illill II applies
where the particle am: and mum] lrur. litttli uh" cutlli‘li'l-‘ilblc by using I: more
pnmptm cipi'uxsmn flit K [see thl' M]. 'l llL'fi'L‘ slit-lies Show that I.l|ItiL‘I tittndiltniis

.flmllfn'lfllllhl'lg those in Engine tltitrics, the fraction of the initial number density
N” minimum, at time t it given :inpmximately by

N ,

N—z(KN0t) 1 (11.40)0

’Thus as t increases, N/N0 decreases rapidly Although these coagulation calcu-
lBItuIi-i are simplistic (in that many of the assumptions made are not strictly valid
“Mt: soot particles are not initially distributed homogeneously in the combustion
ipaie. they are not monodisperse, and surface growth and oxidation may be
taking place during agglomeration), an overall conclusion is that the rate of coag-
tltnlirin of spherules and particles to larger particles is very sens1t1ve to number
Alt-natty Thus the number of particles decreases rapidly with advancmg crank
anglu in the diesel engine during the early part of the expansiOii process isee Fig.
tl-44) and agglomeration is essentially complete well before the exhaust valve'“Wh‘n.

Throughout the soot formation process in .i flame, the H/C ratio of the
'WUJ‘I’mt'bons formed in the pyrolysis and nucleation process and of the soot
Ititrllulcs continually decreases. The H/C ratio decreases from a value of about 2,
"WINE-{ll of common fuels, to of order I in the youngest soot particles that can be
”milled. and then to 0.2 to 0.3 once surface growth has ceased in the fully
ffifiligzlftlwl soot“!0 The latter stages of this process are indicated in Fig. ll-48.
‘mfilt‘cutuiu?[‘ri1 of mass to the soot particles occurs by reaction with gas-phase
llama- '7 e reacting gas-phase hydrocarbons appear to be prmcrpally acety-

5‘ With larger polymers adding faster than the smaller Small polyacetylenes
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drrtgcndlh‘rn must also take place
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on in the gut, phase, presumably by the same mocha-
li addition of the lllt'ger- Doll,-

parlrcles deer-eases toward its steady-state value. Thus
must be of very high molecular weight or dehy_13, an

11.5.5 Soot Oxidation

In the overall mm formation process. shown schematically in Fig. 11—46, oxida.
turn of soul at the precursor. nucler. and particle stages can occur. The Murine
cyllndcr suntaronccrttrution data reviewed in Sec. 11.5.3 indtcate that a large. frag-
non of the soot formed 13 IN‘ULIIEGG Within the cylinder before the exhaust pram“
commences. In the discussion at diesel comhusuon movies in Sec. 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 dltTlrsion flame which appeared white from the luminosity of the
high-temperature soot particles consumed in this flame. As air mixed with this
tout-rich regrnn. the white flame eradicated the dark soot clouds as the particles
were burned up.

In general. ll'u': rule of heterogeneous reactions much as 111:: oxidation nt s-r-al
depends on the dill'usiou of reactants- tn rind products from the surface. as VIC-1| as
the kil'llillu‘ll ot‘ the reaction. For particles- less than about | Irnt diameter rlitTtr.
sional resistance is minimal. The soot axrdalion process In the diesel cylinder Is
kinetically controlled. therefore. sitrcc particle sires are smaller than thrs lirnil‘
There are many species in or near the. llarrte that could uni-dill? soot: ctrzlmrrlrs are
02, O, OH, C02, and list). Recent reviews of soot forrnsliotr1""73'3‘“ have con-
cluded that at high oxygen partial pressures. soul midtrlion can he emulated
with a serrrrempiricnl formula based on tiyrogruphitc oxidation studies For luel-
rich and close—to-sluichiornctric mntllurttiort products however. osrrintirrn Irv UH
has been shown to be more important than 0? attack. at least at atmospheric
pressure.

it is argued on tin:

of SOD! and Ill pyrr-grnphltcs should
tiorr. It has prawn-d dill'rcuh 'lu lollnw the

trusts of structural sirnrlnrrties that the. rules of Irs‘rrlutiou
he the same. This; is a significant trrmnlrtictl-

oxidation of soot aerosols 1n llamas. and

ti care rs taken to nvnrd rlill'rtrriuuul rrmtst-rururt. studies at bulk samples at film"-
gr‘uphite L‘ui] then he used H'i -.r hast; f-rr understanding soul oxidation. The Humi-

Nrurlc nntl Strickland {rruslttblc hat; been shown“ In
utinn it'll mygctr pzlrlrlrl pressures Po- : I utrrr Gilli

1511“ it; This lormulu rs based on the current“
the curhr‘m surface available for ("I: attach

For the more reactive type A sites, the oxidation rate. is controlled by llu‘: l'r rretiotl
of sites not covered by surface oxides tend therefore is of mixed order. helm-cu 0
and l in Pm]. ‘1)“th B sues are less reactive. and reset all a rate which is first old“
in p0,. A thermal rearrangement ul’ .1 sites lulu B srter. ire also allowed (with '3“
cons-tutu For). A stertdyoslatt: analysts of this mechamslu gives a surface must. twill"

emptricul formula of
correlate pyronrnplrtte ortid

temperatures between lltllt and
mat there are two types of sites on
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TABLE 11.10

Rate constants for Nagle and Strickland-
Constable soot oxidation mechanism“.__-——-——__________

Rate constant Units 

kn = 20 exp (—15,100/T) g/cm2 -s-atm
kn = 4.46 x 10'3 exp (—76attlfT) g/cmz-swatm
k7 =1.51 x 105 exp [—411.80WT) g/cmz-s
k2 = 21.3 exp (2060/T) atm’l——————_________

dation rate w (g C/cm2 - s):

w _ k3 p0112 — <1 + ilc2%)): + k3p02(1— x) (11.41)
where x is the fraction of the surface occupied by type A sites and is given by

kw ‘ ’1

x=<l+ ' l (11.42)Po; kn.

The empirical rate constants determined by Nagle and Strickland-Constable for
this model are listed in Table 11.10. According to 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 kA/kz or 34,100 cal/moi).
Beyond a certain temperature the rate decreases as the thermal rearrangement
favors formation of less reactive B sites. When, at sufficiently high temperature,
the surface is completely covered with B sites, the rate is first order in oxygen
partial pressure and increases again with temperature.80

Park and Appleton84 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 O2 partial
pressure can be high ( x several atmospheres), as can the temperatures of close-to-
stoichiometric mixtures 1 S, 2800 K).

Equations (11.41) and l] 1.42) have been used to estimate the amount of 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 mixture at different rates until the
overall fuel/air equivalence ratio was reached. The surface recession rate during
this process was computed. Figure 1 1-50 shows sample results at an engine speed
0f 1600 rev/min and an overall cylinder equivalence ratio of 0.58. Fast, interme-
dlate. and slow mixing occurred in 30, 70, and 140°. respectively. The surface
rEmission rate rises to a maximum as p02 increases and then decreases as the
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Oxygen partial pressure p02. 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 uITscts IiIe increasing oxygen Crimean-mum.
While Ihc shape of the recession rare versus time curves depends ml the mixing
rate. the semi umunnt of carbon burned (the area under each curve in Fifi-
ll~5DhJ is. about Ihe same [0.1 IIg/mm’]. However. lire point in ihe cycle at which
IIII: sent-containing hurried gas mhlure passes Ihrough siniuhmmerric 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 mixing rate; (b) for fast and slow mixing for early-burning elements.“3

more important. For the late mixing element shown (mixing lean of stoichiomet-
ric at 40° ATC), the total carbon mass oxidized is only 40 percent of that for the
early mixing calculation. This is due primarily to the decreasing gas temperatures
as t e as pausion stroke proceeds. and not the longer time available for burnup.2H

For .i spherical particle. Ilie mass burning rate w (g/cmzsl can be com
verteri EU a surface recession: rate using

dr —w

dt - p

where p is the density (:2 g/cm3). The integrated values of w(t) when divided by
p then give the max1mum radius of a soot particle that can be burned up. Inte-
grated values of 0.1 rig/mm2 (estimated for TC start of burnup) correspond to a
radius 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 expansron stroke 18 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.

Agglomeration will have an indirect influence on the amount of soot oxi-
dized through its efl‘ect on surface area. In the limiting case of a spherical cluster,
II monndispcrse spherules (10 S n S 100) can be imagined as compacted into a
Single sniul sphere of equal volume. Alternatively, the same 11 spherules can be
imagined compacted into a cylinder of diameter equal to that of the original
“Pherulcs. Since oxidative attack is essentially an exterior surface phenomenon,
the surface/volume ratio is the appropriate measure of the elfect of particle shape
an Soot mass burnup rate. It can be shown that the surface/volume ratios for the
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646 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

single sphere, cylinder, and individual spherule are in the ratio rid/3, %, and 1,
respectively. Thus agglomeration will 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 mJ/g for diesel soot, has been measured.“ A smooth-surfaced 30-nm
diameter splterule with a 2-gfcm3 density has a surface/mama ratio of 100 mz/g;
the measured value is about twice this value, indicating low porosity and an

agglomerate structure which is loosely rather than densely packed.83
Equation (1141) shows a maximum recession rate in combustion products

corresponding to a fuel/air equivalence ratio of about 0.9. Recent evidence shows
that in an atmospheric pressure environment with rich and close-to-
stoichiometric combustion products where 02 mole fractions are low, oxidation

by OH radical attack is much more significant than oxidation by O or 02- The
OH radical may be important in oxidizing soot in the flame zone under close-to-
stoichiometric conditions.

11.5.6 Adsorption and Condensation

The final process in the particulate formation sequence illustrated in Fig. 11-46 is
adsorption and condensation of hydrocarbons. This occurs primarily after the
cylinder gases have been exhausted from the engine, as these exhaust gases are
diluted with air. In the standard particulate mass emission measurement process
this occurs in a dilution tunnel which simulates approximately the actual atmo-

spheric dilution process. A diluted exhaust gas sample is 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 520C. For a given
exhaust gas temperature, the filter (and sample) temperature depends on the 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,

600 \
M -.‘

500. j— a = 600 K

s l .3 ' T2 = 400 K EPA maximum
E 400‘ . \B .k t temperature
a) 51’ - —' __. .__ a. - —7__
a. t f " 'r—Tfi _' -__ _ 'f30h» H

,5, l ‘- FIGURE 11-51Ambient temperature . .
Elfect ofexlwust gas dilullon ratio on the temperature

0 2' 4 6 8 to of the collected particulate sample as a function Of
Dilution ratio engine exhaust temperature T27"
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I Extractablefraction 

Particulates,rng/m3at51‘?
FIGURE “-52

Typical effect of dilution ratio on particulate mass
1 ' 2 5 10 20 50 100 emission and its partitioning between extractable

Dilution ratio and nonextractable fractions.70

 
where the total sample is partitioned into extractable and nonextractable frac-
tions. The nonextractable fraction is the carbonaceous soot generated during
combustion and is not alfected by the dilution process. With no dilution [dilution
ratio of unity) the difference between the total and nonextractable mass 18 small:
the bulk of the extractable fraction 18 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 hydrocarbons to the surfaces of the soot particles by chemical
or physical (van der Waals) forces. This depends on the fraction 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 number of active
sites dominates and, as shown in Fig. 1 I-52, the extractable fraction increases. At
high dilution ratios, the sample temperature becomes insensitive to the dilution
ratio (see Fig. ll-51J 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 exceeds its saturated vapor pressure. Increasing
dilution decreases hydrocarbon concentrations and hence vapor pressure.
However, the assoctated reduction in temperature docs reduce the saturation
pressure. High exhaust concentrations of hydrocarbons are the conditions where
condensation is 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 consumed in the combustion process, and the lubricating oil.70

Experiments with :1 passenger car IDI diesel, where the oil was tagged with
h radioactive tracer. have shown that the oil can contribute from 2 to 25 percent
or the total particulate mass, with the greatest contribution occurring at high
Speed. On average, over half of the extractable mass was traceable to the oil. All
”it material traceable to the oil was found in the extractable fraction, indicating
fital 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.” 71

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
three-way catalysts for all three pollutants), thermal reactors (for HC and CO),
and traps or filters for particulates.

The temperature of exhaust gas in a spark-ignition engine can vary from
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 (when rich). In contrast, diesel engines, where load is controlled

by the amount of 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 some loss
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
thermal reactor (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. Thus effective 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 NO2 requires temperatures <400°C (from equilibrium
considerations) and subsequent removal of the N02 produced. Catalytic reaction
of NO with added ammonia NH3 is not practical because of the transient varia-
tions in NO produced in the engine. Reduction of NO by CO, hydrocarbons, 01'

H2 in the exhaust to produce N2 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 by a trap. Due to the
small particle size involved, some type of filter is the most effective trapplflg
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lllLillIlti. Tile :lut'uintilillinii of mass Wllillt'l the trap and llii: inert-mt: tl] cltlluu‘ll
maullnlil pressure diirinp Imp iipei'illimi are mztlor tlt‘ttclopirlcnl problems hit-Ste!
[_|.11‘llL‘l.lli1li_"$. 1inc-2' ll'tippcd. can in: l‘llll‘IlLiLl up gnhcl' by H'llliflLififl ruridtlliu“ Within.
ll": imp with :in external licilt worse or by using .1 imp which ctlrittluis Pm”.
lylll'flily .iutivc muteiliti. l'lit‘: operation of [Ittl‘llL‘lliilhf trawl ls t‘ul'icWCd liiiellv in
54 ll ill 7

11.6.2 Catalytic Converters

The catalytic converters used in spark-ignition engines consist of an active cata-

lytic material in a specially dusililiml metal casnip which directs the exhaust gas
flow through the uutnlyst lint]. “it: active material empliwed for CO and HC
.pitirlation or NO redur'littn (normally noble metals. llh‘llgll base metals oxides
.3... be used) must be (llnlflbllted over a large surface area so that the mem-
llfllltlin' CilaructEI'lRllcs lictwucn rtiu lt-“t- phase will the active catalyst swim-1t: are
bllllltllfill to :illqu ell-Isl: in It)“ percent CI'JIH-‘Ltl'ttlvrl will: liigli catalytic ucllVlTV-
The. twu colitigtitmiimb utll‘liliionly its-ct] ll“: shown it: l-ig. llsSF. lt’lne .wslcrn
;il'll[)lt|)'.'i :i tttztttililt' htlnt‘ycululi structure at iilill'lt-lltll held in a literal can in flat-

minute; Hll‘cul‘l‘l Tilt: itcllVI.’ lUUi‘ilE' lituttilt catalyst illliturial .5 [mprggimml trim a
highly [JIHIIHH tilltfllll‘lil waslltaial about It: pm thick that is applied It] the paw
sawmill walls, l'lii: lytiluul m-‘liitilitli lint.- Still]llI'L'-L:£‘tHS-Hl.‘tilltlll passageways with
insidt tlliiitttlsmlls -tl‘ - 1 mm separated liy llml tul)‘ to 0.3 lllll‘ll pilrtlus walls
T119 WNW" *"l‘ Ililh-‘iitgi-Wiiys per square LTCIllIITHHL‘l varies lit-tween dlltltll ill and
(ill The wasliruat, 5 [0 15 pelutil'll of the weight of the monolith. has a surface
ni‘uu nf lilll In 200 mjl'g. Tht‘ other l'l'lllVl‘l'll—‘i design USES ii bed of .sf‘llcrit’nl
L-ettuiiic pellets to pl'f‘VldC a large surlauu area in contact with llll.‘ fluw. Willi

pellet ~':il:llv-,:ts. Ilit‘ llnl'llt: metal catalyst ls impregnated mm the highly unions
filll‘ll-lu‘ nl llit: spherical alumina pellets tlyplcally l min Lllfll'flcilir'l m :t «luptli nl'
Ili‘llllll J‘itllini. l‘hc pellet material is Ullllst‘n tn havu li'i'thl crush and tiltltlsiua
l‘uslslunu' :ll'ici tr-‘tpmltrc T.-'I lel'iipcl'nlurlrs of Hitler llthll'll' Tllt‘: gm iltJW is
directed llttwn llirullyli llu: but! Sl‘i slinwn [u provide ll. large tlow tire-u :iiitl lmi
rim-«stirs llrop 'I In: gas flow IS lllibllleiil which results an lnglt Illltivll‘llll‘il-Cl' talus
I11 lllL‘ IlN-llt‘lilh cumlvsl [JilSSHgL‘\Vll}-‘H. it l:-' laminar ‘ i ‘

OXIDATION CATALYSTS. The function of an oxidation catalyst is to oxidize CO
and hydrocarbons to CO2 and water in an exhaust gas stream which typically
contains ~12 percent CO2 and H20, l00 to 2000 ppm NO, ~ 20 ppm SO2 l to
§ percent 02 0.2 to 5 percent CO, and 1000 to 6000 ppm C. HC, often with

filing amounts of lead and phosphorus. About half the hydrocarbons emitted by
ll. I engine are unburned fuel compounds. The saturated hydrocarbons (which

comprise some 20 to 30 percent) are the most difficult to oxidize. The ease of1 ' ' - . . .

liltelffum" 1ncreases With increasmg molecular weight. Sufficient oxygen must be
Alli to OdeIZC the CO and HC. This may be supplied by the engine itself
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FIGURE 11-53

design.62 Catalytic converters for spark-ignition engine emission Control: (a) monolith design; (b) pelleti
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HQ 100 — I ——r —'l
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g l _‘ .‘ FIGURE “-54
U ol ’.- ‘ _ Conversion efficiency for CO and HC as a

2—00 300 400— _500 function of temperature for typical oxidizing
Temperature, °C catalytic converter.“

steady—state performance at LIlL' utttnlvst When poisoning t_)t'.'t.'lll'.‘»'. catalytic etc-tit—
ity is imparted through titt’ilongcd contact with Interlcrtrtg elements Ilit‘it u'tthri
physically block the ut'l’l'v't.‘ 51105 or intcinci chemically witli the :10!th material
The lend in fuel unlit-nucl- :tlltllllli and the pittispttotus in oil ittldttwus iII'C the

most tnioorttmt poisons ‘l'litiugli leatl amikttock agents are not added to ll'll.‘

gastiltnt: Llfit‘d with catalyst-equipped vehicles. this “unleaded” l‘ttul can be con-
taminated with sninll amounts it illmg Pbtdma) Irutii the fuel Elli-imhtllltttt

system Between 10 and ii) percent of the lead in the fuel ends up on the catalyst.
Its clicet on ctitalyst conversion Cffiull‘IICy depends on the amount of lead on the
catalyst. at: ‘iltuwu in Fig I lv‘iS. Lend tit-presses the catalytic initiation 0! Hi In
a greater C'ttctit than oxidation ul'fl'fl. Tito twidtttttitt utttiVIly til saturated hydro-
mt-hntts is particularly depressed 'l llt: extent of the poisoning [lint nettiits; int-t1
traces of critical elements in the fuel and oil depends on which elements are

present and the amounts tilirsnrbctl. as well its lllL' taminusttmn of tilt: catalyst utitl
its operating conditions; tespettmlly its tentpt:t‘uttt'rt')."l'l Stuttering is promoted by
exposure of the catalyst to limit operating lettincrtttttrc—s. It involves the llllgitlliull
‘dl’lll tiggjmttettttinn of sites. lltlH thL‘J‘cuhtng their ilulll’l.‘ attrition area, Sintutmp,
slows warm—up but limi- minimal effect on the steady-state conversion efficiency.

