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11.10 HOMEWORK 

11.1. A panicul;lr car traveling li te:ldily Oil ;11cvcl road at Ion kmnl reCJuires ahout 15 kW of 

powe r from the: engine:. For each of the engines in Figurcs 11- 12. 1 1- 15. ;1111.1 I I - I () de ­
tennine the fuel economy of the vchic le (km/g). the bore reqllirel.l of ;1 four cylinder 

engine, and the maximum power the engine will prod uce . Assume in eac h ca~c thai thc 

enginc is operating at it.~ bc .~ t fllel economy poinl when Ihe vehicle is crui.~ins at I DO 

krnlh. that engine control s litTIilth e pi .~ton speed 10 10 mIs, anc..lthat the nmpli arc .~ i i'. e 

• independenl. 

• 

11 . 10 Humc ..... urk JSl 

11 .2. The price o f large diesel e ngines is roughly proportional to their rated power, ut 

c, = engine price per kilowatt per year 

c~ -= fuel price per ki logram 

A t low values of c] it pays 10 huy an engine bigger than required and operate il al its besl 

fuel economy point. For low va lues of C2 it pays 10 buy a smaller en{!i ne and run il al its 

ra ted power. For the engine characteristics in Fig. 11·18 a t whal ralio CI/c~ will the Iwo 

diffe rent sized engines yie ld the same total annual cost? As~ume the engines arc run 

20 h/day and Iheir rated power ili at V,. = II mls. bmep = 25 bars. 

11..3. Write an expression resembling Equation on 11.11 for the mass of pollutant species ; 

(give n its emission index a t any load. speed poi nt) emitted by an engine operated over a 

dUly cycle from 0 < t < 1,/. 

11.4 W hat is the power requ ired 10 travel up a hill with a 10° slope at 50 mph'? Assume a 

fronlal area or 2 m2• C,t = 0.3, C, = 0.0 15, m,. = 1500 kg. 

11.5 Derivc Equation 11.9. 
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Eng.ine perfurmam:c maps generall y hilve a single va lucJ minimum bsfc oper;IIiu g 
point. Start ing utthe locution of minimulIl usC!;, Ull the lIlap the fuel consumpti on increases 
in all directions. If one inc reases the engine speed, the fuel consumpti on increases bt!cause 
of an increase in the fricti on loss. If O tiC decre;Jses th e engine speed, the fuel cOllSump­
tion increilses because of an increase in the heat loss. If one increases the load, the fuel 
consumption increases bC":il usc the mixture l1Iust be enriched beyond stoichiometric . If 
one decreases th e load. the fuel consllmption increases because the friction is becoming 
a larger proportion of the indicuted wurk. 

TIle engine o f Figure II - II is a 1.25 L DOHC 4-cy lindcr, 16-valve ilutomotive eu­
gine. Since the :Jpplication is general ilutomotive use, the engine is designed to have the 
region of minimum bsfc located at relati vely low engine speells (40 to 60% of Illil:dnllllll 
engine speed) and at relntively high loads (60 to 80% of maximum bmep). Figure 11 - 12 
shows a perfomlance map for a larger 1.9 L SOHC 4-cylinder. 16-valve llutomobile en­
gine. The minimum fuel consumption of 245 glkWh occurs ilt about 90% of lhe maxi­
mum load and 40% of the maximuill spt!ed . The general shape of the contours for tht! 
engines of Figures II -II ;lIld 11-12 me re markably similar. 

Maps for a two-stroke gasoline e ngine in both pon fuel injected lind carburetted furm 
arc given in Figure 11-1 3. The advantage to fuel injectio n in this ilpplication is c1e'lrly 
evident, yet in eac h case minimum fucl consumption still occurs at si milar speed-load 
points. The fuel injected version is more efficient than the carbureted version because of 
a reduction in the short-circuited fuel. and its hydrocnrbon emissions are a facto r of abo llt 
ten less. 