The oxidation kinetics of CO over Pt and Pd noble metal catalysts can be

described by

d[CO] _ KlpCO P07 (11 44)
dl (1 ‘l‘ K2 Pco ’l' K3 PHc)2(1 + K4P't'w0)

whet-.1 K. to K4 ttnd n :Il'iJ constants lll .my plv't'Jl temperature. ztntl ,ul ,_,. pm. it“...
am! pm, are the partial [JI‘USHLHL'S til tturlmn iuonoiiide. oxygen. liytlt'tluttrbontt and
lllll‘ll.‘ oxide respectively A :tirnilrtr relationship can be Wnllcfl For the nlctinic and
aromatic HC oxidation rate [these [icing Iltc most reactive littdromrliunst 'l lien:
relationships Incorporate the tact that the. rates of ET) tint! llC oxidation .1“:
ll'll'libllcd lay high CO and reacttvtt llf‘ concentrations and ll‘lHl NU concentra-
tions in the range it to Hill“ ppm strongly inhibit oxidation also. The tittilntion
Hill: of ptirtil‘lin hydrocarbon-.4 titties with the. First thEI oi the ML partial pres-
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8 20 8 V HC conversion efficiency as a function

‘5; 20 {:3 of lead concentration on catalyst.
0 aha i‘__ . l 0 Total HC conversion on left; non-
0 01 0.1 1.0 ' 10 methane HC conversion on right.

Lead on catalyst, weight % 000141013 g Pb/dm3 in fuel.68

sum. is inhibited by ('0. claims and NH. and increases as the O2 partial pressure
is nit-creased I0 near—simuhii'miL-Iric VilillL‘E.68

It will be apparent from the above that two extremely important consider-

-.ilinii5 tor successful use of catalysts for automotiv: ll|!|illt_'.i'lti01’ls are the rest pro-
cedure. that in men to measure emissions and the l]ll:ll‘li)Li:t used to detfilnnne if

the catalyst has the required durabilily 'l'liu U.S. Federal Test Procedure requires
that the vehicle under test be at a temperature of 16 to 30°C for 12 lmms 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; additional fuel is injected with port or manil'iilrl fuel iiiieuiimil.
The iiiiimitile is that if sufficient fuel is added to the inlet 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. The catalyst is cold
at this time, and until it warms up, these emissions will pass through without
reattion. It is iii'ipurtant that the catalyst be brought to its lighi «3” temperature
:‘is quickly as pnssihle (prctiuably in less than 60 s) and that 111ther enrichment
during start-up be held to a minimum. Thus catalysts should have low thermal
iiwriiu in: rapid warm-up and law light-rill temperatures for (U and H(.'_',.at'i1licy

heuumi- :iliciuiwr quickly The closer they flu: placed It: the engine the faster iliry
will ran‘ii light-till. I'IK'JWCVL‘I'. ilitcv WI“ lilurl mpriicniii- higher runipcmiurc‘s when
hilly warmed up aml so he mun: ausceptil'ilu lo thermal tlcgriulatii'ni. While it is
rim too difficult lo prepay: milailysis Ihai tire highly eli‘zt-iwi; when lE't‘Sh, ii is
much iiimr- dimcsill l0 il‘uiiiilain efi'cmiveut‘ss over extended mllflagu {Stiiillll miles]
in which thr- tzzitzilysi is exposed lo Iiigli lump-:nliurus and caliilyst poisons. These
(”1“ mil-mule ITIUIII colil-sit-Il and warmed—up nui'l‘iiriiiiinue Also. catalyst dura—
liilitv lh :lllC-Cimd '11” engine durability Any engine malfunction Ihi‘ii will expose lhi:
Cillilli‘w. tn wamssivc amounts of iirihliriicd l'iit‘l [such il":' ignition lailurc. unidire-
Wllh um Iran .1 inixmic. or excessively rich iiperiitionl will severely l'Ii‘thflfll the
catalyst

tr'L‘miation-catiiltaxi-equipped vehicles may cmii sulfuric acid iieiusol.
Unleiid‘ctl gasoline mmaim 150 to 600 ppm by weight of S, which learns; the
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’ FIGURE 11-56

A “‘Pd 2“ SO2 conversion to SO3 as a function of temperature

" Ii, Oggggtzilggi with 5% 02 concentration and no reducing gases- .- present. Space velocity (volume flow per unit
200 am 600 800 volume) ~ 10 s’ 1. Results for Pt—Pd, Pt—Rh, and Pd

Temperature, °C catalysts.“

 
combustion chamber as $02. This SO2 can be oxidized by the catalyst to $03
which combines with water at ambient conditions to form an H2804 aerosol.

The SO3 can be chemisorbed on the alumina catalyst surface; when large pellet
beds are used, considerable storage of SO3 at temperatures <500°C can occur.

At higher catalyst temperatures, this stored SO3 is emitted as an SO3—SO2
mixture. SO3 production can be controlled by lowering or raising the catalyst
temperature. Figure 11-56 shows that at low temperatures SO3 production is
kinetically limited; at high temperatures SO3 production is thermodynamically
limited. Palladium and rhodium produce less SO3 than Pt and have comparable
HC and CO catalytic activity. By decreasing oxygen concentrations leaving the

catalyst to ~ 1 percent, SO3 production can be substantially reduced.68

N0 CATALYSIS. NO is removed by reduction using the CO, hydrocarbons, and

H2 in the exhaust. The reactions are shown in Table 11.11. No catalyst is avail-
able for the decomposition of NO to O2 and N2 (thermodynamically favored at
exhaust temperatures) which is sullictently 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 N0 reduction catalyst. Such a system requires a follow-up

oxidation catalyst, together with addition of air from an air pump before the
oxidation catalysl. to remove the remaining CO and hydrocarbons. Sucll ll
two-bed system can remove all three pollulunls IND. CL). and HC] From the.
exhaust. However. the rich operation necessary for NO redlleth results in a f‘th‘rl
consumption penalty and constrains the performance of the NO catalyst since a
fraction of lhe NO removed is converted to ammonia NH3 rather than N2. NH3
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10, CO, and HC) from the
10 reduction results in a fuel

:e of the NO catalyst since a

a NH3 rather than N; . NHa

'.
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TABLE 11.11

Possible NO reactions under
reducing conditions“8 

1. NO + CO —>§N2 + C02
2. 2N0 + ECO + 3H20 a 2NH3 + 5C0]
3. 2N0 + C0 _. N20 + C02
4. NO + M2 —»%N2 + H20
5. 2N0 + 5112 —. 2NH3 + 2H20
s. 2N0 + H2 —» N20 + H20___.—__.___._

Reactions 3 and 6 occur at 200°C, which is below
that usually found in auto exhausts.

fi3l‘llltil'iim nutter rich operation in the first had must be small in this two-bed
system tit-ciiiisr the second ti'ixidaiiolii catalyst readily oxidizes NUJ [melt to NO.
Rat'llicfll‘ln ul NC) by (‘0 or H. can be iieetiiiiplishctl by bust: metal catalysts to».
Cut). Nit); iii the temperature range 550 to 600"C'. However, il'iese catalyst
materials tire deactivated by sulfur and have shown limited thermal stability
whull user! in Vehicle exhausts. AIunitnit-supporter] noble mam] catalysis reducc
NU with ("CLH2 mixtures. Their NU-rcduction :ttztiiiily is in the order
It” --, “In _> Pit >- Pt. Ruthenium thii and rhodium [Rh] pt‘tjdtlijt‘. considerably
less NI-I.I ihiiil I’d or Ft mitten slightly rich conditions While these proper-tins
make ruthenium it ilcsiratiit: NU catalyst. It l‘ririiis Volatile oxides unlit-r oxidtzmg
ciiiitliiiniis which results In loss of ruthenium from the alumina support ”5

THREE-WAY CATALYSTS. If an engine is operated at all times with an air/fuel
ratio at or close to stoichiometric, then both NO reduction and CO and HC
oxidation can be done in :1 single catalyst bed. The catalyst effectively brings the
exhaust gas composition to a near-equilibrium state at these exhaust conditions;
i.e., ti composition of C02. H20. and N; Enough reducing gases will be present
to reduce NO and enough 02 to oxidize the CO and hydrocarbons. Such a
catalyst is called a three-way catalyst since it removes all three pollutants simulta-
neously Figure 11-57 shows the conversmn efficiency for NO, CO, and HC as it
function of the air/fuel ratio. There is a narrow range of air/fuel ratios near stoi-
chiometric in which high conversion efficiencies for all three pollutants are
achieved. The width of this window 18 narrow. about 0.1 air/fuel ratios (7 x 10 3
1n equivalence ratio units) for catalyst with high mileage use, and depends on
catalyst formulation and engine operating conditions.

This window is 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
ratio has been introduced. An Oxygen sensor in the exhaust 15 used to indicate

'Wl'lDiill—‘t the engine is operating on the rich or lean side of stoichiometric, andI'I'Wltit'.
. a signal for adjusting the fuel system to achieve the desired air-fuelmulllrt'

(see Sec. 7.4). Holding the equivalence ratio precisely on the chosen near-
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_ Stoichiometric FIGURE 11_57air/fuel ratio , .

L Conversion effictency for NO, CO,0 .
14-3 14.4 14.5 14,6 14.7 14.8 14.9 and Hg 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 art-unit the set point in an appioitimatcly pertutllt‘
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
cllbctively removed, with cyclic variation of the fuel flow. The nuuimum convct
:ion in the middle of the window is reduced, however, from its value when there
are no fluctuations. The effect of fluctuations depends on the frequency; fre-

quencies of about 0.5 to 1 hertz are most cll‘cctive and the usable Window (at
lower conversion efficiencies) can be broadened to about 1 air/fuel raliut Some of
the benefits of fluctuations in equivalence or air/fuel ratios are available even

without any deliberate attempt it: prutlttc: such variations with clnscd-loup feat-
hack Open-loop systems exhihit vanatmns in the airffucl ratio during unruiai
vehicle operation.

Because of these cyclic variations in exhaust gas composition about a set

potnt. close to siniciiitimetfie. It Is desirable that the catalyst be able in retinal:
NO when a slight excess of oxygen Iii present [on the lean Side] and remove LT)
and HC when there is a slight deficiency 01' oxygen ltitt the rich sidct. Rhodium is
the principal ingredient usual in commercial catalysts to remove ND. it IS very
itctiw: for NO reductmn. 13 much less inhibited by CO and sulfur compulmds.

and produces less NH3 than PL To remove NO under slightly lean-oil
sllsichltitnt‘lntt conditions. the catalyst must react the CO. H;, or Ht" With N0
rttthct than with 01. as the exhaust gas passes through the catalyst I'M-‘6‘
Rhodium shows some NO reduction activity slightly lcun of Sltllchittmeltlc. On
the rich side. the. three-way catalyst window is determined by liyurocarhmt and
(‘0 removal Platinum u; must ctnunmnty used for HP and (‘0 oxidation: it has
grind actwuty antler stoichiarnctric and slightly lean conditions. When suflicit‘t"
rhodium is present, the participation of PL in N0 removal is minimal in Il‘IL' rich
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FIGURE 11-57
Conversion efficiency for NO, CO,
and HC for 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, H2, and
hydrocarbons; it is thought that the H2 is removed first. In addition, the water-
gas shift reaction

C0 + H20 = H2 + C02

and the steam—reforming reaction

Hydrocarbon + H20 —> C0, C02, H2

can consume CO and HC. The exhaust contains an HZ/CO ratio of about é (see
Sec. 4.9.1), where the equilibrium ratio at 500°C is about 4. Considerable C0

removal can be expected if the water-gas shift equilibrium is approached. Plati-

num is active in promoting this equilibrium. For large molecular weight paraffin
hydrocarbons, and for olefins 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; platinum is also active.68

The conversions of NO, C0, 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 the 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 component, can react with 02 or NO (which removes NO directly or
indirectly by reducing the 02 concentration). The oxidized component can then
oxidize CO and HC in the next rich cycle, etc. Components such as ReO2 or
CeO2 which exhibit this “redox” behavior can be included in three-way catalvst
formulations. Commercial three-way catalysts contain platinum and rhodium
(the ratio l‘tj'Rh varying substantially in the range 2 to 17) with some A203,
MO, and CCO2 , Alumina is the preferred support material.68

11.6.3 Thermal Reactors

In Secs. 11.3 and 11.4.2 it was explained that oxidation of CO and HC occurred
during the expansion and exhaust processes in the cylinder of a conventional
sPark-ignition engine and, under certain circumstances, in the exhaust system.
Omelation after passage through the exhaust port can be enhanced with a thermal
reactor Tan enlarged exhaust manifold that bolts directly onto the cylinder head.
[15 function is to promote rapid mixing of the hot exhaust gases with any second-
ary alr Injected into the exhaust port Irequired with fuel-rich engine operation to

$31110: a net oxidizing atmosphere), to remove nonuniformities in temperature
Composulon 1n the exhaust gases, and to retain the gases at a high enough
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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 which exits

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

CO in 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

nxidution. The exhaust gas temperature in the manifold of a conventional engine
is not sufficient to achieve any substantial reduction m engine exhaust port emis-
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 thermal inertia reactor is desirable. Typically, a thin steel liner
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 reactor inlet gas tem-
perature, heat losses, and the amount of HC, CO, and H2 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 secondary air 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 same fraction 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 under fuel-rich operation, substan-
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FIGURE 11-58
Schematic of exhaust thermal reactor
for HC and CO oxidation.
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rial reductions in CO emissions are difficult to achieve. For very lean operation,
HC l‘lll‘tltlp becomes marginal.

A practical limilntrun tn reactor rll’ectivei'ics-a with lIJC-lrl'ifill engine upetv
anon ts mixing of secondary air and engine exhaust gases in tlit‘. exhaust port and
tht‘ reactor core. The secondary itii flow with ‘J ui'uivetiti-Jiiti1 air pump is Bl'l‘cc-
tit-21y shut hit by the exhaust btowdowu iiiticcs'is. and viitimllv m1 mutulmrt

Lit-curs In the exhaust port tar-cruise itir. .iii' and exhaust gIISC‘: an: segregated.
Militia; iu the reactor itself is promoted by N’tltlitl‘ily arranging the reactor inlet
zllltl {1);}! ports and M using baffles. In systems With conventional sctti'iitdiii'y air
pumps, iiiusimtiiti reductions in CD aiirl HC' t_h‘_'.<_'Ut Wlll'i II] In .‘tt‘i pun-Um ukunsfi
Hit in the itiixturc. Hnwwer. even with very high ruacloi curt; gas teriiltm‘aliirus.
It)” percent. HC and CO m'distiuii it. not achieved dilt‘ to iii-:imipletc mixing.
imltmvcd unnlrol of secondary air flow hm; hirer: shown to increase significantly
{f‘ti citiissimis burnup

11.6.4 Particulate Traps

An exhaust treatment technology that substantially reduces diesel engine particu-
late emissions is the trap oxidizer. A temperature-toleranl filter or trap removes
the particulate material from the exhaust gas; the filter is then “cleaned 011“” 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 engines. Their use with heavy—duty
diesel engines poses more difficult problems due to higher particulate loading and
lower exhaust temperatures.

Types of particulate filters include: ceramic monoliths, alumina-coated wire

mesh, ceramic foam, ceramic fiber mat, woven silica-fiber rope wound on a
porous tube. Each of these has different inherent pressure loss and filtering effi-
01ency. Regeneration of the trap by burning up the filtered particulate material
L'ttn lic uh.'t1(‘lllpll':lll3tl by raising llh temperature to the ignition point while pro-
viding it-weir-containing exhaust gas to support combustion and carry away the
hunt icIr-uactt. Diesel pnrtimhite matter ignites at about 500 to 600°C. This is
fibllvc inc ni-imal temperature of diesel exhaust so either the exhaust gas flowing
lhl't‘llyh ll“? trap during regeneration must be heated (positive regeneration) or
Dmitinii niitsl hi;- made to occur in a hit». er temperature with catalytic materials
on tllli' II'JI‘ m added to the fuel [catalytic regeneration). Catalytic coalmtts on the
trap reduce the ignition tt't‘tlpk‘l'lllllu‘ l'iy tip to 'E't'Jtt't'

I"him? l 1.5!} shows ti Ct-rrii'nit:-i;uiitcd trap r-mthzer mounted on lltt.‘ exhaust
Slistern of a tit:'l|t.‘cl1ul‘gt‘d ID] diesel engine The trap is a ceramic honeycunib
With half the veils closed at the inlet em} and the other half of the cells closed at
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FIGURE “-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 ceramic cell walls. The outside of the honeycomb is insulated and the trap
is mounted close to the engine to maintain as high a trap temperature as possible.

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 corn—
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.36

PROBLEMS

11.1. Figure 11-2 shows concentrations of N0, 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 mixture is 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
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 uses, on average, 120 grams of gasoline 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 N02), 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 C1), and C0 in the engine
exhaust.

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.“5
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11.5. A three-way catalytic converter IS used with the smirk-ignition engine in Pmti 11.3.
For 10 percent of the driving tune, the L'Iliiilyst is mitt and indicative, and lllliES not
I‘l'dlflllt the engine's emissions. For 90 percent of Ike Inna. the analyst is hot and has
conversion efficiencies as given in Fig. 11-57. Estimate Ihe average vehicle emissions
of NO,” HC, and CO in grams per mile.

11.6. Firm-r. 15-11 shows the variation In NO and HC emissions as concentrations (ppm)
in the exhaust of a sparkqgnniun engine as a function of speed and load. Convert
rhea: data Io graphs of iuiditated sin-uni: NO ant! H(' emissions (pikW h) Versus
sliced and lump Assume nu [based on mmosptmnc air {tannin-I = nnepilii’al .v. 10'3

11.7. Use the data in Fig. 11-44 to estimate:

(a) The mlmusl particulate emissions as a fraction of the maximum particulate
loading during the cycle.

(b) Tilt maximum measured soot loading and the exhaust soot loading as fractionsoi the Fuel carbon.

(c) l'hr: L'quwailnnt sphere size of each soot particle at the number density peak (22“
M C} amt in the exhauul.

Assume a particuliilu: density of 2 giving. Note that the gas volumes in Fig. 11-44
are determined at standard temperninrt- and pressure.

11.8. Explain the following emissions trends. Highest marks will be given for succinct
summaries of the important technical issues.

(a) Nitric oxide. ENQI L'ITllrtxlurla' ii'nrn diesels and 3|)IleAlgT'lill-Oi‘l engine: as in:-
L’thllValfltlt'tl mini is varied show significantly dim-rent IJL‘liuvml' [see I-‘igs. 1| 0
mini ll-liil. Redraw these graphs on the. some iilnl ill'ltl explain the ulifl‘ercn!
trends for these two types of engines as (1) decreases on the 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 are different.

1.0

 
  

' (V Diesel
0 g \ ¢overall : 0‘5
26‘ — \

E "-'I\‘ \ \

¢ = 1 Won
0 _ _J_ i 7

10 20 30
EGR, % FIGURE I’ll-8

(C) Drake- anmfic particulate emissions from diesels .m- a main: pruhidm. Pruden-
inic emissions lmrn conventional sparkqgmliun L-nmncs .irl: nugllgililu. Iii-hilly
“Nani why lhi: particulate emission levels from those two types n! engines arc
31‘ stilicritul in magnitude.
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662 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

(d) Diesels have low carbon monoxide (CO) emissions. Spark-ignition engine C0
emissions when averaged over a typical urban automobile trip (cold engine
start, warm—up, cruise, idle, acceleration, etc.) are substantial and require a cam.

I 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): <15 2 1.0; compression ratio = 8 : 1; bore = 100 mm;
stroke = 100 mm; piston diameter above top ring = 99.4 mm; distance from piston

| crown top 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/kW . h.

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 flows out of this crevice as the cylin_
der pressure decreases. The gas in the crevice can be assumed to be at the wall.
temperature, 400 K. The gas pushed into the crevice ahead of 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.

'- ' (a) Calculate the mass fraction of the cylinder gas which is in the crevice between
I i 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
1 cylinder and a further one-third is oxidized in the exhaust port, calculate the

engine HC emissions from this source in parts per million (ppm C1) by volume.
(0) 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 (1 1.1) 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):

t ! .ithq
lllr

 

 
= ZkiENZLEOL

when: [ ] denote concentrations in grum‘moles per cubic eenlimeter, kf is the mic
constant for reaction (11.1), nnd the Iliclor of 2 enters because the N atom formed
in (11.1) immediately reacts via (1 1.2) or (11.3) to give an additional NO molecule:

7 38.1100
k+=7.6 10131 x exp( T > cmS/gmol - s

Where T is in kelvin.

Using the equilibrium composition data provided for mole fraction atomic
oxygen (0), molecular nitrogen (N1), and nitric oxide [NO]:
(a) ['lul the formation rule of NO as a function of the equivalence ratio at 3000 K

and 5.5 MPa. and as a function of temperature [or u stoichinmetric mixture at
5.5 MPa.  
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(1;) Estimate approximately the time taken to reach equilibrium NO levels at
qt = l, 2750 K and 3mm- K, 5.5 MPa.

(c) If the stoichiometric mixture inducted into the engine reaches 3000 K and
5.5 MPa ul'lvr CHmL‘uISliml. m ”it: absence- u! iuw mum: pus rcmruumlls.n. ml.
wiulc the pcrcurilugu n! litt‘ emails! llml must he rmrvclud In the mum: (”1 list-
niilial inlalu' temperature» to mine: the Nu furumlmn rule by .‘J. illL‘Iill .il .1
(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 (15 = 1.0, p = 5.5 MPa

Mole fraction Mole fraction

d) T(K) 0 N2 T(K) 0 N2 NO

0.9 3000 2.1 x 10‘3 0.73 2500 6 x 10” 0.73 —
1.0 3000 1.5 x 10‘3 0.73 2750 5 x 10“ 0.73 4 x 10’3
1.1 3000 l X 10‘3 0.73 3000 1.5 x 10‘3 0.73 8x 10‘3| —E_—_
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'l 11h. clmplur II‘VIL‘WS the npmnlmg cha'lmciunsllm ul‘ HIL- mmmnn types .ai‘ sum-L;-
I'L‘l-IULH' uni] L'Ul'l'nfrl‘csSlUHvlgllllloll enanL‘A l'hc [hulk-minute. allirlem‘v. and cum
aim-s ul‘ Hum: mimics, :Ind 1h; ellL-ci uf thank-ca m map-Jr design :1qu apt-mung
variables, are related to the more fundmm-ntul nmlcrinl u-n em’lm um'nlmnimu,
thermodynamics, fluid flow, heat transfer. .1ml friction tluvclauud m mrlm than
ten-; Illi.‘ intent is to provide data on, and :In CXDIHIIHIIUH ul, actual ungmr oper-atmg; uhuracteristics.

15.1 (1; NC IN 15 PERFORMANCE
PAR -\ Ml E'l IL RS‘

'i'llt luraclicql engine pertmnmnvc lmrumc
Swmlic l'ucl L'mmnnrmnn. Pt
\wlmue. In (‘hun
Niom'

furs nf micron an; lkmcr. lmqur. _1Ihl i
aver uwl lorqlne iiupillltl on an enema} displaced

I u sci of normalized a! dimensionless- pel'lmnmncc um] um»;

r:—.‘Ir.‘unrlm< were defined to climitmlr llu-a. clli‘vls ul' unglnc w/c. Pas-vet, Fr. and fuel ummnnr-Iion WCH’. expressed [11 “311115 of Him-.1- pnmmL-hggg [See
and We Slf;l|lllL‘:]lltfn: 0| thus: pufalllcltl‘r‘. uwr an engine‘s load and “WC“

““1140 mm Lint-cussed (Set; 3 H). Usmp these normalized parameters, the ull‘cci .11
WW": um,- um hu Iundc ripliclz. 'l he power P can be expressed as:

P = mep AP S‘p/4 (four-stroke cycle)
_ (15.1)

P = mep Ap SID/2 (two-stroke cycle)
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824 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

The torque T is given by

T = mep V;/(47z) (four-stroke cycle)
(15.2)

T = mep Vd/(27z) (two-stroke cycle)

Thus for well-designed engines, where the maximum values of mean efiectiVe

pressure and piston speed are either flow limited (in naturally aspirated engincS)
or stress limited (in turbocharged engines), power is proportional to piston area
and torque to displaced volume. Mean effective pressure can be expressed as

F

mep = m m QHv path) (15.3)
for four-stroke cycle engines [Eq. (2.41)], and as

F

mep = w mrAQHv pa,i<z) (15.4)
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 consumption is related to fuel conversion efficiency by Eq. (2.24):

1

’UQHV

These parameters have both brake and indicated values (see Secs. 2.3, 2.4, and

2.5). The difierence between these two quantities is the engine’s friction (and
pumping) requirements and their ratio is the mechanical efficiency 17,".

The relative importance of these parameters varies over an engine’s oper-
ating speed and load range. The maximum or normal rated brake power (see Sec.
2.1) and the quantities such as bmep derived from it (see Sec. 2.7) define an
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 efiectively.
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 and efficiency, 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.

 

sfc = (15.5)

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 power

for the basic engine; this includes only the built-in engine accuessorieh'.2 The
maximum net power for the fully equipped engine with the complete intake and
exhaust system and full cooling system is about I4 percent lower. The indicated--
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FIGURE 15-1

mep,kPa

sfc,g/kW-h

Gross indicated, brake, and friction power (P,, Pb, Pf), indicated, brake, and friction mean effective
pressure, indicated and brake specific fuel consumption, and mechanical efficiency for 3.8-dm3 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 (In: engine cycle (see Sec. 2.4).
The indicated munn elTurlwe pressure shows. a mammum in the envlne’s mid-
spuerl range: just below .1000 rcrjniin. The shape rrl‘ the imiirmluil power rum:

l'ulinws from the imep 0mm: 5mm: llir full-lulu! iiniiculed spec-ilk: !u1‘.| consump-
lmrn Hind hence iniJiCuled lucl conversion Irl'liricnuzvl varies liltle nver me full

“Bur-d range, this variation of full-load imep and power with speed is primarily
due to the variation in volumetric efficiency, 11,, [see Eq. (15.3)]. Since friclirm
mean effective pressure increases almost linearly with increasing speed, friction
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pnww will unzrcasc mun: mun”).- llencc smwlmrncrrl L-ihr.'im:r;r.'
Inert-runny, slated l'rmn .1 n-risimum nr alirml “.9 ar 1

i rum Titllk hmep prmks rrr a imam-r weed than lump 1 irr- brute power gin-“w a
| nirmmum a! rib-m! 410i] rah-rum; mercases in speed above this value result in a
i riucrcgrao in P,,. The inrlicntcri "Jill conversion elf‘lcrcncy increases by about 10

percent from 0.3! to UJ-i river the speed range IUUO to :1!an rm-‘irnn. This is '
primarily due in the ulcer-using importance of heat transfer per cycle with :mr‘rulsing ipuurl.

I At purl [and Lil iixcii lhrmilr; pt-Hllhlm iliL’Ak‘ pururrruiers irclraw srrrniurlr
lir>\"r.‘\c.r. ul higher speeds: lot-uric fur-l menu et'r'ccrrrr: pressure decrease nmrc
{:iirltll} wrrli rncruusrng speed Ilmn or full load '1 hr: throttle Chukca the [low at
toms and Iowa speeds as the lhmrrlc open area is reduced, increasingly limiting
1hr: air fi-m mm: Hg. 7'23 The pumping component of total friction also

. increases :15 Hit: engine is tlrr‘r-ulr‘d. rlecreasing mechanical efficiency (see Figs.I35.) and H- it“.

Figure 15-2 shows full-load indicated and br
rH'flfiziurc Fur nuturaiiv rispiralcn I]!
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mrI-innd torque and bmcp elmru-Li:rrisrrr:s (at li‘rcel

-:)'clr.:| June a Hrrmlar shape In the Frill—loud characteristics in lig. T‘LL‘ l'hc
decrease- H1 torque and brncp WIth illtrunsrru: engine timed is rjuc primrrrrlv to im-
HIL‘I‘CJSC in inciirm mun with s-pcerl [see Figs. |,‘-"r i3-—l 1, and i HE}. Dent-41mm
xngiriu hear t'unsIr-r per cycle .1an ricer-unsung arr—iiuw mm as «pr-w |I‘h_‘l’|.'(l.'n."-.
him: rnmlusl additional rrrrrmnrq.
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l‘SJ OPERATING VARIABLES [HAT .AFFltCT SI ENGiNE PERFURMANCE,
EVI-‘lC‘IENCY, AND EMISSIONS

r1 E

r $8i s

l! |
Speed.rev/min The major operating variables that alfecr spark ignir inn engine grurfursrmncc. affr-
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15.3.1 Spark Timing
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r'IrrIirmn m Elitlri- tin-mg
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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 MBTimaximum brake
torque—timing. This timing also gives maximum brake power and minimum
brake specific fuel consumption. Figure 15-311 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 an initially 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 must be 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 MBT timing is 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 torque 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

2&0“ revf'tnin

 

 
 

420

20° A6,,

E 1 1 100° 10% EGRz .
u" 400
= I:
E :1: ¢ = 0.3.. a 2
fl} .8 V

m 380 .c:
1.0

45 = 1.0, A0,, = 60°, 0% EGR
except where noted

360 I l ‘ |720 v10 —5 MBT +5

TC 10 20 30 4O 50 <— Retard Advance—v

Spark advance, deg BTC Spark advance
(a) (b)

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.5 (b) Predicted variation in brake specific fuel Colt-
sumption (normalized by MBT value) with spark retard at several difierent part-load engine condi-
tions.6' 7
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l torque, the silica! ul‘ spark llllllllll l‘-tl‘lttli.1ll.‘i nu illt'l \Jt‘llblltltl‘titdll .tl urinslnnt
Cugnu: inert] can l]L' nvalumcd [-‘iunr‘c JS-Jh slmwt I“.. nth. “insurer! with :1 mm-
pntcr simulation hi the engine operating. eyulu “' ’ I'lut t‘II.I'VL‘.'\ for set-unit dith-
Dfll'lellitltl operating cranunium arnl hum tlnmrinm ll'r
Inorrnnlircd :Iud l'nll eth’liitHiIV run top or
sport. tuning have only .i modest cit.

litr. mum-I is much more ii'tv'ltli-iC‘uttl
Hpmlr. timing: ttllnu‘ts ncnlx cylinder

nnu hunted ens l'ulilrlufilllll'tté Her.- "1‘

Irltl

fun last m shut-l i'lthL‘ been

cyst; other. i-‘u'l- degrees ul‘ rL:l.u‘ll Ill
It on lr-t-l mnsrunphun: l'ur Ill tn Itl‘ lL'titI'tl

iu'ukaure and therefore: punk unburned

JL . Lilli ls'etardrng spurt; tnnnn:I l‘ruz-m Eln-l optimum reduce.» these vurialalcs. Retarded liming: is stuttttlrmcs used then-tan: lurI NU, ant-mun r-Jmml lsev lag, II I3 and .n:r.1-<omp:tnyiint testi lll'llJ tn int-tint
toilet-z Inc-3 See. up It. The ti‘iilitil'fl Icmpr-Imnu'e
Ruhr-cling Inning from Min
r‘lcllt‘y final lltttll' lug; tr:

is. :rlw attested h} spurt; Inning
increases exhaust temperature: ltrrt'n engine elli-

Illt' mel'nrulnnl t‘lnimltui Willi.“- [scu l-trz. tf-IT
rimming}. Retarded timing he sometimes u

luv increasing the I'ructurn rmnlmud nlunue crpnnmrn and exhaust din.- In the
higher lnn‘nuti [Lib temperatures. that ruzsult [see Slur
he linen] ul rnginc nth: In bring the ip
lur flthlLilliLJ, rrnslire .m‘ n'n'nr lavrltzib

l Llrl'

sad to reduce IIvrlrocurtmn enussrr-ns

ll 4,3), Retarded ttmil‘q:I may
llllltm rn-nn dinner in It where t-nndnionsIn.

15.3.2 Mixture Composition

lln: nnlnlrneni mirlur'c in the engine uyhndcr
vnpnrrzcd}. .or. and hunted gases. The hurried gas l'r
any recycled exhaust used for NO ctrnilni.
bustion is most critical, since this determines t
process which governs: the engine‘s ups:
stirrm .Ih.‘ nnurle. to produce
mmnties rem-.nrr lser: Sec 9.

L“'lf|?~‘l$i'.‘i oi l'uel Hitrl'ltlg-lll)"
action is the residual [gas plus

Mixture composition during crum—
ln- development of the C-Llnlhllsrimt

rating characteristics. While- .snlnranunl
a unilurm mixture within the cylinder, some nonuni-
4.?'.I. In :t gar-ml cylinder. (tabby-cycle variations in

ti‘C-‘JHI: charge cnrnpnstlion axis: Mm. mlhin
Gide, rln: lllfli. :1li, EGR, and restduril gar :if't
limitlrnt urnnmilnrlnirrcs across the

melt cylinder In a hiven engine
not completely mixed, nn-i cone

charge may he. Sitttltficjllt 1 tin-<1: together
lln: spark plugs lmmlmll trite unhL-nt rcpt-m

iICVtrltuprtlcnt influence the rest hi“ the cmninndnm
process] which um it? rnl’nrdur _I; It! percent pertk‘TG-ticttk tsu: I‘ie. 9-5-1} In addi-
mm. in rnnltieylmdes engines. the arr-ragt- air, liiei. .ltltl lit-it flow r
cylinder arc Tm! Identrcat.

Gert-morn, ul' -_t_-,§ pctec

[ii'mlllu‘ Wtrtrtlimh In Cm'nprlsirirnt at
'tiItIJu‘ tin: early stages of illillll'f.

it'tifi In each

lynual ct'liu‘uh-r-to-cylinder variations has: smudard
nt of the [ne.-m lnr on flow rate and fuel flow r.1te(gi\'.n.e a

T This aspect of mixture nonuniformity is least well defined. Mixin
EGR) with residual gas is likely to be incomplete (see Fig. 14—36
residual gas fraction is highest. With intake-port fuel
I.llel-air mixing due to the fact that the air flow and
engine is cold, fuel distribution within the cylinder is

g of the fresh mixture (fuel, air, and
), especially at light load when the

-injection systems, there is evidence of incomplete
fuel flow processes are not in phase.9 When the

known to be nonuniform.
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830 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

1:7 purcaut varmlmn in rhc airflucl Iatini For steady «lute Engine upcmunn. Milt
cylindur-tn-cylindur slow rules may have higher vnrmlnlily‘ Undur Lllwlueidy
crigilic operating unnrhlinns all ilicse Variations can he higher

II is licccmury lo consider the cli'ecl ol‘ misluru i:nll'1|'ll.1."llltlil changes uu
cumin: upm’nlmg and emissions EharHGInl’ihlJCh‘ in “ND regimes: ill wulcmpen
Ilimulu lWUl‘] ur lull load and (2) [Hill thrnluc or lazuli AI WOT. lllL' engine “If
llnw is ll‘lL‘ maximum that the cnginc will mducLT Fun! flow mu be varied. but air
iluw as real. by cngiru: :imrgu vnriublus and speed, Al part lhmllla: am How. inL-i
llnw. and iJ‘GII flow can In: varied, Evalualimi al’mixmru column-51mm changer; :11

pan lam] should In: {lune :11 fixed lhr'aku] loud and spa-ed. i.c.. umlcr cundilmm-
WllL‘ll‘.‘ 111:: angina provides the desired torque luvcl ul 1h: SDGC‘lllCtl span]. 1.3
muiulain torquc lor load or hrnepi constant .‘JS mmurc uumpus‘ilimi is.- Vllllllil
nnrrmilljr rmuil‘cs‘ changes In Ilimlllc sailing. {and il' EGR is vmicd‘ ulmligus m
LiGR ilnw~conlrul valve setting). This distinction heiwccn purl-lnmi mmparimm

:II manifiml lnrqur: or human rather than :1! constant limitllc selling»; lWlllL‘ll rum
assuminlly muslaui air flow). is unportanl because the pumping work umnpmium
ni' cngmc friction will vany ‘JT cunslanl engine loud as mixmrc mummy-“mu
clumps-4. At cummm tlimnlc wiring and speed. Ihc pumping wmk remains ths'vn-
tially unchanged.

Mllilil. EL 0|! EQLIWALENC'IC RA'J‘IO CHANGES. Mixture mmpusilrun ell-cult.-
urc uwnlly discussed in terms of the aidi'ucl ratio (or l‘uclrarr rnu'ul hemus»: 'm
virgins lusts. tin: rm and Incl flrnw mics in me engine can be mmsnrcd dirccllr and
lllfliflllac 1hc iucl rrictcrmg syslcm is designed in pruvinlc the appmpririli: l'ucl Ilrnw
i‘nr lllc .wtmil air flow at each speed and loud. Huwcvurl the I'ElElllVl: pmmulmm

ol‘ l'uul and an can I»: stated morc generally in terms. ni Ihc fuclfnir cqmmicncr
riuin ill [ll'ic urinal l'Uclfnir ratio normaluml hy rlmding by Ihc Sluwlliniilurlir
Incl/ruin ratio‘ SEC lL-‘q (1.3)] or (hit relative air/fuel ruLiu ,2. [sec liq. [3.91], The
cumbusliun characterising: of fiicl-mr mixtures. and the 1‘l‘Ulml'lJCL-i ui uuu-nhuminu

products. which gnvcrn engine per-l'nI-nmnuc, efficiency. and cums-{inns Llilfl'flil'l:
lust for u widc rungi: of fuels relative lo the sluicliinmcuic mixture prupsjuiinm-r.
Where appropriitlu. therefore, llw. uquivaluncc ml'in will hi: usurl as 1m: duhmng
primrIm'lm'. Equation ('7. ll convurls Ilia :iirfl'ucl ratio willl gasnlmu to flu: cumm-
lciice mm).

Flu: lluznrclnml basis for umlursluncling, ilk: clTucI of changes in the aqua-'3‘

lance ratio is Ilu: fucimr uyulc resulls in Figs 5—0 and S— IU. when: lhc imiimml
Incl umwcrsinn ancient}; and mean itli'cctivc pressure an: shuwn m; n i'unulu'n Irl‘
'llli': lm-lfmr cquivnlmwc ruLiu. (Ill. The man clfcclwc pressure punks slightly J'lCll ul'
sioiclilumumL. liulwucn cf: 2 I mod |.l. 13m: In rlissociunun :1l lhr: high W1"

pcmlurcs lollnwmg sumhus‘linn. I'lmlcculur 1.!“ch Ls prusum in the bllrllt‘d unit“
under Slnlchinmclru; uuudniuns. 51.! some addilinual fuel can but atlrlcd um! {’f‘l'

1' EGR is normally zero at WOT, since maximum torque is usually desired.
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state engine operation. EGR
variability. Under unsteady
Ie higher.
ire composition changes on
two regimes: (1) wide—open
oad. At WOT, the engine air
el flow can be varied, but air

t part throttle, air flow, fuel
rture composition changes at
speed, i.e., under conditions

1 at the specified speed. To
ixture composition is varied
f EGR is varied, changes in
:ween part-load comparisons
throttle settings (which gives

1e pumping work component
rad as mixture composition
)umping work remains essen-

Mixture composition effects
(or fuel/air ratio) because in
can be measured directly and
ide the appropriate fuel flow
wet. the relative proportions
is of the fuel/air equivalence
viding by the stoichiometric
ratio A [see Eq. (3.9)]. The

the properties of combustion
icy, and emissions, correlate
)metric 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 shown as a function of

)ressure peaks slightly rich of
ssociation at the high tem—

s present in the burned gases
1 fuel can be added and par-

ly desired.