The perfomHlRce maps di scussetJ so far have been for homogeneous ch:lrge engines. 
Results for a direct injection , stratified charge eng ine are g iven in Figure 11 - 14. The paim 
of minimum fue l consumption has moved up closer to the maximum load and now occurs 
nellr 90% of the maximum blllep <lllllnear 60% of the maximum pi ston speed. The en ­
gine produces more power on diesel fuel than on gasoline bec:msc the injection system 
is a jerk pump. Since diese l fuel is den se r than gasoline, more diesel fuel is injected at 
full load. 

For a homogeneous e ll;lrge engine al the point of minimum fuel co nsumption, in ­
creas ing simultaneollsly the fllel-uir mtio 1I1l1l the lIe1ivery ralio inc reuses the load . For 
an engine in which the fuel is injec ted at the time com bustion is to occur, solely in­
creasing the fuel-air ralio incrcases the load; as the engine is unthrottlcd the lie livery ra ­
tio remains nearly constunt. Since the torque or brnep will depend on the product of the 
fuel-air ratio and the delivery ratio. when the two variab les Ilre increased simultaneously 
!.here is a larger change in torque. That is one reason why the point of minimulII fuel 
consumption in Figure I [ - 14 has moved up relative to the points in Figures II - II. 
11-12, and 11-13 . 

AnOlher reason relates to the fuctthat power in heterogeneous charge engines is smoke 
limited. In a homoge neous charge engine, Ihe minimum fuel consumption occurs at about 
4> = 1.0, as we have seell . In a diesel engine il occurs III a smaller equivalence mtio be­
cause the engine will smoke intolerably at cP = 1.0. If cP'" is the equivalence ratio where 
the fuel consumption is minimum, then .at the smoke limit 'p , = I/Jm + o'IP. the manufac­
turer will se t up Ihe fuel injection system so that (p < rP .. always. Typically. fl(p is set 
ruther small for emiss ion cOl1trol ilnd sa ti sfactory cngine life, the mixture being enriched 
by only 5 to 10% beyond I/J", for maximum power. 

Figures I 1- J 5 and I 1-16 show maps for two different diesel engines. They reinforce 
several of !.he points m'lde e'lrlier and demonstrate that the relati ve position of the poi nt 
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til' minimulll fucl consumptiun C;III he lIloved up or down depending on the dcgr~ uf 
mi .\ture enrichment the manuf;lCturer will allow by the choice of AI/;. 

VEHICLE PERFORMANCE SIMULATION 

Autulllotive engines are expected IU operate well ove r u wide range uf speed ... anll load). 
Figure 5-23 in Chapter 5 shows two driving cycles defined by !.he U.S . Envirunmental 
Prott!ction Agency for regulatory purposes. In each case, vehicle speed u.s a fun..:tion ur 

time is ... pecificd. 
From knowledge of the vehicle ' s charact eri s tics, such as frontal area, drag ..:odfi ­

ciellt, weight, and gear fatios, tilt: driving cycle can be lransfonne:d into a spcci li cation 
of the e ngine's lorque anll speed as a fUllc tion of time . A vehicle simulatiun ~;an be 
used to assess the fuel economy perform,\Ilce: of various engine: and vehicle ..:ombina­

tioll s. 
For a vehicle , the power requiremen ts are spec ified by a road load power equa­

tiol1, Eqllution 11.1 0. whit.:h int:ludes the effects of aerodynamic lIrag and rollin!! 

resi stance . 

. ( I ') IV, = C, m,. g + 1: CJ P .. A, U,: V, (11.10) 

C, = coe ffi ciellt uf rolling re sistance 

III , = mass of ve hicle (kg) 

K = gravi tational cunstant, 9.HI m/s~ 

e" = lIrag coefficie nt 

A,. vehide front cross seL:tional ureu (11\.') 

V,. ve hicle speed (m/s ) 

The tula l fuel consumed by the vc hide during the lIriving cycle w ill be the inte~r.lted fuel 

now rale 

f' A"f' -
III) = IiI J (t) til = ""4 bsfc (I) bmep .(t) Up (/) tit 

If U 

111.111 

For a two-stroke engine, the faclor of four would instead be a faclor of two . .!.n urder to 
do the integration on the right uf Equiltion 11.11, olle needs bsfc , bmep, and U,. a~ func­
tions of time . The laller two are known since the engine torque and speed is knuwn from 
the driving cycle requirements ilnd the vehicle characteristics. 