 
ENGINE OPERATING CHARACTERISTICS 831

tially burned. This increases the temperature and the munncr of moles of the

burned gases in the cylinder. These effects increase the pressure to give increased
power ullil filep. f‘ttcl runvL-rsiuq c.

flick-Hey deem-law approximately as l«'.'-. .u'. Klu-
mixrun: is richened :ibow stoit‘himnetrte up ;. li dut- to the decreasmy L'iHIl-
bud!!!” cmtlllnt'y associated Wllh Ilir rit-huuing mixture

For minutes It-un rnl' sttiielumuetric, the theoretical fuel conversion effi-
ciency increases linearly as ()5 decreases below 1.0. Combustion of mixtures leaner
Ilinn sloit‘lutmiuiric producer: product-.- at lower imimeramm, and will: less dis-w—
timiiaiu ml the triulomic “Inlet-tiles ("07.

cal energy til the fuel which is released as hCIlRllllI: cncfgv ”cur 'I't" is grualrrj
hence a greater fraction of the fuel’s energy Iii H'JIISICI’I‘EtI its work ILI {I'm piston
during expansion, and the fraction of the I'uul‘s available energy reim'tnid In the
exhaust system LiUC-IL‘HSL‘H‘ (see Sec. 5.7). There is it diseuritinuily in the fuel conver-
sion efficieuey and inmp curves at the Sir-letiimncn‘ic point; Ihe burned gas com-
position is substantially difTerent on the rich IH'ILl the [can sides of if; 2 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,9 and
values of gross indicated mean effective measure and Incl mgnwci'smn unlicurncy
derived from the isfc dam. In these engine tests. lllt' fuc

in two tiillermt ways iii mth the normal Liilfl‘llll'L‘lJH .‘IHLI t2.) mil: .1 lluillctl rape-iv
izing tank to ensure intake-mixture uniformity ‘lluipcs ml the [ll‘ili‘ilt-‘Rll elm-lune};
uurws .iiu‘l the theoretical curves in Fig it) tliii‘c: ('fi'llntiCI-TII-u.tyliudc-i nirg’l'url
ratio HIlIltIleI‘lbUthfl [invents the carbur‘eu‘il engine nuieruliug leaner than
qS z 0.85 (A/F z 17) without misfire under these conditions. While use of a fuel
vaporizing and mixing tank essentially removes thi'\ mainlistribution and extends
llll‘ lean misfire limit. 21“ does not continue to lllfti'silau as (15 decreases. The
reasons for this are that cycle-to-cycle pressure fluctuations and the total dura—

;ini1 Hf.) lhlh the Puritan -.\l' Illi: Clicmlr

I-thl' mlxlliru was preparer!

 

 
  

   
lltMJ— 7—"
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E 900 — /’ — 38
5; him , - 360

.E \

" 700* - 34 E'1- 8
320 _32 g

uhl - - 30 \-
e ? FIGURE 15-4
3 Pm— o Vapor tank Elf [ fth f l‘ . . l g t' .i . . O Carburetor “28 cc 0 . e ’ue /air equiva enee ra 10 varia-
°'j . tmu' on indicated mom el‘lectlve pr-ti'iui:
E 260 ‘ 26 sii-zmlic fuel consumption, and fuel c-iu-i-i-

.m _ tum ulfiruriit-t :il' uuuvllii-lur apart 45-111mm
' ' J mug-Iii: Ill ii-Itle-uimii ll‘lh‘lflt,‘ and llflfllu\‘_f
l'l J

--" —_L_' _1_.—_i¥|—'_ “Illr L‘utu I.“ ‘ll'llith-Illl I.ithJT"'lUEI cupiilu0 6 0 8 l 0 t.‘ l 4
1nd ruivmt' miuppetl \I Illi mini; luu'. winch

Fuel/air equivalence ratio extends the lean operating limit, are shown.9
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bmep = 250 kPa
2400 rev/min
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in \‘
e" ‘\- “war"
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Cunlmct. high rc, chamber
300 1 I | J._ t |06 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Fuel/air equivalence ratio
(a)

430

410 bmep = 325 km
390 _ 1400 rev/min FIGURE 15-5

MBTliming Effect of combustion chamber design
"f 370 and burn rate on spark-ignition engine

5 350 7 brake specific ‘fuel consumption. (a)no 1.6-dm3 four-cylinder engine wrth con-
‘57: 330 ventional combustion chamber and.D

1.5-dm3 four-cylinder engine with
compact fast-burning high-compression-
ratio chamber beneath the exhaust valve
with rr = 13, both at bmep of 250 kPa
and 2400 rev/min.10 (b) Predictions from
thermodynamic-based computer simula-
tion of engine cycle for 5.7-dm3 eight-

Fuel/air equivalence ratio cylinder engine at bmep of 325 kPa and
(b) 1400 rev/min with MBT spark timing.6

310

290

270 -
 

0.6 0.7 0.8 0.9 1.0 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

’1”) 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 and efficiency well lean of stoichiometric depend
strongly on the engine combustion chamber design. Figure 15-5 shows two sets
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 rcvfminl“ Though
the load and speed are different, the behavior of the data and predictions [or rich
mixtures, if) :- t. are comparable. On the lean side of stoichiomctric, however. that
consumption depends on the combustion characteristics of the chamber. The
faster-burning compact high-compression-ratio chamber ShoWs decreasing hsfc
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until the lengthening;- hum 11mm
inn and larger chlIr—liy-ci'clc \i'lll'ltilll‘ll’a unisc'tNli.‘ in iiii‘i'i:

use. l'a‘lr llii: airman-hunting ciiiit-cnliunul i: lltlll‘li’lfll. lllh ilcii’riiii‘ulixmIll Ciiiiihusiioil
shirts to mom .‘ilmust iniiiicdiulizlj; nit the lean .51th :Il'sluicluiimci-

I'iL‘ and [lid Ci'imtimfilimi “‘INAHLR {iii iii 3 (iii
l'lius Ilu- equivulcnur Lilia {or ill‘lli’l'llllil lucl c

depends on ll": details ni uliiiintier
iliixtiirc piciiilrution iiimlilv. li also

lliri-llli: liiLIFJ ail-i speed range I

nItJIL‘liiUrticlrit: ainuu llll: rUbllitlill 3.1x Imetiim l3 higher .‘iiul combustion {[lllllllv Is
poorer with gi‘unlri dilution and .‘II Ion-er HIR’i‘Jio.

At part load, as the air/fuel ratio i!- v
pumping work varies, and this also contrihu
sumption and efficiency variation with equiv

gross (ind net iIiiiicniud fuel ruin-ci‘i-iou tiillL'lCIlL'lL‘fi and brake I'll-IElL‘llL‘)' in :i Ilincr
lion of rqulvnlcnuc ratio a! ti purl-throttle constant tum ,imi rillfflU pniiil
i3?" “’11 hump .‘ii‘id Mill] 'I'l"\i."'lTllill, rulmiluicil Llfililg :1 ilicIiiIc-iiy nanny-[1mm your
wilt-i sillllliilllim at El“; cngiiii-s npcruliiig cycle The difference between the net
nod llt'L'If-‘h indicated curves illustrates [llL‘ inugiiuiiilc of lllt’ cilia-l of llu: pumping
wurl‘. changes. Purl—throttli— comparisons ul'ilill'crcnl upcmliug coiiililinih \lmilld
tic iii-Iii: ul constant braki- loud Uni'illll.‘ o: bmep} anIl NpCL‘tl. Ilm lniik iliL‘ engine
iii required {U perform Is ith'. the VLillltj it: i'r'irixtaI-I him-[i :m-i sprawl. the iiiccliu-
iiit‘qi ruhhiug friction in essentially lixt‘il: Ihiix Fli'i' imu
muzp “ill i-iiI'g- il'Ilir: ptii'uiniiii iiiup i-iirim.

Not: that] All Illi: engine litllfl sl
iIJlll cliniuclci'isticrs :It [Is-:-

I'iiizi'iiiiilliil'un HI .‘I givuii load
tit-sign liiitluiliiig L'uiupressmn mum and

vomit-2 in.” :i gwt'il Lihiiilll‘iirl' (Witl lllL' Purl-
Iir luiluci‘ iii-title.- and Iuwm met-eds: II is. chi-m In

.‘iiicil ill L‘uiisiaul bulge ltlkld. ilic
lI'S in lltl: ‘iI'nLc HMCil-Ii. Incl coir

Iilcniti: r'ulir- l-Igiim livii shows [ht-

[I if: Cililsltlnt hind llrfllfi'fi'

unit» a smooth transition between the rich and
‘illllclllLilllL‘lllL' point, whereas the calculated sfc and

  
4O ' — — 7 —'— '_ 7—

a._\‘
1““-

.. 35 r—h VA Ig"\\
I:

a \
a \
E? \,5‘ ’7, in\
5 \'E 30

e -. \ \° \

E 17/, l7\ - \
g 25 - \g \

m '\
'i FIGURE 15-6

20 - \\ ‘ Gross and net indicated, and brake, fuel conversion
— efficiencies predicted by thermodynamic-based cycle0 _ _L l_'_ I

_ ._777 m ginniluimn :ii unruinni rum-load bmep (325 kPa)06 08 1.0 2
1‘ ll'iIl "petal il-l1lil imI-‘ii-Inl iii! a fixed burn duration

Fuel/air equivalence ratio I“ IN} [urn-grit m i M "
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834 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

efficiency characteristics show a LllfiCOI‘Illl‘lUlty in slope. The diflerenee is due to
cylinder-In-eylinder and cycle-liy-r:yele mixture composition variations” and to
cycle-byeyele eylim'ler pressure variations which exist {though to :t lesser extent)
even in the absence of these. mixture Variations. Averaging over these variations
smooths out the theoretical discontinuity in slope at d) = 1.0.

The equivalence ratio requirements of tI spark-ignition engine over the full
load and speed range can now he explained from the point of view of per-
formance and ellieiency. However. since emissions depend on it) 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. 'Iransrenl operation includes engine starting. engine Will tit-up
to steady-state temperatures, and changing rapidly from one engine [out] and
speed to another. The mixture requirements ot‘the engine as defined by the cunt
position of the uumhualihh‘. mixture at the time at ignition. while they vary some.
what with speed and load. are essentially the same for all these operating mortars-t
However. the methods used to prepare the mixture prior to entry In the cylinder
must be modified in the transient modes when liquid 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 equivalence ratio is that which
gives ttiinnnuiu brake speCIflC fuel consumption in the required load. l-lth-vor,

| ' once wide-upenthrottle air flow has been reached. increases in power can only lit-
.. ' obtained by increasing the fuel flow rule. ‘1 he equivalence rttllO requirements for

upturnum-ctl'rcieney steatlyetatc engine operation can be summarized on ti plot at
'. equivalence ratio versus percent of inttxrntuttt air flow at any given speed. A

typical plot was shown In Fig. 7-1. For [itll'l-ll‘lTUIllL operation. unless dictated
otherwise lty emit-stun control requirements. the equrvnlenee ratio is; set close to
the equivalence ratio for minmturn fuel consumption uonststertt with arr-titling
partial hunting or ttnsl‘tre in one or more cylinders. At very light load the llcttl
hsli: mixture. is richer to compensate- for ulower flame speeds at lower mittturc
density and Increased residual fraction. As wide-open throttle is approached the
mixture is richened to obtain maximum power.

The exltnttal gas temperature varies wnh the equivalence. ratio. The ethnllsl
gas temperature also varies; enntinuuualy as the gas leaves the engine cylinder
and flows through the etthaust port and the manifold and pipe tact: Sec. Emil. 50
an appropriate tlL‘lltIIllUtt iii an aircrage exhaust gas temperature should be used

 

l t Except during start-up and cold engine operation, when a substantial part of the fuel within me
cylinder can be in the liquid phase.
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In quantifying this vnrmtinn Hmveser. Mme-1""
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836 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

lence ratio oxygen concentrations are low. As the mixture is leaned out,
increasing oxygen concentration initially offsets the falling gas temperatures and
NO emissions peak at 45 z 0.9. Then, decreasing temperatures dominate and NO
emissions decrease to low levels.

Figure 15-7 also shows the effect 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 hydrocarbons that escape the primary combustion
procass, within the cylinder and the exhaust system. HC emissions decrease as the
stoielnometric 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 vary little with equiv-
alence ratio. Decreasing fuel concentration and increasing oxygen concentration

essentially offset the effect of decreasing bulk gas temperatures. As the lean oper-
ating iimit ol' the engine is approached. combustion quuhly deteriorates signin—
emttly and HC wits-sums start In rise again tltltt to the occurrence of orrasionnl
partial-burning cycles. For still leaner mixtures. H(‘ emissions rise urine rapidly
clue to the increasing frequency of partial-hunting cycles. and even the occurrentc
ol‘ completely misfiring cycles tset' See. Quill. The equivalence ratio at which
pzll'tiulrhttl'ning and misfiring cycles just start to uppez-Ir depends on details iil'tlir:
engine combustion and fuel preparation systems. as well as the load and speed
point.

The effect of equivalence ratio variations on C0 emissions has already 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 CO2 is not possible due to
insufficient oxygen. For lean mixtures, CO levels are approximately constant at a
low level of about 0.5 percent or less.

Figure 15-7 indicates that il'an engine can in: desrgned and operated so that
its stable operating limit under the appropriate purl-loud conditions is humL‘lEnlly
lean, excellent fuel consumption 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 with the three-way
catalyst system (see Sec. 11.6.2) which, with close-to-stoieliiornetric mixtures,
achieves substantial additional reductions in NO, HC, and CO emissions.

EXHAUST GAS RECYCLE. Exhaust gas recycle (EGR) is the principal technique

used int L'Ollliul oi SI engine NO, emissrous (sec See. H.131. A l'rueliun til the.
exhaust gases iii-r: recycled through it control value from the exhaust to the ungrrtc
intake system. The recycled exhaust gas is usually mixed with the tum-h foul-£1”
mixture just below the throttle valve. EUR acts. at part load, as an additional
diluent in the unburned gas mixture. thereby reducing the peak linrnet! gm; tern»

pct-alarm and NO formation rates. Note [lint it is the total burned gas truer-run in
the unburned mixture in the cylinder that acts as it diluent. These burned gums

are comprised of both residual gas from the previous cycle and exhaust 1135
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recycled in tht.‘ intakt‘. A3 ii!.$t‘!ii"t$d
in Sec. 6.4., the: residual guts traction n- mliu-tut-1d tw lilittl

untl mlvt‘ Inning;r tuspcctully the extent at valve twcrlttpl rlntl, ln .1
ltm'cr degree. h}; the isitz't'tlct ratio and Ct'mfltL‘b’SInIt raisin. the mint lnirnml gas
I‘ltflts‘: traction ts given by Lt; ttUt. Since lllt‘. burned gases dilute the unlimited
mixture the absolute tetupumtllfc towhat ttttm tutmtnistimt tune
the hut-net] gm mass inscliun. l-tcitct‘ itt't'rCtis'lltg the hum-at! gas
the run- ul't'mtnulinn ol'NU cnnssmtts

l'itttttc I H“ slums l'ltt: ellin't on NH L‘tlllSfili'Itth at int-reusing tin: intuit-ti 3135'
frat-[inn by recycling -::tll.tu.st rttsct: Itr (lit: lt‘lltllu.‘ system.
NU citttt‘rttlmttnns :tn: achieved with Ill {it Ti pct-“L:
reduces the. wmimstirm rate which lilttkulb. slnljilc
.tclnevu [sec Set; 0.4 :1 t'tllli Fig. lit—Lin].
httstion chamber n'JL'H'IPf'I wtll tulcrrttt:
[.l‘lc: speed and loud. and ”It:
range ttl‘L‘ Jljloul the m

s Inverse-2y Wltl'l
traction induces

Stilt;-tttrttittt reductions 111
nt EGR. tfuu‘cwr, Wilt le-tu
ctnnhusliun mun: tlill‘icttlt lo

the amount at E-(JR .‘l particular num-
dL'I‘lurltlfi run its wmhusttnn cli:tt‘nclertsttt~.s,

cqnwnttmw ratio. Milt percentag-$5 ‘rlt ”1:: 1.5 In .10
tit-innit“ amount of EUR :i \'|‘.'IITi\'-tt£,llllltjl'l engine Wlll Inlet?

.tte under normal tmrt-tltmltlr i.'t'_lltdillltl'|.x l
'LIMN-Ilttrtllllg engines wrll lnlerati.‘

mum,- t-Jtilt than alone-t burning mamas “L'L‘HUM: t1? the. decrease in hunt tau: rintl
iIIEtCaIEH.’ in Lij‘L‘lllehyw'yL'Iti tmmhnxtinn vttriuliun‘. hydrochsltrm unissinnfi increase
with ItiEfL’il‘éitlg FOR. :15 shown in Fig. tlrl't .-\t that the Inctettsc Ill Ht" is
modest and is due primarily to alt-creased Ht,” hnrnun due to lower expansion
and exhaust stroke tctnpt'raturcs. t'ltr Ht" increase hrcutnm trtntt' rapid
cmnhustiun, pat-nut hunting. and even ttntstirc. in mm. occur w
elucncy. l-{iR hm. nu:- stgttitiwnt ettmzt Lm engine ('0 c

th' ullbct Hf E‘iil‘ttlt‘l t'
mixture; with a:

as slow

Ilh inert-45in}; l'tcn‘llSSlOllS.

as recycle mt unit-int- perfornnittt‘c
g LU. i!- stmilnr t(‘\ the .1tttlitton (-

stress .iit‘ dilute the Itnhurncd mixture. in ptarltcc since EGR u unli-
tl=trt~thmtllr L'rltlditions. d: :- l.(i is the region (ll interest. Because thrcc-wap unta-
Iystx- are now usctl when! NU‘ L‘flllSN‘iOn cmntraurts are m
iitth‘ toutscd mi dilution with EU“.
liltjl'lltlh’lflg EGR rm taste and eitth

[(1.191] at constant lunch. predtr‘ted using 3
.Kitttultttitin nf [ht engine's operating cycle. I"
durations :ii'c slunwm ill MET
httt'n Lluralitntt. hair and

for very long minim:
tanU'I'W'rJu'

and efficiency for
l' emu-at: tttr Both EGR amt

its-sci u!

L't‘L'-. gleam-«'1‘ tiltt‘tlllun

tit 1," 1' |.U. F'ipttru li-i'l shows the cll‘ect at

alps mean exhaust temperature lttutinctt h) in}
lhcliuudVlt.tn1lt2~i.ltl.'it‘-t! computer

radium-Its rtmdt: For dim-rent burn
tuning for .t stutt-himtttatru: Ittl.\1lttt.'. At constant

exhaust lClnDC‘I'tllttIL‘ dour-3m: Willl increasing EGR. Ont},
tum pmccsaes is. the hunt mic :wpeciallv ttiyntlicant this

new In that consumption with II't-L'thtihlttg F6“ is tint.- In three factor-:- tlt
tEtlIirrtztI pumping Wort: as EGR 1:. increased at trtsnstttnt hrak't'. i-U'flll t'tucl and
that-1:; rcn'uiin nltnnsr mutSlrtnt hence intuitc pit-satire

nulls tmcttum- the burned glut temper
dint Hi {I tL‘tiUClIUH in the degree of
gum which allow-t tlllH'tT
enemy near l't’_'.
uhti -

ttit

increases}. {Z't reduced heat

attire 15 decreased significantly;
litfiit'tlltéttlt'ltl tn the high-temperature hut‘nt‘tt

("l the l'ncl's chemical energy to la: converted ltr scristhle
T ht- l‘it'Hl two at Il'tct-‘t‘ are comparable in magnitude and each is

M (Whit: as important are the: third. ‘ "
i ljittt'v."

iil’liln’titclg'

lust.- ttt the

IS—‘J shows experimental halt. versus EGR data for two comhustituna wtnlmstmn tzhtunlict'
thll tl mtuirrate burning rate and a taster.
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FIGURE 15-8

Effect of recycled exhaust on brake
specific fuel consumption and exhaust
temperature at constant bmep and
speed, stoiehiometric mixture, and
various burn durations (0—100
percent). Predictions from thermo-
dynamic-based cycle simulation.6

20

475 ,/

Moderate bum rate,/
f /

E 425 _a, ‘ FIGURE 15-9
,2” Brake specific fuel consumption and MBT
3 Fast bum rate spark advance as a function of percent recy-375

 

 
cled exhaust, for four-cylinder spark-ignition
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 1.0.12
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lmrmng clmnlmr with when geometry and with induction-generated swirl.
'l'lmugh Illldllllltl of EGR lmlglhens both the flame development and propagation
processes (us Indiculml {my the mcmcmug \.| HT spurlt advance requirement with
Increasing EUR}. Ihr; I'Jflft‘tvl'nll’llllly chamber l'-_1llnw.~; the “miciputud mlllum of
Nirttlifimul lash; rude-:tinm unlil. :‘II .Ihnut 3“ purernl EGR tin,~ combustion
quality deteriorates. For the slower-burning combustion chamber, the tolerance
to dilution with EGR is much less.

15.3.3 Load and Speed

One comnmn way to present the operamiy characteristics of an internal com-
bustion engmc— over its full load and spa-d mum is to plot brake slict-Ilic fuel
consumption contours on a graph of brake mean effective pressure versus engine
speed. I(mt-ration of the uni-me uuuplud to a dynamOIIIi-Irr on n taut amnul. over
its iliihl and speed range, purnerah's tlir: torque and fuel thus-ratt- dulil from which
such a per-harmunce ramp is derived. Equation (2.20) relates bump to torque, and
bsfc valun .m- obtuumtd from Eq. (2.22) at each operating p-Imt. Figure 15-10
shows an example of such a performance map for a Ilmiuuylinder synth—igmlinn
engine. The upper envelope of the map is the widrVnI'tcn-throttle [unfnnnanuc
curve. Points below this curve define the part-load operating characteristics.
Wltllc tlt'lJIIIS Hillel J'mm L-w: cumin: In :Inotiicn, the overall slumps. nl‘lhcsc maps
t'm' «pink—Ignite)“ Cngllws un' Ic-nlurknhlt' similar. When Int-.IIII |_Ii.'tl.)|| spec-d 5", is
lthL'Lf IHHII'IHI ul t‘l'.‘tltii:\ltnf{ .HPtllffi lnr Ihc alm‘lssn the qlmmimlivt similar-H}- of
will"! lumps own it W‘lllt.‘ range ni‘cngme wes1s more apparent.

Maximum bmep occurs in the mid—speed range; the minimum bsfc island is
loc;:rn| at a slightly lower spud am! at part Inutl. 'l‘llcs: map characterislrtts can
be understood in terms of variant-It's in volumetrir elliuency 11,, gross indicated
fuel converawn CITlI'lL'IlU)‘ um, and IIIL'L‘hdlIICJI thick-nu},- nm as A/F, EGR trl' used),
and the impurlann: .Il' luau losses and i‘rnutmn change. via Eqs. (15.3) aml (15.5),

Mean piston speed, m/s
 

 
 

2 4 6 8 10 12 14
1000 I _| r 'I" ' | ”I ' ’I’

‘ WP’;:-¥
800 - 7___ ___/ ,3” 1H g/kW-h

g 600 , '

g, ,

.o 400,>
20° " FIGURE 15-10

‘7 Performance map for 2-dm3 four-
05- | , | l__ | _ cylinder fast-burn spark-ignition0 1000 2000 3000 4000 5000 engine showing contours of constant

Engine speed, rev/min bsfc in grams per kilowatt-hour.”
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840 INTERNAL COMBUSTION ENGINE FUNDAMENTALS
|

i I The maximum bmep curve reflects the variation with speed of m, the decrease of
' rpm as S, increases, and the increase of 27“: as 8—1, 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 rpm). While 1],, is 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 11f“). Friction decreases,
increasing rpm, 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 magnitude of friction (due to increased
pumping work), the increased relative importance of friction, and increasing

importance of heat transfer (which decreases nus).
The effects of speed and load variations on NO and HC emissions are

shown in Fig. 15-11.” NO concentrations increase moderately with increasing
speed at constant load. At lower loads, the proportional increase in NO is greater
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FIGURE 15-11

Variation in spark-ignition engine HC and NOx emissions with (a) engine speed at 379 kPa imcp and
(b) load (or imep) at 1250 rev/min. Equivalence ratio = 0.9, MBT spark timing, rt = 7.“
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than at ingimr loads.6 The residual gas itaicliiin {IL'L'FQ'HSUR' .15 speed intl‘icu‘kcyl 11m,-
t-ii'crt bring greater at lower inlet maniii-ltl [flier-[I132 iliplircr lands-i inc-c My, (”9,
Also, the relative importance of heat transfer per weir I‘i lust. as HPL‘K'LI intimmgg
(see Fig. 12-25), which would also be c‘iplrciL‘ii in lilLII'L'uHL‘ Ni) nine-.-
With int'imaing lumi (at constant speed). NI .I rtuluanlil'utit'ilw Him; lllL‘!'L':|SL" AMI".
as inlet nmnifold [m-ssure and load increase. il'n.‘ Inauinui gay. trucnnn .tccn-zr‘a-s
(Fig. 6-19); also, the relative importancr oi IiL‘tIl nunstct put tyr'ir liki'rt'dM‘J‘ wail:
increasing load (Fig. 12-25).

The hydrocarbon concentration trends with speed and load changes are 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
Int-urn; n1 unburned iIVLlIUIJJH'MiH‘lh which escape t‘urnhnstinn wtil‘i the linli; gust-s.
unit II1t,‘ Irucnnn n1 Iln: lllvi‘yiiiliiiil lil.‘ winch escape into the exhaust lion-ever.
not enough is yet known about Iin: iicimls nl" llirrfit- prl'iL‘L'fi'pfiL'P: to maki' tilt-m-
-.ii:nL-micm.1i:_-: explicit. ll oxygen is iwuiiuhle, 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 speed show the same proportional
reduction in the exhaust emissions data in Fig. 15-11.15 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.16 The net trend is for HC con-
centration to decrease modestly as load is increased.

n I r'll ll)“

15.3.4 Compression Ratio

TIiL nicul cycle analysts. of l‘iliip 5 showed that indicated fuel i'untcrmin t‘lll'

input-t iitcretnsmi t:tll'l[tlltll\1l.\l_|.‘ with Ct'illigli‘lhhmuli rain: fluctuating Ii- l:-.i i511};
Willi -.1 ; 1.5, this tulauun titan ii-itit‘tiet. uinsclv tin: fuel-air intuit: pmdiiJIiIu-L With
ii- .7 Iii Hnwuvur. in an ilL'IiiHl engine intact processes \ilncil ‘Illfillliilmfi «:nglnr
puri't-Hunitcu and cFl'iuany wry with tin-angos In ui'llnprltssil'nl liliiIJ‘ ntnm‘iy. crun-
tnwinn mu.- uml stability, haul Ir‘til‘ln‘iifl. unit Int-Inn]. (”'61 the loud and speed
IJIiiLc, til-.- rctntivr Inn-incl than Ilium.- mummies hum: on power and cl'iititmct'
warm Jinn, }iC||0"'_ lht uppiicnhilnv at in]. tit _i1| it. open In EllJL‘silllll. Mm. while
”*4 uv-urncirv: wmnh’ssiun Hum ininu of maximum [u uillllllillni cylinilt't
minute) N we“ clul'tm-d. tin: :u-Itnti mnnnimsmn and mpunsnin processes In
eligiilt‘h depend on vnlw illnllli.‘ ilirtmis .tnd tln: inninrmnu: ni ilnw through the
ruins winiu they are opening- or rinsmg [which depends in: engmc spinal) 01
WNW; rum ‘ilnltty to intense tin! cmnpirssn‘m mini 15 Iinnlcd by the“ t'ictunc
“will“ \' Mi :l'i'iiilili'ilt' [nuts and knock inc-2' Hut" 54 (1.“,
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842 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

Only a few studies have examined the etlcct of compression ratio on spark-
lgnition engine performance and efficiency over a wide range of compression
ratios. Figure 15-12 shouts results obtained at wide-open throttle at 2000 revirnin
with a series of eight-cylinder 53-de displacement engines, from the most exten-
sive of these studies.17 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 wen: obtained with IMF) and
Spark timing adjusted to give maximum torque: for the etfieiency data. lat/f") and
spark timing were adjusted to give maximum emciency. The mechanical ethciency
remained essentially constant at 089 over the full cunipression ratio range. The
volumetric efficiency was also constant at 0.825. Both nus 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 surfacefvolume ratio and slower combustion. and is also due to the
increasing importance of crevice volumes: at the higher compression ralios
studied the combustion chamber height became very small.

To assess more broadly the efl‘ect of compression ratio variations on fuel
conversion efficiency, several data sets have been normalized and compared in
Fig. I543 which shows the ratio of fuel conversion cilit-icney at the given com-
presbion ratio divided by the etfieienoy at r. : 8. for tvide~ope11—thi'ntlle angina
operautrn. The agreeittent for r4 3 N is good. Over the compression ratio range
ttntt is accessible to Sl engines with available fuels l.'.- 5 ill. fuel moversron elli—

ciency increases by about 3 percent per unit of compression ratio increase. Note,
of course, that engine power increases by about the same amount.
 

   
 

f 1300

— 1200

mep, kPa

— 1100

Al FIGURE 1512Effect of compression ratio on indi-
— 1000 cared mean effective pressure and fuel

L / 2000 rev/min conversion efficiency. 5.3-dm3 eight-
! WOT t'yliru'lcr spark-ignition rug-me at 2000

0.3 MBT timing revi'mm and wide-open throttle.
Equivalence ratio urn] ipttrlt timing

i I l L l | _L 900 adjusted for maximum torque for mep
8 10 12 14 1" 18 20 data; adjusted for minimum fuel con-

Compression ratio sumption for efficiency data.” 
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844 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

efficiency improvement I5. between I and 3 percent per unit of compression I'EIUII
inrt'uasc.depettcli|1g on cylinder size and operating t-nmlitn‘ms.

The exhaust temperature decreases as COItlpl‘ESSIUn ratio and efiruiencv
increase. until the mutttrcssnm ratio Ull'l'CQpnlltltlig in minimum efficiency 3:.-
Ienchc-d. [I has also been shown that heat losses to the umnbnstiun chamhm
walls. as a fraction of the fuels chemical energy. also decrease as the compression
rain: and cth'clct'ucy hL‘Illl increase." 7

The effect. ol compression tune changes on NO t‘mlahltll‘ns is small Semi:
studies show a modest increase in uracil-it: NO emissnuts its the compression ralin
increases at. constant load :Imd speed; other studies Show a slight decrease.
Increasing the compression ratio immerses exhaust tiydrueartmn emissions,
Several itemls could contrihnte: inert-used inmorlauue of uruvn‘c volumes it! high
a; lower gm: temperatures during the Iain-t part of this capanshttt stroke. thus
producing toss th‘ oxidation in the cylinder; decrcttsutg residual gas fraction.
thus increasing the Iiactinu ut' in—L'yluntut' HC exhausted: lower exhaust tem-
peratures, hence less oxidation in the exhaust system.

15.4 SI ENGINE COMBUSTION
CHAMBER DESIGN

15.4.1 Design Objectives and Options

There has always been extensive debate over the optimum 81 engine combustion
chamber design. There are a large number of options for cylinder head and
piston cmwn Rllupc,--_~[1ttl‘k plug location. mm and number of Valves. urn] hunts;r
port design.” Debate rant-«as around issues “Hill as chamber tnnttDaulness,
surliiccfvrilurno rah-i. flame travel length and use of awn] and squish typm a!
mixture motion. Figure 15-15 shows examples of several common types of L‘fll‘ll-
bustion chamber shapes. Over the past few years a consensus has ih‘ttclnpul
which favors faster-burning combustinthuh:tmhcr designs. A chamber design
where the fuel burning process takes place faster, i.e., occupies a shorter crank
angle interval at a given engine speed, produces a more robust and repeatable
combustion pattern that provides emission control and efficiency gains Slitlttlta'
neously. A faster-burning chamber with its sit-incr- burn time permits operation
with substantially higher amounts of EGR. m with very lttm mixtures. within the
normal constraints of engine smoothness and I‘cspmtsc. Thus greater emissions
control within the engine can be achieved, and at. rm r1 load -11 tho; innitcr level or
dilution 2. fastct'ohurmur chamber shows an improvement in fuel consumption
due to the. reduced pumping work. reduced heat transfer (due to tumor burned
gas tetnperaturest. and reduced aunnunt of dissociation in the burned gases.”

The tlliljul' cr-rnhustion chanihin Llusign «'nhjt‘ctwes which retake l-J WSW"
at combustion process. with low cyttlc‘hl'"

till a high vntumctuir elli-
c et‘nttbustinn ctltttuh'flf

performanu- and emissions- are: t It :1 in
cycle variability. over the full engine operating range;
«iency at wide-open throttle. t3] mintnnun heat loss it) ”I
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 NOx
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.24

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.

Heat transfer to the combustion chamber walls has a significant impact on

engine efficiency. It is affected by cylinder head and piston crown surface area, by
the magnitude of 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 of all the constraints
to incorporate into the design process because of its obvious complexity.

Knowledge of the fundamentals of spark-ignition engine combustion, in-

cylinder gas motion, and heat transfer has developed to the point where a ration;
al procedure for evaluating these feelers for optimum combustion chamber
development and design can be. defined. The next [we sections develop such it
procedure.

15.4.2 Factors That Control Combustion

Our understanding of the structure of the sperkaignition engine flame as it
develops and propagates across the combustion chamber (sec Sees. 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 lhllowing factors atl‘cel
the flame development and propagation processes:

1. Geometry. Combustion chamber shape and spark plug location.

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.
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Disc Open

t l

Hemi : Bowleinipiston
0 Spark plug location

 

 

Hemi, sidel]
 

0—10% burnChambergeometries
10—90% burn 

O 0.2 0.4 0.6 0.8 1 0
Burn angle ratio

 
FIGURE 15-16

Comparison of burn angles ((‘FIO percent burned, 1&90 percent burned, 0—90 percent burned; see
Fig. 9-13) for ten different spark-ignition engine combustion chamber geometries and spark plug
locations. Bum 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 turbulence is 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, due to the higher heat transfer
that accompanies the higher iii-cylinder vclocities. For example. predictions
based on the combustion model defined by Eqs. (14.33) to (14.35}, where the
characteristic mixture speed u-r was increased by a factor of two: showed that 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
percent due to the predicted 15 percent increase in heat transfer.”

Mixture composition and state affect the burn rate through the dependence
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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 volumetric effi-

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 chamber shapes (see Fig. 15-15). The approximate mean piston speed at
maximum power is a measure of the maximum air flow that each 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 that the flow through the intake valve
be directed tangentially into the cylinder so that gas flows through one side of the
valve opening preferentially (e.g., through the use of masks to 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

I' 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 through the cylinder is reduced. Well-designed _
helical swirl-generating ports (see Sec. 8.3.2) appear to be the best way to create I
swirl. However, geometric and production constraints often prevent the incorpo-

' ration of such ports into the cylinder head design, and other SWirl-generating
I methods must be used. The engine maximum—power penalty associated with gen-

-|I crating significant swirl is of order 5 to 10 per cent.
f I Since swirl is only required at part-throttle operation when enhancement of
II 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 a 531mm“:
passage for the pathrottle air flow, where only this separate passagfi generates
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flu: i1L‘ttl- ll‘imsfcr tztictl‘tt-ttrnt !I-l usually correlated by expressions of the form of
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852 INTERNAL COMBUSTION uNoiNE FUNDAMENTALS

This impact of heat transfer on engine etl'ieiency and performance under-
lines the unportancc of combustion cltoinbcr details that infect heat transfer. For
the chamber shapes shown in Fig. tS-lu. the total heat losses as at Fraction of the
fuel's energy. at Fixed engine speed and intake conditions. were also calculated.
Both chnniber shape and spark plug details alTect lient losses smee together these
govern the surface area of the hot burned gases in contact with the walls. Tin.-
open und lienitsplieriuil chambers had least licnl lrausfer.Geon1etries such as the
hDWl-lfl‘plSlt'fll. which obviously have .1 higher surface area. had about In percent
higher heat transfer. The effect of shifting the plug from a side to center location
depended on chamber Shape. Open and howLm-prston chambers showed little
change; the hemispherical chamber shouted at 4 percent reduction. Given 1|
general chamber shape choice. the details of the netuul design are nnpormnt also;
it is easy in arid substantial surface area with piston cutouts. plug bosses, and
cylinder head masking or squish regions which will deteriorate chumber pur-
formancc to a measurable degree.

Higher in-cylinder velocities iiITect heat-transfer rates through the Reynolds
number term in the heat—transfer coefficient correlation. Swirl- and squish-

generatcd 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 fundamental aspects of knock were reviewed in Sec. 9.6. Knock
occurs when the end-gas autoignites prior to its being burned up by the normal
[lame-propagation process. The tendency to knock depends on engine design and
operating variables which influence end-gas temperature, pressure, and time
spent at high values of these two properties before flame arrival.

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 (sec 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 rcsist-
ancc 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 affcct an engine’s octane requirement: (1) com-
position of the fuel; (2) chamber geometry and size; (3) charge motion; (4) spark-
advancc curve; (5) inlet air, intake manifold, and water jacket temperatures; (6)
carburetor or fuel—injector air-fuel ratio calibration; (7) the ambient conditions~
pressure, temperature. and relative humidity—during the requirement determl-
nation.

The following illustrates 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 dashed lines,
determined with a fuel of sufficiently high octane rating to avoid knock, shOW
MBT timing as a function of speed, along with the spark-advance limits for 6011'
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FIGURE 15-17

Relation between spark advance, speed,
and torque loss, for spark-ignition
engine at wide-open throttle, showing

l | I I l knock limit for specific gasoline and
0 2000 4000 typical spark-advance schedule that

Engine speed, rev/min avoids knock problems.28

 
advance   

stant specified percentage torque reductions. The upper solid 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) must be 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

yivrn operating condition in :i multicylinder engine, one cylimlur is more likely to
[stint-L than the nlllers. It is that cylinder which limits the spark advancet A third
reason for the discrepancy between actual spark-advance calibration and the
knock limit for a given engine and fuel is the octane requirement increase associ—
ated with the buildup of deposits on the combustion chamber walls over
extended mileage (see Sec. 9.6.3).

T There is no assurance that the same cylinder will be the principal offender in all engines of the same
mode], nor in a given engine at all 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 on the sensitivity of the fuel, on engine design features, and especially
upon the engine’s spark-advance requirements for MET. 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 15-18b, c, and
d shows a 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 not at 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 importance of 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 chamber design 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 number of 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 dillerent sensitivity and how these
can give low-, medium-, and high-speed knock in the same engine.29
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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 down when: 

l. 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.