The brake spec ifi c fue l consumption can be detennined for eac h lood and speed 
po int of the cycle from the e ngine mup . If an emissions map is available, a ~ imilar 
computation can be performetl 10 compu te the total emissions produced during the 

driving cycle. 

• 
• 
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Figure 11-13 Pe:rfonnllnce: nli1r~ of a 
emss-sellve:nged Iwo-slroke engine: 
b = 6 1.5 mm, S = 59.9 mm 
(Yamagi~hi, e:l aI., 1972). Reprinted 
with permission ttl 1972. Socie:IY of 
Automotive: Enginee:rs. Inc. 
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Flgurt 11-14 Pe:rfonn:lnce and ~mokl: number map~ of a direct -injcction ~Iril lificd-chilrgc cngine. 
intcI"Cooled and turbocharged: b := 125 mm . .r ::: DO rnm. r "" :W.I, Ne :c 10. (a) Diesel. (I,) Ga .~nline 

(Hardcnberg and BUill, 1982). Reprinted with pcrllli.~.~ion ~ J9R2. Society of Autnn1oti~' e Enginecr.~. Inc. 
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Figure 11-15 Perfomtance milp of:1 naturally aspirated indirect injection 
dic~eJ cngi ne : h "" 76.5 mm,.f "" 80 mm. r = 2).11,. = .1 (!-Iofb.wer lind 
Sator. 1977). Reprinted with permi~sion Q 1977. Society of Automotive 

Engineers. Inc. 
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Figure II-Hj Perfomtance map of v<lriahle 
geometry dic~e1 prechamber engine: 
/J "" 200 mill. r "" 13.7. inlercooled. two-stage 
turbochnrger (Courtesy Soci~lt d'Eludes de 
Mnchim:s ll1ermiques. SEMT). 

TIle upper envelope on the map is the wide open lhrottle perform;tnce curve . Its shape 
re nce lS variations in volumetric efficiency with engine speed. although small changes in 

inlet air density nrc ,lIso invo lved . 
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Figun 11·9 Fuel consul1lplion of a ~illglc­
cylinder research engine 0.1 three compression 

ralios and par1 load: 
N = 40 rps, bmep = 2.5 bar, 
b == 80.26 mm, S = 88.9 mOl (French. 1983). 
Reprinted with pcmli ssion Q 1983. SocielY of 
Automotive: Engineers, Inc. 
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Flgun 11·10 The etTeel of fuel -ni r 
ratio on lIle brake specific fuel 
consumption and c:xhnusl cmissions 
of 0. number of diesel engines 
(Moloushi et 0.1., 1976). Reprinted 
witJl pemussion 0 1976. Society o f 
Aulomotive Engineers, Inc . 
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Figure II - II Comparison 
uf predicted and illeasured 
bsk fOf a 1.25 L engine 
(Shayicr et aI., 1999). 
Reprinted wilh pcmlission 
6) 1999. Soc icl y of 
Alilulilolive Engincers, Inc . 

Figure 11. 12 Compan.~on 

of predictcd and measured 
bsfc (glkW/t) for a 1.9 L 
engine (Shuylef el al.. 
1(99). Reprinted wilh 
pcnnission D 1999. 
Soddy of Automotive 

En1:inecrs. Ilic. 
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Figure 11-7 Comp:ui~on of a SI engine 
with nn IDI-C! cnsinc: cle~ign 10 
produce equal torque-5peed 
dml1lclcristics in an automotive 
IIpplication (Wllider. 1965). Reprinted 
with pennission 10 1965 . Society of 
Aulomotl\'e Engineers, Inc. 
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as shown by rtpresentative examples in Figure 11-7. which compares a gasoline and a diesel 
engine. and Figure 11-8 ror a marine diesel with two types or prcchambcr.;. In both cases, 
the bsrc will be infinite at idle since the engine is producing no IIserul work but is con.~um­
ing fuel. As the land incfCnses, I.he brake specilic ruel consumption drop~, goes through a 
minimum, and mayor I1my not increase depending on how the load is incre'L~ed at this point. 