5. Coolant temperature is
raised.

6. Antifreeze (glycol) cngine
coolant is used.

7. Engine load is increased.

1.
2.

Ignition timing is retarded,
Engine is operated at higher
altitudes or smaller throttle

opening or lower barometric
pressure.
Humidity of the air increases.

Inlet air temperature is
decreased.

Fuel/air ratio is richer or
leaner than that producing
maximum knock.

Exhaust gas recycle system
operates at part throttle.
Engine load is reduced.

 

 

 
 
 
 

 
 
 
 
 

 

 
 
 
 

 

 

 

Operating variables that afiect 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
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——- RON : 100
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:1 ——— RON
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92

Knock limit

Compressionratio  
 |1.6

 
1.2 2.0 0.4 0.8 [.2 1.6

| Relative air/fuel ratio A

FIGURE 15-20

Knock limits and lean engine operating limits as function of compression ratio and relative air/flit”
ratio [1(11 = 1/45) for moderate and high-turbulence engine combustion chambers.“
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iitlvam‘c has a "mum IH'IPHC-I nu knot-k: since It in Him new Ill Animist. 1| is the
minute variable mast uummnuly list-it In umilml knock. .Slmlics «lmw ll'i'uit typi-
cally 0,5 m it} HUN mlnuiiun is :Jrsliiuw‘d per degree of retard.“ .'\'!||I.\‘-'|‘lll.‘rlt.‘
cmulmons pressure. Icmpurulmu, and humidity ull .ilhzti the uclunr: number
requirement. “

I'Iie [incl/m: uqmvnlunw ralin atl'ucia lllL' sit-.iiim- requirement of an engine.
l‘lie liigliusil TI'tlllll'C‘ll‘lCill is I'm \llglltly rich IlllNllIl‘c-L; “IL-“23‘5“”: richness and
Junnncss about this {mint lie-glans: lllt'. nt‘limc requirement substantially
i‘ifl'll‘t‘. iii-3U illflWS the knack ltlllllml curiwmasmn I'Hliti .15.- .1 function of the rein

[We Elli‘glllt’l ratio [.1 = lm‘i: J. '- l inr hum InlhillJ‘L‘sl tin conventional mnl lltgll»
ltltlmlt'licu chambers, for IWH fuels will; miter-um octane Fillings. SubstantialliF
lllgllui' L‘UlllplChSIUn ratinr: mm hi; list-cl wnl~ lean mixtures tastier-Lilly wilh Ihc
higlhttit‘hllltlicc chumher which ext-.tmls the lean limit. The um'iliun ”ml-scraturv
diffiCl‘» Illu attain: ir’iluirmrimn. Ilighcl L'pulunl lumpemlum Increases Iltr Inlet
mismir temperature. and reduces heal inisscs from [he undegas h- a: modestilcrrcc

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 volumetric efficiency. 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 chambers listed above, such as the
bowl-in-piston or chamber-in-head designs, do produce a somewhat faster burn,
but with lower volumetric efficiency and higher heat losses.

Following this first 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
Hui-ii ed the ”(tutu-.1 rcquti talent for that particular (’Ilulllhur shape. Depending on
i—l-nmher de:-.ig_n tluimls, 5mm: squish area could be mumluced. However_ the 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 percent or iL:\:. increase til it ll'it‘iency at part load. However,
if the measures required to inert-use the compression ratio from, say, 9 to 10
resulted in a 10 percent increase in heat transfer, engine efficiency would notImprove.
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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 burn rates in all cylinders. Attention to these intake process and
mixture preparation details will always improve engine operation and carries no
performance penalties.

However, the burn rate may still not be fast enough, especially during the
critical early stages of flame development, and cyclic variability may still 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 at this
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 volumetric efficiency, low heat transfer, 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 area,
and largest 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.

15.5 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 bmep is slightly lower. The best bsfc
is about 10 percent higher largely due to higher friction 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-
rally 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 valve are less
restrictive and volumetric efficiency is higher, and because the [DI 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 Dl engines. The best brake fuel
conversion efficiency of the engine of Fig. 15-23 is 32.5 percent.

Comparisons between naturally aspirated DI and fo 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 lessiof order 10 percent. Comparisons
should be made at equal emission levels, a task that is difficult to accomplish in

practice. Emission control with the DI engine is more difficult, so this constraint
reduces the benefit somewhat. Figure 15-24 shows a breakdown of the 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 [DI combustion process and its long, late-burning, heat-release
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.36

Note that all these diesel engine performance maps are similar in general

Mean piston speed, m/s
4 6 8 10 12 14 

800

A, 600
E

3' 400 FIGURE 15-23
E, Performance map for 1.987-dm3 five-cylinder natu-

rally aspirated IDI swirl-chamber diesel engine.
Contours of constant bsfc in grams per kilowatt-

mm 1000 3:100 4000 5000 hour shown. Bore : 76.5 mm, stroke = 86.4 mm,
r, 2 23.35
 

Engine speed, rev/min
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Indirect injection

Direct injection   
 Injection liming \ Injection timing i

—‘ 18° BTC \ 18° BTC
——-12°BTC 1500— \ ———12° ETC

NO,ppm(dry)     
0 200 400 600

bmep, kPa bmep, kPa

FIGURE 15-25

Efl‘ect of load on naturally aspirated diesel engine N0; and HC emissions at rated speed, with two
injection timings. Direct-injuulion and indirect-injection (prechamber) combustion systems. Six-
cylinder, 5.9-dm3 displaced volume, engines DI: r5 = 17, rated speed = 2800 rev/min; IDI: rc = 16.7,
rated speed = 3000 rev/min.“

 

Boschsmokenumber 
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-dm3 IDI swirl-ehambeI
diesel engine at 1600 rev/min (no
EGR).”

Particulates,g/kW-h 
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Hrnli: SliL'L‘lfiC HC, NO,‘ um! fuel con-inniuli'on, and 511101“ lfilllERJflllfi, 8,} .i l'iilit-lmn of pmut'nt recycled/DI «haunt liiI 2.4-dm3 four -.:_\-Jinder high-3min DI tiliillci engiw.‘ Jl I IS“ rely-nun and 255 km hirrep.39
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part load the CO2 and [1.0 rmimniraitiniis in exhaust gas are low; they are$60 7"?001— essentially proportional to the fuel/air ratio. Because of this, high EGR levels are
km required for significant reductions in NOx emissions. Figure 11-18 shows how
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FIGURE 15-28

Effect of start—of—injection timing on diesel engine performance and emissions, (a) Medium-swirl DI l
diesel engine with deep combustion bowl and four-hole injection nozzle, 2600 rev/min, fuel delivery
75 mm3/cycle, fuel/air equivalence ratio 0.69.37 (b) Swirl-chamber IDI engine, 2500 rev/min, 0 and 100 l

percent load.40 I .

IDI engine experiments are 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

I TC; injection retarded from this optimum results in combustion starting too late.
' Injection timing variations have a strong effect on NOx emissions for D1

‘ engines: the effect is significant but less for IDI engines. Retarded injection is
|

bsfc and bmep at a specific start of injection for a given injection duration.1' The : ‘
l.
I.II

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.41 Figure 15-25 supports this discussion.37

 
 

T This optimum injection timing gives maximum brake torque, though the designation MBT timing
is less commonly used with diesels than with S] engines.
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Boschsmokenumber
FIGURE 15—30

Tradeoll between NOx and smoke emissions for
quiescient single-cylinder DI diesel engine with
bore = 140 mm, stroke = 152 mm, rt 2 14.3,
eight-hole injector nozzle. Various speeds, fueling

n IOU 400 600 800 1000 term rates, injection timings, injection pressures, “/u

NOX, ppm EGR; constant A/F : 25.‘3

  
with emission levels low enough to satisfy the constraints imposed by emission
standards. The variations of bsfc, NOx, and particulate emissions described
above involve tradeotfs that make achieving this goal especially dilficult. One
well-established tradeofl‘ is between bsfc and bsNOx. Injection retard from

optimum injection timing decreases bsNOx at the expense of an increase in bsfc.
A second important tradeoff is that between NOx and particulate emissions, illus-
trated for a D1 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 ((1) = 0.58). The

figure indicates that for a well-optimized DI diesel engine, the smoke nitric oxide
tradeoff is relatively independent of engine speed, injection rate, injection timing,
and amount of EGR. A given reduction in one of 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 fast fuel-air mixing rates [sce Sec. “)2. I).
In these medium-to-smttll size engines, use or a bowl-in-ptston combustion

chamber (Fig. Ill-lb and cl results in substantial swirl amplification at the end (if
the compression process (See. 8.3.3). Here. the impacts of varying air swirl on the
performance and emissions characteristics of this type of D] 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 011
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 4eholle \r-{g
not! 1' _ .

\l‘rf' ru-  
5wnl direction .

'77}, Exhaust _ , ___

._ J Charm-shalt l l 7’ V, l- Vcrumrlunr.. _y ___.
  

“Inirl

(a) (b) (C)

FIGURE 15-32

Various howl-in-piston chamber designs for DI diesel engines with swirl: (a) conventional straight-
sided bowl,37 (b) reentrant bowl,45 (6) square reentrant bowl.46

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 entering 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 outward into 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 l
higher swirl at the end of compression, and maintain a high swirl level further I
 

     
FIGURE 15-33

Flow pattern set up in diametral plane
by squish-swirl interaction in (a) conventional
and (b) reentrant bowl-in-piston combus-
tion chambers. L cylinder axis.“
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into the expansion stroke.‘7 Reentrant chambers usual
smol c emissions; :1 ml

‘illglllly lnwer batfc, cysts-ecu“; at tot
Squat—t- cavity cllumhers Isee Fig. 15- 11; l :m: aim used with swirl tn achieve

low minus-mus tn xl'lt-‘lllLJI-Nfi'e [II diesel engines. l'he Interaction between the swirl
and the chumhtr corners pmdttmx :itltlitional turbulent-t: which with lncl injected
tntu the corner.» as shown, auhlL'VLIb H more uniform mixtm'r ~.rttllin the iii:-

The air flow field within bowl-in-piston combustion chambers when fuel
injectimt occurs is highly complex Certain generalizations hold: e.g., reducing the

Combustion bowl diameter at a constant ctimprvssion t'ulto increases the swirl levels in the: chamber howl at l' L' _

ly achieve lower HC and

:Irdcd injection timings.

_.___

wl. 
 

_ ISO? fig. “135.! and (hi! ttccmnpttttytng text} which decreases smnlne
“ .mt] nuttcttfius NU‘. and HL' emission-ts" However. the squish—swirl ullct‘uttion II.| difficult to unravel. especially With Hit-tt Swirl

ill-ectttct buwl-c often required due to llw
constraints on injector location caused by the val

 
 

is approach-:1! m a sumll high-swirl DI engine. The ollx‘cnter hnwl ll"L'-jlll.‘ll
coupled with the .«Jwit-l-sqnish lute:-

t-ction cause substantial asymmettj: in tin.- fitm-withm the ltnwl
wit]: (a) conventional straight-

|5.6 SUPERCHARGED AND
TURHUCHARGEI) ENGINE

:s. An alternative design I’F. u [:0 R M ANCE
to promote more rapid

action with highly reen- llu: equation: I'm nowcf‘ lotquu. ‘Jflii mep in Sec 2.1-: Alton than than: cut-m:-
n in nonreentrant bowls. ‘ :t’tcl'fflrflltllltt parameters an}: [,trr_tpnrtmn:-tl 10 the mass of air Inducted pct .zyclc.
up in a diametral plane. ”“1 dC'IJL‘Ml-‘l pnnmnlt' on ‘llIIL‘l ntr density Fltttstltu Itetlr-rumnn- n1 an L‘llglllf of
bowl flows down to the given displacement cat: be. Increased by cntnpresstng the inlet rm print to t'mrft tr-

1211 motion. In reentrant the ryltnrler Mulllmlx for LifilllCL-‘lltghlgl'lkfi inlet air density Ill the gals cwhnngv
1rd and outward into the tlrrnlcsscs- —muclunucal supiztcltttrgtttg. t'tlrbochttr'gtng. and [‘l'flfillll.‘*\!'.’t\'t‘-
up the bowl sides and a KU[’|‘~T'JllfiF|;Iflg**:lf¢ dtstusscd In Sec (3.8. The arrangements of lhc wart-nut prim:-nbers generally produce rail sttpcrcltargtng and'turhnelmrgtng t'tittlnitiratmns .trr; shown. in Flaw-(vi!
1 high swirl level further I'Igurcs l-I l. hde. _fi 45. ball}. {P's}, tintl h-Shltltov. examples nl the titltcrcntI tit-wees used to achieve lugliut Illlrl' au- tJt-mitmx. ht lhh‘ .scctmn mt: ennui, t-tl

l.|LH1‘¢lll'l_L__' air density on engine performance urt- emittittetl. Spurk—Igtntinu uni!
simple-anonimuliou engines tlFCtl¢51l| with separately. Power boosting via :.npet-
I:h.trging .ittdfnt' Illrbtlltlllll‘gllllk' is common in diesel engines' Jew spttr'r_~Igtitrtr_-:t
~11?!an :iri: tutlmcftaigctl. Knock titer-ants. the lull potential of hut-stint: t'r-itn
hump (calmed in the latter tym- ul'c

tigmn: A more cxlmmm‘: tltacussjnn of curb-.1-
I:h.=1rt_tcd Cngltlt ottcmtmn is provided hf.- Watson and Jmmtn.”

|15.6.1 Four-Stroke Cycle SI Engines
set up in diametral plant: lltr hump of most prntint'tt-tn rapttt‘k-
nteraction in (a) conventhbE: hnuck-litmlm} nuts!” Pilrl [if that t‘_' . ‘ Com '

an: dbOWI £17“st Ell!!! ram: :3 usually set atCy In er aXlS.
tgntlitm engines at \tttdcvnpmt llll't‘ch 1:. l

”glut; ape-ml range lscc Sec. lids“. The climp-m;-
tt sult’wicntly high \‘illUI; an that some spark rcturd fillm
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870 INTERNAL COMBUSTION ENGINE FLNDAMENTALS

MBT timing is needed to avoid knock for the expected range of available fuel

ll ' octane ruling and sensitivny {see Fig. I‘D-I'll. 'I‘ht: propensity of thc end-gas tol knock is intimated by increases in cnd~gas temperature and pressure (see Sec.
911.2}. llcncc attempts to boost the output it! at given sue sparkvignition engine
thy an inlet air compression demo: that increases air pressure and temperature
wtll tiggmvttte the knock ptoblcm. SIDE-E end-gas pressure and temperature will
increase. However. the potential advantages at power boosting are Significant.
The higher output for :t given displaced volume will decrease engine specific
weight and volume (Sec. 2.111 Also. 11' Ill: power requirements in at specific appli—
cant-tn tsueh its an automobile] can he met with either a naturally aspirated St

. engine of a certain size or with a smaller size engine which is turbocharged to the
: same maximum power, the smaller turbocharged engine should ollet better fuel

economy at part load. At a given part-load torque requirement. the mechanical
efficiency of the smaller turbocharged engine is higher. nud if the gross indicated
efficiencies of the engines are the same. the smaller engine th] show a brake
efficiency benefit. In pint-lice. it proves dilficult In mall-3e. much of this potential
efficiency gain for the reasons described hulow. -,

While a naturally aspirated spark-ignition engine may have sufficient
margin of safety relative to knock to allow modest inlet-air boost, any substantial
air compression prior to cylinder entry will require changes in engine design
andftn' operating variables to ofl‘set the negative impact on knock. The variables
which are adjusted to control knock in turbocharged SI engines are: 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
mgul.‘tr quality gasoline is significant. as expected (Sec. 9.6.3l. Charge-air lctn.

I pertlture has a strong influence on allowable boost levels: lowering the corn-
prcswd air terrtrterantre prior to entry In the cylinder with a charge-air cooler
allows it substantially higher compression ratio to be used at a given boost level, I
with a corresponding impact on engine etftciency¢ The boost pressure- hcnelitn (if
the richer mixtures in Fig. 15-3451 (:1) : 1,! compared With 0.9) are largely due to
the cooling effect of the additional fuel on the air charge. For example. Fig.

‘ 15—34b shows that, with a rich mixture and charge cooling to 600C, a charge
I pressure of 1.5 atm can be utilized at optimum spark timing with a compressron

'- ratio of 8. Without charge cooling, the same charge pressure can only be used
' with a compression ratio of 6.49

f' In turbocharged SI engines, the knock limit is usually reached at spark
- l timings retarded from the MBT optimum. Figure 15-35 shows the brake mean

These are done primarily to improve low-speed torque
. t Valvu timing changes are often made 100.

_‘ where turhuchtlrging has a limited impact.I
I The turbocharged engine in Fig. l-IO has

an intercooler to reduce the inlet charge temperature.   
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FIGURE 15-34

Dependence nl’ .‘s‘l Ullti‘t'lu‘ knuci' limit; “mm 'lt I-Ir' .
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FIGURE 15-35

l '7 - l Brake mean effective pressure and knock limits for
1.1L 7 . Without CAC I turbocharged SI engines as a function of spark_ _. _ i ___I_._ 7— l '

12 20 30 38 advance and inlet pressure p,- (in atmospheres). 2500
rev/min, rc = 7, d) = 1.1, 99 RON fuel, without and

Spark advance, deg BTC with (AT = 45°C) charge-air cooling.”
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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-normal vibration levels on the cylinder head at the character-
istic knock frequency. With a knock sensor, ignition timing can be automatically
adjusted in response to changes in 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, avoids filling 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 remains essentially 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 turbinefithe 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/‘8' 5°
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-dm3 V-6 engine,
86.4 mm stroke, rc = 8;50 (b) 2.2-dm3 four-cylinder
engine. 92 mm stroke, rc : 8.1;51 (c) 232-de four-

0 1000 2000 3000 4000 5000 6000 cylinder engine, 80 mm stroke, r, ; 8.7.52 All sched-
ules are wastegate controlled.

Boostpressureaboveatm,kPa    
Engine speed, rev/min
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' i U ‘ 7| '
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pressmn mum for unlit-charged ennui-.14. and iulurcoolinu hunch _
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rnglnu .SDIJL‘II in the absence of mu; comm]; he - i ‘
sum. I'hi,‘ is annually 7

L'I mm-

:lL-mduncc
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..., nuunlumud llD]1l'lfllllIl’!£l!r:l)‘ cm»

31? speed lllfiffllb‘tt‘ In.- hi.k [1&3th by ’flltlllCanI lh'c ”half“ ”IN: through ”It. lurhln“
lurbine tl I‘ i.‘ _' .l-lMllg .l suhsmmml li‘uulmn of lhe exhaust around llw

amugi lm murmurs or flow mmrul vrlle‘ [su- Sn (1,8,4) 41 wan-regain [aCl . l‘ U‘ ': - r . v 7 - l '

q) me lauded valu, aumg In rcspons‘c to {he mlel manifold l‘l’rflill'e‘ on ‘I won4 . I z. '

Imllmg diaphragm Although mhcr mclhmls al'wlllrvllmu home: an h." uvl m
lllc waslegale 15‘ Hit mos: minim-n. Annul if? m 4!) pint-en; ol" I] Z l“.
h) passes. the turbine All minimum engine speed and loud “I

Figure lfi-FT' compares ll‘lL' m-rlnrmnnuu at two rut-limb
rhymes lllmr-cylirrdm, .1.!« and lit-le“.2._'l-dm'

ex Imus:

urged sparklignilmn
tlisplm'enmnl: wuh llml ol' lhr: has:

engine m m- nanually aspiralcu {mm Fable I55 git-cs details at lllr‘a:
TABLE 15.3

Erbocharged spark-ignition engine performance52
T

_ iype 2.1-dm’ TC 2.3-de NA 23-de TC/AC
Displacement, dm3 

2.127 2.316 2 316
Bore x stroke, mm 92 x 80 96 x 80 9h 80
Compressmn’ ratio 7.5 9 5 8 7 X
:luxnuum pom-1. m- ut rr-muu 98 at 5400 8:3 at 5400 117 at 5300
lulmum Iurmm 1“ :r- at rev-'lnin 210 at 3800 184 at 2800 250

M-n-nnum lump“ k ['.I 1241 at 2900998 1356
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—— Thrbochargcd —77 Naturally aspirated

g 80CT

5

E 60 '
E

I l E 40 _
' E FIGURE 15—38

g 70 Comparison of bsfc contours (in grams perfl “ kilowatt-hour) on performance maps of turbo—  
hsfe, g/kW-h . .

charged and naturally aspirated verstons of the0 ' . . , .
Ell 30 4O 50 (:0 ‘lll 80 90 100 same spark-ignition engine, scaled to the same

Percent maximum mcan piston speed maximum torque and mean piston speed.53

three engines. The 2.1-dm3 turbocharged but not intercooled engine (which a150
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—dm3 turbocharged
intercooled engine with its knock-sensor spark—advance control, which together

permit use of a higher compression ratio. 'l'urbocharging the naturally aspirated
2.3-dm3 engine, with the modifications indicated, results in a 36 percent increase
in maximum engine torque and a flatter torque—versus-speed profile.

| ' The brake specific fuel 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 of different displaced volume but the same

l maximum engine torque. The smaller-displacement low-compression-ratio turbo-

l- charged engine (rc = 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

l higher compression ratio (8.2), less enrichment, and more optimum timing.53 In a
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-

‘ | live 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

halfload, the turbocharged engine should show a benefit of about 10 percent, the
benefit increasing as load is decreased.49

15.6.2 Four-Stroke Cycle CI Engines

ll The factors that limit turbocharged diesel engine performance are completely

‘ dtll‘erenl to 1hose that limit turbocharged spark-ignition engines. The output ofnaturally aspirated diesel engines :3 limited by the maximum tolerable smoke
. emulsion levels, which occur at overall equivalence ratio values of about! 0.7 to

' nit. Turbocharged diesel engine output is usually constrained by stress levels in

l critical mechanical components. These nuntimum stress levels limit the maximum
I cylinder pressure which can be tolerated under continuous operation. though Ill":
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thermal loading of critical components can become limiting 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 the air flow rate as

boost pressure is increased. Limitations on turbocharged engine performance are
discussed more fully by Watson and Janota.48

Small automotive indirect-injection (IDI) turbocharged engines are limited
by structural and thermal considerations to about 130 atm maximum swirl- or

pre-chamber pressure, 14 m/s maximum mean piston speed, and 860”C
maximum exhaust temperature.54 Smoke and NO,c 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-dm3 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 (r5 = 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

  

 
  
 

 

 

 
  

    
 

80 — ' ' 5 ’

60 ~ 4k4,.-kPa 4o _ 3 7
2:1“ Boost pressure 2 —

1 _ Bosch smoke number(i l. I I I. I J. I.
u I , L I I J100 ,. —

“C 80 — ——_

60-— Compressor discharge temperature 350 — Full load40 I I _ l I I- l l.

800 - 300 |_
0C 600 —

Turbine inlet temperature 250 — bsfc, g/kW'h
400 I_J_I_l, fil— t I _I I | J |

20 3O 40 50 60 70 80 20 30 4H 50 6D 70 80

Engine speed, rev/s Engine speed, rev/s
FIGURE 15-39

Engine and turbocharger characteristics of six-cylinder 2.38-dm3 swirl-chamber IDI automotive diesel
engine at full load.54
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Mean piston speed, m/s

 
bmep,MPa 

bsfc contours in g/kW - h

 
 

0 —l_ I l I
If) 20 30 40 50 60 70 80

Engine speed, rev/s

FIGURE 15-40

Fuel consumption map (bsfc in grams per kilowatt-hour) for turbocharged (
rated (- - -) versions of 2.38-dm3 six-cylinder swirl-chamber IDI diesel engine.“

 
) and naturally aspi-

-"—1.2-dm3 Baseline (I) --—-1.2—dm3 Turbo (4)
i ——1.2—dm3 Roots (2) — 1.6-dm3 NA engine (5)

l 1.2-dm3 Comprex, (3)
—r— with intercooler —-—— without intercooler

l
:: %

ii. Zl I)

ll Er FIGURE 1541
| a Torque and brake specific fuel consump-

tion of naturally aspirated and super- ll ‘charged 1.2-dm3 swirl-chamber IDI diesel
engine. Baseline (1): naturally aspirated.
Supercharged with (2) Roots blower; (3)
Comprex (with and without intercooler);
(4) turbocharger. Larger displacement
1.6-dm3 naturally aspirated engine (5).55
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diesel engine. Figure 15-41 compares the torque and bsfc values obtained with

_- each of these supercluurging methods on a performance map for a 1.2-dm3 engine.
Values for a l (“(th naturally aswrated IDI diesel engine are also shown. All
Elmx approaches uducvc Llusc m Ihc LlceirL‘d fnn'mrrlllrn pI-mzr 11f Hm I (Hlm' 3H
L‘Wiur- 1m rw at 4800 rew’rmm: e g. IJ—rlm‘ Hll'l'JI). 4| 1 kW :1! Jill") rern-‘nun;
llulm‘ i_“._:mprcx with intern-Mm. 42.3 kw :11 “(In wvr'min‘. I.l~<im" Rot-u.

3.7!) kW ul 4000 res-mun. l‘lrc (famine). tl'rfs'lulll produces the lllglws! lLfa'l..l_'u{.' m
l . low engine speeds. even under mutt-July engine npt‘ralmg martini-ans. lite dummy

of the charge .Iir determines the amount nl' elm rgr. and hence Iht: mrqm: Charge-
ill! pressure :1an temper-aunt {or thr- rim-c sunnrclmrglng systems am- ».iwwn m
Fig [Sr-'11 Thi- Crrmprut Ilrurc wnhnm an mlrrcnnlcrl mm! vaL- the hips“
charge pressure liccuusc H has IlII: lligllcsl (harps-I: IL'HIPL'FIHIII‘L‘ IIIIL:rn_mliug
would he pal Ilculurlv ell'tctwc- In Ihis L'arr; i“

Small high—speed luglavswu'l turlmchmgnri rliscet-iruecrian diesel mgjnrs
lug. suilzliilc iur 'leumuhIlu m lutllf‘lnlck Jppliuullmm have. suiular guy
ll‘nmunm' limp:- in Elms-r- nl' equivalent IDI cllylnrs [Plus 155W and |."--ll_h.
Maunuuu lunar: values arr-:- tinsel}- Ct'mipurribic; usually slighllv inglwr lmmt a.»

_ I'L‘QUIICIi in nus-u Iltc lmvcr wimnctnr clfiuicm-y rsl' Ilu: highrm-Irlegcncratim; purl

7

 
 

 

80 and valve of the F)! eugum Bust hush; wine’s Ior the 1)] engine we usually ahuur
15 percent lower than of comparable IDI engines (see Ref. 56).

Ilrc hpcrullng churn-:tulirtlics ul' larger {Ticdlliflie'iu‘l‘l turlmrlulrgt‘d DJ
arged( )and naturally aspi- die—WI filllglmx'a' an: Illustrated Irv ”II: data Hlmwn in Fir: l'i-J3 Hug. cngmv 1:. 1.
engine.“ 12-:il11J i'llr.p|a-'.'cl'm:ul six-cylinder heavy-dilly IHIL‘L engine 111:: cr'unhuulmn

*Jhrmilwr rs similar to that drawn in Fig. 15-32c, with a aquare comhm-lron cavity
nml n-IMWL-iv low levels of swnl. The swirl is generated by a helical pm: 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

I 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-

>4
2

“ a

15-41 g 5
rid brake specific fuel consump- g; I...

naturally aspirated and super- '5: a
.2-dma swirl-chamber IDI diesel , Turbo 5
aseline (l): naturally aspirated. —._ Comprex 5
7ng with (2) Roots blower: (3) _ II —— Roots FIGURE 1542
(With and without intercoolerll Charge pressure and temperature with the IDI

ncharger. Larger displacement 0 0'01 0'02 0'03 0'04 0'05 diesel engine and difl‘erentsupercharging methods
aturally aSPirated engine (5%” Air flow rate, m3/s of Fig. 1541.55
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878 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

—— With backwardwaned impeller
— — — With conventional impellor 

Conventional Backward vaned

bmep,kPa Pressureratio     
I ‘ Percent maximum engine speed Air flow rate, mj/min
; (a) 02)

FIGURE 15-43

Performance characteristics of turbocharged 12-dm3 six-cylinder medium-swirl heavy-duty truck DI
diesel engine, with two difierent compressor impellers: (a) fuel consumption maps; (b) compressor
maps with full-load boost operating line for engine with backward-vaned impellor superposed,
Bore :‘ 135 mm, stroke 4 140 mm, r: : 16.57

il formance by improving the compressor efficiency over the engine’s boost pressure
i curve (Fig. 15-431)). A wastegate is then used to control the boost level at high
. engine speeds. The improvement in low-speed engine torque is apparent in

I Fig. 15-43a. The dependence of the maximum torque curve on both engine and
l turbocharger design details is clear. With boost pressure ratios limited to below

I 2, in the absence of air-charge cooling, maximum bmep values of 1.1 MPa are
typical of this size and type of diesel engine.

I 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 intereooled engine achieves a maximum bmep of about
1.5 MPa and bsfc 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.58
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FIGURE 15-44

Performance characteristics of medium-speed turbocharged aftercooled DI diesel engine. (a) Torque,
power, smoke number, and bsfc for V twelve-cylinder version. (b) Compressor characteristics and
engine full-load line for V-8 cylinder version. Bore = 128 mm, stroke = 140 mm, rr : 15.SB

liminplea all values of L‘IHOIIHIK‘iEIJIl-I'L'iillt’Ll [inlfii‘l'lL‘lL'lN i'm Ihrs type of engine
over ”It: Imiti rarigr nl llh' riiammurn ruled Nllc'tjrl urt- shown in Fig tits-Ari t'm a
14.6—tlm' six-cylinder Iurhot'hnmtu' til'lert‘milctl I‘ll diesel engine With :: hllliki
pressure ratio of 2 at rated power. The ignition delay decreases to about 100
(0.9 ms at 1800 rev/min) as load is increased. The bmep at 100 percent rated load
at this speed is 1.2 MPa. 1.‘-N1'l.’lll*'-t temperature increases substantially with
increasing load: maximum cyl-mim 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
percent distillation temperatures.”

Higher outputs can be obtained with two-stage turbocharged aftercooled
diesel engines, the arrangement shown in Fig. 6-3711. 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 pressure ratio of 3
at sea level ambient conditions (rising to 4 at 3658 in altitude). This was obtained
.1! lower cost with two lIjlljrlt'llill'fdh'l'h‘ In SL‘IICS llldll with a multistage single tur-
bocharger. AH rated conditions. Iiis: mammoth Lylimler pressure is 12.7 MPa and
the mammum mean juslnn speed is Hm "I."

S‘Mdilmlli'l BiIIII-‘i In ariliuicury with these heavy-duty :iulnrnnim- dluatl
engines {run he ElClllL‘Vcll with IIIrhm‘omptllHiding: some of the available stringy III
the exhaust gases: is captured in .l turbine which I.‘ geared dirt'cllv to the EllglllL‘
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FIGURE 15-45

Operating parameters of 14.6-dm3 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 z 1192 kPa. Points: standard diesel fuel. Shade(1 band: nine fuels of varying sulfur content,
aromatic content, 10 and 90 per cent distillation temperatures.”

 
- 1800

bnlcp
] 1600 g‘ a“

400 —1400 E
_ Power : 1200

3 300 —600 ,,,

4|: Air flow _ E
g —400 h9.. 200 _ gQ:

l 1200 i
100 Air/fuel 30
/20

A: 250 - 10 wk0

E 240
”3 .120 becL2v:

'° :00 . I
800 1000 1200 1400 1600 1800 2000 2200

Engine speed, rev/min
 

FIGURE 15-46

Operating characteristics of 14-dm3 six-
cylinder two-stage turbocharged after-
cooled quiescent-chamber DI diesel
engine. Maximum bmep = 1.74 MPH-
Boost pressure ratio at rated power = 3.
Bore = 140 mm, stroke = 152 mm.60
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:lrwt- «huh. le Inhrwc discussion lliil'FL'dlL‘r- Ihzll uygm‘al turbocharged I.” meant II
t-nginca achieve hsl‘t levels u! III! In 23.! w‘lzw -]I {brake- l'ucl i'tllWlffiiillll Izm-

r-mmms- ul' 0.4- m ”RSI. Will: the llil‘ltliln'tfll cylinder pressure capability. lllfllhfll’
furl-injucnun pressure-I. and Inn-mAmmwrururc all-.nruuling ni Ihc thvc higher

| hmcp stigma-s. list: values nf ml] g kW - I] It} Il.‘ 11mm: L‘IllL‘lL‘lIL‘Y} m IQM'Ifl‘ can he
I achieved Willi mrlunu.»mpmlndinp. hull; mlurs. L-IIn hr reduced :motltei f"- In (a

percent in :Ilmul [Hit g/kW ' It. or :i hlnhu lilliflnflllfl' M04)”, :11 Inlcd l‘nnwr.“

Iltc twee.“ I'uIIr-salrulru r'yt‘fu: DI rlitwsl engines are mutt lrrr “mum: gimpul-
sum. MI umniplr: r" the Sula-.1 all)” mm hurc 4240 mm txll'llln,‘ cur-im- which pm-
duunx MU rw pm L'vltrlt‘lfl an SR” rtrvs'miu ti‘i'r, ._._; ml'ul. Vent high hint-p Inuls
11.“! M PHI Lll'l.‘ .Ichicvcrl :II nun-mum uu-nlimII-m micrl 909:2!" thrchln prugtcss
iII turbocharger design :aml engine vmphn'nllcnta which ailmx- higher maximum

. cylinder pressures. these, crunhinc-J wtth olwmwnliun ”1' gas L‘II“!1|H_‘L1£_' unrl mm-
husIIu-I l'Jl'tJLiua-ECS LIL‘hiuw: mn- t-alurs (if 18'? In NU gltk“ -h 147‘ In 4n pcrccul
hrukc ellit'imu‘. v.1 "‘

Many (“C-501 system L'otllfrtpls :Irt' {Icing \i‘iélll’llll'lil “Inuit prmrlmr even
higher milr-Ill. :uu.|;ur ellimcnuy. VIIIIIIlJ|e~gcmitt-h} lurlurclmrgur-Iir:‘lmu' TIl'u’JICH‘
impnwe IJtihmImn {ll mlmual gm: :Ivuilnhlr enemy}, at I'm'c itflglllt'. speeds. Tin:
hvpurhm turhm'hm mm; Avalon} - 19v

 
:uriallr il Lul‘thHilll-m -.II' J 'ilCI-ltl tengmr

With :t lf'liif-'llnTl|11[.' gm» turf-mu.- [it L-r-mhu-Itum clLIiI‘Ilz-cr h placed hL'iwL‘L‘li the

engine :ilnl 1hr: lmhuthargm' Im'himrl has lite- potential Lil' much [1' i Ium-p
[NW-"Cl -'\'aiz:..'ns wuh Iimmnlly innit-tiled u-Iuh-mlmn thiuubeu Which -J:4JL||_‘{‘ hunt

lth‘whm .iuu Eur-reuse ilu: dhlllill‘lt‘ exhaust energy haw.- Ihc potential for llhpllu'iug
led DI diesel engine as a func— :rlliciizuey and for IIIL‘lC'c'ISII'Iy. puwm- thmugh nahllliunul exhaust energy rcwwzn mIm rated power = 261 kW at
fuels of varying sulfur content,

 

Lil'VI‘CL‘S :erle .ts wrnp-Aund-rtl turliinm IIIIrI c‘thuIIxI-Iieiilcd Rimlrmt- L-ycln:systems.“

15.6.3 Two-Stroke Cycle SI Engines

“N two-Hiram Hyde hplll‘krlpllllllill CIIgmr In Us smmluru (nun unwrap sealed
crankcase milllt'lmn .1 ml lli'l'l'lplcshltll'l I'd [hf fresh L'l‘lul'gt' prlm' III charge 'tl'LinflI-L'fl,
“'IHI mmpresmmi and spunk Innulun m m: mean-e irtluulcr .tlicr charge Iranslcr.
'i'hc hash Ilt'.".llll't: must he L'i'lllpl'it'iiilld m le'l'J'It' ehhuim {Harem pleasures, prim
In unlr‘y' to [he cylinder. Ill mime“: :flinuwe stancngrng n! ch burned gases. Tm;—
slrukc cycle .".'Cit\"t.‘llg,lil[1 prunrssm um. menus-ml In fir-c Mu. Tlu- Wrmtrnkc

spark-uynition ungnlu is an especially simple um} liglu enginr cam-mp! and finds
its gnmtmt use an :4 portable power SOtIrrit'. or nu unit-.Ircycles wlm-s these advan-
tages are important. Its inherent weakness is that the fresh fuel-air mixture which

.~:{t.nr1-mrcmts the cvln-ulcr directly to the linltam-t system during the scavenging

 

15-46 [WV-'03“ “'“Slilliiifis‘ =1 “litttlliitzml tut-l consumptmn penalty, and results in Massive .
characteristics of 14-dm3 six- unlmtrird hydlncnrhim Lanngggtiung ‘

w0-stage turbocharged after' This section briefl discusses the erformance characteristics of small crank-P

uiescent'Chamb“ 131174323361 new mmprcmaiwn tWta-cimlu: Ifiwlc 3i cuglnes the 1':c:lkm'n;mr:r= ClluruUlEI'iS|i(::=vIaximum bmep: . a.

t' at rated power ’3 "WW“ """’ "'“lue) 0' “WW t'ui'mm ‘.l\'F‘Cn<j on ”It: min” 1.; wliwh 11w displaced~sure ra 10 "‘ ‘ . . t _ _ t . . ,
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l‘uel cunsumption will depend an bum the lrappmg efficiency [l3q. [0.2”] and Ihe
' charging efficiency. Figure ”-47.1 shnws how the Irapping efficiency if” varies

Willi increasing delivery ratio A 31 several engine speeds for 41 two-cylinder
347-cn13 displacement motorcycle crankcase compression engine. The delivery
ratio increases from aboul 0.! ill idlc conditions to 0.7 In 0.3 at wide-open ilirot-
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I FIGURE 15-47

(a) Trapping and charging efficiencies as a function of the delivery ratio. (17)
mean effective pressure on fresh-charge mass defined by charging efficiency.
displacement two-stroke cycle spark-ignition engine.63

Unpululence of brake
Tum-cylinder 347-cm3 
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cy [Eq. (6.21)] and the 20 ' 12‘1“,“
1g efficiency 11., varies 3
ds for a two-cylinder 16- .

1 engine. The delivery I
).8 at wide-open throt- _-_ _ _ Torque 50 I12 - ' ' ., 40. _. , E

’ 30 -
- z

_ 20

8 10If
700

4' 600 2‘
fi___— 500 3 FIGURE 15-48

~1__r___7 400 f -. v.a.) Performance characteristics of a

0 — 300 three-cylinder 450-cm3 two-stroke
»— cycle spark-ignition engine. Maxi- 'HM!