In the case or spark ignition engines, ope ning the throttle and incre:l.~il1g the deliv­
ery rntio increases the load. TIJis has lillIe efrect on the indicnted dl'iciency, slightly 
increases the friction, and signilicantly reduces the pumping losses. Again, lhe dominant 
factor is the increase in mechanical cniciency. At constant ruel-air ratio, the brake specil'ic 
fucl consumption drops wilh incrcasin g load all the \Vay 10 lhe point of maximum load 
so long as the imep increases faster than the fmep. In engines nmning at a fue l-air ratio 
less than that corresponding to maximum power (about $ = 1.1, a5 we ,~aw in our .~ tl1d ­

ies with fuel-air cycJe.~). the load can be increased fm1her by increasing the fuel-air r:1lio. 
This causes the brake specil'ic fuel con.~lImption to hegin increasi ng with load once the 
engine is running rich. 

In the case or comp ression ignition engines. increasing the fuel-air rati o increases the 
load; although this sligh tl y drops the indicated efficiency and sli ghtly increases the rric­
Lion , the increase in Illechnnical efficiency is so great that it improves the specific hlel 
consumption. Just before the load is abOllt to become smoke limited . the brake specil'ic 
fuel consumption beg ins to increase becillise sign ificilnt quantities of fuel begin 10 be only 
partially oxidized and thus nrc wasted. 

The variable geometry prechamber of Figure 11 -8 improved the ruel economy or the 
mnnne engine by about 10 glkWh or nboll! 5~. The 5% improvement is slnn ll and does 
not affect the trend shown for brake specific ruel consumption with load. Nevertheless, 
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Figure J J -N Drake !>pecific 
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that 5% improvement is very signific'lIll since the cosl of fuel saved by a ship on IJ job. 
although small compared 10 the lolal fuel cosl, will be comparable 10 the job's profit. 

The effect of the fuel -air mtio on brnke specific ruel consumption of a spari: ignition 
cngine at conslant load is shown in Figun= 11-9. The spark ignition engine is most effi· 
cient when running stoichiometric o r slightly lean, AI very lean fuel-air ratio!>, the engine 
wastes fuel because or misfire, nnd al rich fuel-air ratios it wastes ruel since there is not 
enough oxygen present to liberate all of the fuel's energy, TIle eITect of fuel-air r.Jtio on 
the hra].;e sredlic fuel consumption and exhaust emissions of a number of IDI and 01 
compression ignition engines is plotted in Figure 11 -10, The smoke readings arc in Bosch 
Smoke Number (BSN) unit s. a scale that measures the renectivilY of a piece or filter paper 
through which some of Ihe exhaust gas is passed. 

11.7 ENGINE PERFORMANCE MAPS 

A ("ommon way of comhining the effects of speed and load on engine performance is 
shown in Figure 11-11. This type or contou r plot is called a perrormance map. Performance 
maps arc genernted ror both rue l economy and emissions levels. The performance maps 
or Figures 11-' I to 11-16 show lines or constant ruel consumption in the load-speed plane . 
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in Figure 11-5 plot the performam:e of a V-S spark ignition engine at three different COlli · 

pression ralios . Note that the indicated spcc iric fuel consumption decreases with increas­
ing engine speed and then levels out. Thi s is mainly because the percentage heat luss to 
the coo lant is decreasing with increas ing engine speed_ On the other hand, the brake spe­
cific fuel consumption is natter at low speeds and is increasing at the highe r speeds. Th i .~ 

difference is due to the friction and pumping losses (which though small arc still present 
in an unthrott led engi ne) increasing with engi ne speed. The iJl(:n:ase in the coolant 10:.lds 
beginning at 3000 rpm c:m be :.Ittribuled to the increasing friction. 

The power curves ill f-igure 11 -5 ,Ire conveniently t!xpl:.li llcd in tcnns uf an expression 
relating the power of an l"ngine to the volumetric effic iency, the net indic:.lted thennal ef­
ficiency, and the mechanica l efficiency. The relationshi p (4 strokc) is as follows. 