,_ i 3000 5000 7000 mum bmep = 640 kPa. Bore = 58 mm, i
Engine speed, rev/min stroke = 56 mm,“

tk', LJFNS at constant charging elficieuuy nu, Iwhich equals An". rec Lu; lt'l.25)]
iirc slu'iwn Figure Hunt: SlufiWS hrnup planed against them L'Il:-I.I'_Elll'l}). uITi-riency
Milne) and the “neat dependence c-n r'rmh charge mush rirliiinril IN clear.

Puiluruiunw curves. for n three—cylinder dill—cm‘ inLi-aii‘ulw cycle rmmmi
‘59 engine Lin: whom: n. Fig 15443. Maxitinim bump ['1 {will Li’s HI .ilnun 4lJUll raw"

' ' min Smaller [Illi‘lul't‘fii'ili engines can] achieve slighlh- higher maximum tuucp all
higher speeds. I'M)“ :r‘v,-'min|. Fuel Igonstnin‘dmn ail the maximum hump le-‘ln'l l;—:
.iimut :Hlllu ulW h. Average I‘Llel cummnplum is usuanly wm‘undflu-lmll' l0 Iwn
times that of an equivalent four-stroke cycle engine.

('0 emissu‘ms (mm iVVth‘quC‘kL‘ cycle engines. wry primarily With the futilf'fli!
cqiilviilmlC-e intin in il manner Similar to thul 0| li'uIr—slrtILL: cycle engines {see
Fig. Hum]. NO‘ Iznnsswns arc- slpnilicnnlly luwur thiiu [mm I'uIn-nmluzu engines
rlnr.‘ In the high residual Mus {nu-lion. I'C‘Zultint: [mm the law churgn'ng efficiency
Llnburncd hydl'ucsu bun unitssmns {mm carbine-It'd lwn-nmkc engines are nlmnt
Five limes .1» high .h Iiit’lfiu a,:i'cqiiivu|enl llnlr-clmku engines due to I'resh mixture
short-circuiting the cylinder during scavenging. Exhaust mass hydrocarbon emis-
sions vary approximately as A(1—11,,)¢, where qfi is the fuel/air equivalence
ratio.63

15.6.4 Two-Stroke Cycle Cl Engines

Large munnc diesel engine-s [(14 In t m tuna) ululm- the um-wlr‘akc cycle. flies:-

iriw-epccrl cuglure wnh rulamclv l'ew cylimlurs. are well simud n. manna {Unpai-
[um] sum: the) arr: dill-1' {n nutteh Ihc. [mwci'fapL-eil :tmtitrumL-nis. Iii shins wlll:

mmph: direct-drive arrangement». l'l'u-su: engines are mrhnchm RN to achieve high

“I” (h) [armada-u: of r;:..t;»- hrukx‘. ITlUJill cllcciivc pin-mums and epccnii: mnpnl Th}: large!“ of lhcnc engine-3
mmlcy. Iwu-wlnulrl 347%:51' can 'zlilhIm-‘C brake fuel cum-ursnm nificwnclcs oi tip til 7-1 percent. Au main—[pic u!

is lame milrlnu Hun-strut: tug'lnr': l5 shown In H]; l-H. (fiver the 1mm 23 ycuu;
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884 lN'l‘EKNAL COMBUSTION ENGINE FUNDAMENTALS

the output per cylinder ill such engines has increased In u [actor of more than
lwu. and fuel cnnsuntptiun has decreased thy 35 percent. These changes have been
achieved by Increasing the maximum firing pressure to IR MPa, and by refining
critical engine prriresses such as [net injection, enmhustirm. supercltnrgtrtg. 11nd
scavenging. The willow—scavenging process is nuw [‘ll’zlL'l’l‘nd lu loop scavenging
since it rtehiewm higher amvatgjng efficiency tit high stroke/bore ratios: and
allows increases in the expansion stroke.62

The perlbrmnnec ultnt'nutcrts‘ues of a filill mm hut: Sulzer two-Stroke
int-tune diesel engine with n stmkcfborc ratio of 1‘) are shuwn in Fig. 15-49. The
snlirl lines shnw the standard turbocharged engine characteristics. The rated

speed fur the engine. 15 135 rev/min. corresponding In ‘4 maximum mean DISH)“
speed nl‘ 7.2rn/s. The rated lamest is LnnMPn. The minimum hsfc Is 1'!"
g/kw h which equals a hmke fuel conversion efficiency at 43 percent. For larger
lower-speed engines. lhu ellieluney is higher. The dashed lines shnw how the per
humanize of ll'llh engine can be improved In; llll'l'lnt‘tllflplllllldillg. A proportion M
the engine’s exhaust Ilow. at loads higher than ‘H percent. 15 diverted [min [in
turbtuthurger inlet In it separate turbine ummled tn the engine power tukeull‘ gem
Vial .tn epieyulit‘ speed-reduction gear and l‘lydt'mtlic Coupling. 'lhc additional
[towel recovered [I1 this manner from the engine exhaust llnw imprnvcs [isle hv
5 g/kW'l] AI part land. when the full exhaust flow passes through the turlm
charger. an efficiency gain IS also uhtninnd. clue In the higher scavenging 5)I'Lts:¢ltrt'
lurid therelhn: Increased cylinder pressure] \Jblulllctl with [he full exl‘mnsl llnw.

  
 
  
  
  

  
 

Maximumcylinderpressure,mm Airpressure,atm
 

 

FIGURE 15-49
Performance characteristics of large
marine two-stroke cycle uniflow--
scavenged DI diesel engine. Borc =
580 mm, stroke/bore = 29, maximum
rated speed = 125 rev/min (mean piston
speed = 7.2 m/s), bmep (at rated power)
= 1.66 MPa. Solid line: standard turbo-v

Charged configuration. Dashed lines:
parallel turboeompounded configuration

30 40 50 60 nt 80 90 100 at greater than 50 percent load. bsaC‘
brake specific air consumption.“

bsac,kg/kW-h

   

 
Percent maximum power
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Rate of pressure rise _ _ \. Peak pressure
1? 306 kPa/deg -,_ 133 MPa

g 10 Combustion begins. 13° BTC 'D

5a 3'
'5.I:0

E i:
5. Injection begins15.8° Ii'i't‘. — Injection ends

4 if . 0.8° ATC
/"r \I

\ _

2 .|— ' r
—50 240 —30 —20 -10 0 10 20 30 40 50

Crank angle, deg

- 'Jnuu

-‘ 22000.25 -

-1800 E

_= 0,24 — _, g FIGURE 15-50- In‘ection combustion, and er-
3 0 23 140° 8- J ’ - . -pf I, formance characteristics of inter—

“f 0 H _ - _mm ’3 mediate-size turbocharged two-
? n on stroke cycle uniflow-scavenged D1

0 2' — worm diesel engine. Bore = 230.2 mm,stroke = 279.4 mm and r = 16.
0.20 . . . c .

_ gut) Shallow d1sh-1n-p1ston combustion
chamber with swirl. At maximum

. . . 1. . . _ ‘ . rated power at 900 rev/min,
340 420 500 530 660 740 820 900 bmep = 0.92—L12 MPa depending

Engine speed, rev/min on application.65

Both two-stroke and four-stroke cycle diesel engines of intermediate size

(200 to 400 mm bore) are used in rail, industrial, marine, and oil 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 MPa is for full-load operation. The bmep at 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 bsfc of 200 g/kW-h corresponds to
11,, ,, = 0.42.
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FIGURE 15-51

Brake power and specific fuel consumption (grams per kilowatt-hour) map of four-cylinder 3.48-clm3
I 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, V: = 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-dm3 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 at its 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/kW ' h and
the maximum boost pressure ratio is 2.6.

 15.7 ENGINE PERFORMANCE SUMMARY

The mujor performance characteristics of the Sparkelgflllififl and emnpressinn-
ignition engines described in previous sections of this chapter are summarized
here to highlight the overall trends. Table 15.4 lists the major design features :1]

- these engines. the bmep at maximum engine torque, bump and the valuo o! tlte
I mean piston speed 5",. at maximum rated power. and the minimum mine 01 hsl‘c 
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888 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

and the corresponding brake fuel 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 (e.g., naturally aspirated four-stroke SI I
engines) the values of maximum bmep, and bmep and 8,, 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 bsfc as size increases due to the decreasing relative importance of
friction and heat loss per cycle. There is also a decrease in Sp at maximum
power as engine size increases. Note the higher bmep of naturally aspirated SI
engines compared to equivalent NA diesels due to the fuel-rich operation of
the former at wide—open throttle.

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 air 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 engines is stress-limited. The larger CI engines are designed to accept
higher maximum cylinder pressures, and hence higher boost.

' i 4. The best efficiency values of modern automobile SI engines and IDI diesel
engines are comparable. However, the diesel has a significant advantage at
lower loads due to its low pumping work and leaner air/fuel ratio. Small DI
diesels have comparable (or slightly lower) maximum bmep to equivalent IDl
diesels. The best bsfc values for D1 diesels are 10 to 15 percent better, however.

II i 5. In the DI diesel category (which is used over the largest size range less than
100 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 loss per cycle, higher allowable maximum cylinder pres-

sure so higher boost can be used, and (additionally in the larger engines) Hthrough turboeompounding.

I " l5.l. The schematics.- show three ditfcrent four-stroke cycle spark-ignition engine com-
bustion chambers. A and B are two~valve engines, C Ls a four—valve engine (two

I inlet valves which open Simultaneously. two exhaust valves}. Dimensions in milli» ‘meters are indicated. A and (_‘ have normal inlet ports and do not generate any
l' swirl. B has a helical inlet port and generates substantial swirl. Spark plug lecatium

are indicated. All three engines operate at the same speed [3000 revfmin], with the
I same- inlet mixture composition. temperature, and pressure. and have the same dish

1“ PROBLEMS 
placed volume. 
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15.2.

15.3.

ENGINF. OPERATING CHARACTERISTICS 889

(a) Rank the chambers 1, 2, 3 in the order of their volumetric efficiency (1 2 highest
m)-

(b) Rank the chambers in order (1, 2, 3) of their flame frontal area (1 = highest)
when the mass fraction burned is 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 dmb/dt will be difl'erent 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?

 

 
   

63 Spark plug

I/L"-__\ _.-’ ‘xx “A-ffl:_fi—:;.. Ey/ "-. f7“.
,l- liq-5.3.9; r . lltIU \ _/

(e(H) {fr—xJh— t—lsjg- m -) K 37:5?[I'll]! l'lll'llt; . Iltl'll '._"_I_H_l_', ‘1‘,
.g_, - n

X" 16 mm x, .tIL-hIJ—H—mm:
xkfli/f 13 mm \ _ulz _

l- 100 mm :l y l. 100 mm * |< l00mm__E:1l
A. 2-valve B. Zivalve C. 4-valve

Side plug Plug 16 mm from axis Center plug
Normal port Helical port Normal ports FIGURE PIS-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 conversion efficiency: (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. Assume the engine details are:
 

 
Compression Equivalence Displacement,
ratio ratio range drn3

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
conversion efficiency.

(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 TT mechanically
connected to each other), an intercooler (I), and a power turbine (Tr) which is
geared to the engine drive shaft. The gas and fuel flow paths and the gas states at
the numbered points are shown You can assume that the specific heat at constant

pressure c, 0! the gas throughout the enlne system is 1.2 kJ/kg- K and y—— cp.,—/c—
l. 333. Thep engine operates at 1900 re\-'.'.nmn The fuel has a lower heating value of
42 MJ/kg of fuel.
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890 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

(a) What is the power (in kilowatts) which the turbocharger turbine (Tr) must
produce? What is the gas temperature at exit to the turbocharger turbine?

(b) What is the power turbine power output?
(c) The heat losses in the engine are 15 percent of the fuel’s chemical energy

(inf QLHV). 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).

Air

 
 

Turbocharger

Power
turbine

0.018 kg/s

Geared to drive shaft FIGURE PIS-3

15.4. The attached graph shows how the brake power and specific fuel consumption of a
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 equivalence ratio:

The volumetric efficiency: 11,,
The mechanical efficiency: 11," [Eq. (2.17)]

 
 
 

 
Pb,kW UIONQ8888 bsfc,g/kWoh843-Ln0\\l 4;

 

 
 

Efficiency,% ho   
 

       
0,8 1.0 1.2 T4 1.6

Equivalence ratio FIGURE PIS-4
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The combustion efficiency: no [Eq. (3.27)]
The indicated fuel conversion efficiency: n]. f [Eq. (2.23)]
The indicated thermal conversion efficiency: 11“; [Eq. (3.31)]

(a) Derive a relation between the variables 11”, m , and 11" i.
(b) Derive an equation which relates the brake power P,, to 11,}, rim, m, r],_,-, and any

other engine and fuel parameters required.
(c) Explain briefly why the variations of "a! 11,", no. ’11, i, r],_,- 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.).

The diagram shows the 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, CF, 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 TA, which is mechanically linked to the compressor. The
pressure between the two turbines is 1.5 atm. The second turbine TB is mechani-
cally coupled to the engine drive shaft and exhausts to the atmosphere at 800 K.
The specific heat of exhaust gases, CF, is 1.1 kJ/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 what is the brake power obtained from component B?

(b) Determine the power obtained from the power turbine TB.
(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.

A" 0.4 kg/s

  
Reciprocating

engine
E

 
FUEL 0.016 kg/5 FIGURE PIS-5
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892 INTERNAL COMBUSTION ENGINE FUNDAMENTALS

15.6. 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 (NOX) emissions. This question asks you to explain the experi-
mental data which shows that fasterburning combustion chambers do provide
these benefits relative to more moderate burn-rate chambers.

(a) Figure 9-3617 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 I
speed and load, stoichiometric air/fuel ratio, with timing adjusted for maximum

brake torque at each condition. COVimep 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 COVimep , HC, and frequency as EGR is 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 and a relatively
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 Inoderate burn—rate engines change as percent EGR is

increased. Explain the reasons for the differences in these trends in COVimep,
bsfc (brake specific fuel consumption), and HC, and similarity in NOx. The
operating conditions are held constant at the same values as before.

 
 

 
 

Fast
burn

Moderate
burn 

  Spark timing 18“ 40C BTC
Crank angle for 150 16C ATC
average pmax
0—10% burned 24° 35“
10—90% burned 200 50”  
 

 
 
  

   
  
  
  
  
  
  

 

  

 15.7. Two alternative fuels, methanol and hydrogen, are being studied as potential future
spark—ignition engine fuels which Inight replace gasoline [modeled by isooctanc
C8 H18). 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 constant is 8314 J/kmol , K. What implications can you draw
from these numbers regarding the maximum power output of an engine of fixed
geometry operating with these fuels with stoichiometric mixtures?

(b) The octane rating of each fuel. and hence the knock-limited compression who
of an engine oplimiked for each fuel, is different Estimate the ratio of the
maximum indicated mean etTectwe pressure for methanol- and hydrogen-fueled
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technology” to achieve engines to that of the gasoline—fueled engine, allowing for energy density eflects
hydrocarbon (HC) and at intake (at 1 atm and 350 K), at the knock-limited compression ratio for each
u to explain the expel-j- fuel, for stoichiometric mixtures. You can assume that the fuel-air cycle results
3 chambcrs do provide for isooctane apply also for methanol and hydrogen cycles to a good approx-
; imation, when the energy density is the same.

of the exhaust gas recy- (c) The lean operating limit for the three fuels is different as indicated. Estimate the
I-rate engine at constant ratio of indicated fuel conversion efficiency for methanol and hydrogen at their
g adjusted for maximum lean limit and knock-limited compression ratio, relative to gasoline at its lean
dard deviation in imep limit and knock-limited compression ratio, at the same inlet pressure (0.5 atm).
ypes of combustion are: Under these conditions, rank the fuel-engine combinations in order of decreas-
Sec. 9.4.3. Frequency is ing power OUtPUt
knowledge of the spark—
:mission mechanism to

EGR is increased. Gasoline
ugs and generates swirl (isooctane) Methanol Hydrogen
:0 direct the air to enter CaHls CHSOH H2 

the cylinder at the end
There is no swirl in the Stoichiometric F/A 0.066 0.155 0.0292

. Lower heating 44 4 20.0 120.1
k plug and a relatively value, MJ/kg
lg’ average time or peak Molecular weight of fuel 114 32
[cent mass burned) Vand Molecular weight of 30.3 29 4 21

‘ for these two engines. stoichiometric mixture
fission characteristics of Research octane number 95 106 ~90
ge as percent EGR is Knock-limited 9 12 8

Iese trends in COVmP, COHIPWSSiOfl ratio
similarity in NO,“ The Equivalence ratio 0.9 0.8 0.6
:5 as before. at lean misfire limit

15.8. Small-size direct-injection (DI) diesel engines are being developed as potential
replacements for indirect-injection (IDI) or prechamber engines in automobile
applications. Figures lO-lb 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 ID] 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

hese fuels. engine speed. Brake specific fuel consumption contours are shown with the

ume (in joules per cubic numbers in grams per kilowatt-hour.
m. at 1 atm and 3 50 K. 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. Q has units of

udied as potential future
(modeled by isooctane

plications can you draw
put of an engine of fixed joules per second.
mixtures? (a) Explain the reasons for the differences in shape and relative timing in the cycle

mited compression ratio of the heat-release-rate profiles.
:timate the ratio of the (b) Suggest reasons for the differences (magnitude and shape) in the maximum

01— and hydrogen—fueled bmep versus mean-piston-speed line for the DI and IDI engines.
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(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.

D1 cn inc

il/ g
l l

  HeatreleaserateQ
TC Crank angle FIGURE PIS-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 maximum rated speed. Using information
available in Chaps. 2, 5, and 15, on typical values of critical engine operating
parameters at maximum power and speed for good engine designs, estimate the
following:
(a) The compression ratio, the number of cylinders, the cylinder bore and stroke,

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, CH4) 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 (46 is the fuel/air equivalence ratio).
 

 Natural gas Gasoline

Composition CH4 CsH , 3
Heating value, MJ/kg 50.0 44 3
Research octane number 120 94

Compression ratio 14 8
Displaced volume. dm3 2 2
Lean misfire limit ¢o : 0.5 45 = 0.8
Part-load equivalence ratio (75 = 0.6 (/1 = 0.9
Full—load equivalence ratio 4) = 1.1 (I) = 1.2 

As indicated in the table, the displaced volume of the engine is unchanged when
the conversion for natural gas is made; however, the clearance height is reduced to
increase the compression ratio.
(0) Estimate the ratio of the volumetric efficiency of the engine operating on

natural gas to the volumetric efficiency with gasoline, at wide-open throttle and
2000 rev/min. Both fuels are in the gaseous state in the intake manifold.
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(b) Estimate the ratio of the maximum indicated power of the engine operating
with natural gas to the maximum power of the gasoline engine.

(0) Estimate the ratio of the gross indicated fuel conversion efficiency of the natural
gas engine to 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 isooetane-air mix—
tures are also appropriate for methane-air mixtures.

15.11. 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
maximum efficiency.
(0) 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, NOX, 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.

15.12. For a naturally aspirated four-stroke cycle diesel engine:
(a) Show from the definition of mean effective pressure that

bmep 0C 11min, .m(F/A)

where bmep = brake mean effective pressure
W». = mechanical efficiency

11/.i = indicated fuel conversion efficiency
11,, = volumetric efficiency

F/A = fuel/air ratio

(b) Sketch carefully proportioned qualitative graphs of nm, 11f." 1]”, and
(F/A)/(F/A)gloich versus speed N at full load, and explain the reasons for the
shapes of the curves. Then explain why the maximum bmep versus speed curve
has the shape shown in Fig. PIS-12.

Full load line

 
 bmep U

 

Speed—> FIGURE PIS-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 fuel
consumption increases with (1) increasing speed, (2) increasing bmep, (3)
decreasing bmep.
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