( [ I.X) 

[ F 
= "2 1]''' <~ h Tt, q,. T+F e ,. Pi ~ N ( [ 1.9) 

Figure 11 ·5 gives the indicated power as a fUliction of engine speed. Because the engine 
is unthrouled, we can assume for qualitative purposes thai the curve is the lIet indicated 
power versus engi ne speed. All the temlS multiplying the mechanical effic iency ill Equ­
ation 11.9 constitu te the net indicated power. If the indicated torque were constant then 
the indic:.ltc:d po\vcr would increase linearly with engine speed. 

Torque us a function of engine speed usually reflects the variation in volullletric 
efficiency WiOI engine speed. A falling off in volumetric efficiency U( the higher speeds 
causes Ole fa lling off of the indicated powe r at high engine speeds. Recall that the speed 
at which the volumetric efficiency peaks is dependent upon the valve timing . The indi­
cated power is not decreas ing as fast as it would if the volu me tric efficiency were the only 
parameter changing wi th speed. The indicated efficiency is increasing slightl y with speed. 

The brdke pm'ler is the product of the net indicated power and the mechanical efli­
ciency. Friction power increases with Ihe square of engine speed, since the friction turque 
(proportional to blllep) increases linearly with engine speed. The mechanical efficiency 
therefore decreases linearly with engine speed, causing the brake power to exhibit a max­
imum even though lhe ind icated power is sti ll increasing. 

It was stated earlier that these generalizati ons lire expected to apply to all engines . 
TIlal statement needs qualilication in Ihe case of two-stroke engi nes, especially carbu­
reted ones . Recolll that in two-stroke engincs there is a significant diffe rence between the 
delivered mass and the trapped mass, because of short-circuiting. Any fue l that is shorl­
circuited is wasted and represen ts a loss not discussed in the contex t of Figure 11-5, since 
this effect is usually negligib le in four-stroke engi nes. As the trapping efficiency gener­
ally increases with engine speed, the amoun t of fuel short-circuited wi ll decrease wi th 
engine speed. 

1I.S COMPRESSION RATIO 

As shown in Figu re 11-5, increasing the compression nltio decreases both the indicated 
nod the brake specific fud consumption. The specific results shown ure, of course, unique 
10 the particular engine design teslcd . The compression ratio trends depicted and their un­
derlying Clluses, however, are typic:.l l to all engines, compression or spark ignited, two­
or four-stroke. 

The indicated specific fuel consumption improves at a faster rate with increasing com­
pression ratio th an the brake specific fuel consumption, because both friction and heat 
losses are increusing with compression ratio. In fact, there is an optimum compress ion 

Figure 11-6 Themlul 
efficiellt:ies of n gasoline 
engi ne at the nominal 

compre ssion ratios shown 
(Caris and Nelson, 1959). 
Reprinted wilh pennission !D 
1959. Society of AUIOlJlolivc 
Engineers,ln('. 
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ratio due to Illese effecls, see Figure 11-6. TIle spark advance is set for best enil.-icnc), as 
is the fuel -ai r eq ui valence ratio ll t fjJ = 0.9 1. Compoter simul ations of diesel cnsine:s show 
similar re sults (McAulay e t a l .. 1965). An optimum compression ratio of 12 to I H is typ­
iC1l1 and is the underlying reaSon why direct-inj ection diesel engines have compression 
fIItios in the same range . The compression ratios of gusolinc: -fueled. spurk ignition en­
gines arc less than the optim a shown in Figure 11 ·6 to Dvoid knock. nlC compress ion 
ratios of indirect-injection diese l eng ines are greater than optimum to assist in I.-uld stun­
ing, which is harder than with di rec t injec ti on engines bcclluse of the high heat luss in 
the antechamber. 

'Ole coolant load rcJutive to the indicuted power drops with incre:u:.ing cumpression 
ra tio becuuse the increased themlil l cflide:ncy results in lower te mperatures in the IUlIer 
part of the expansion stroke: the reby reducing the heal loss. 

11.6 PART·LOAD PERFORMANCE 

TIle effect of load; i.e., lhe brake mean effec tive pressun:, on the bmke specific fuel con­
sumption is qualitatively the same fur bodl compression ignited and spark ignited engi nes, 

• • 
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Figure 11-3 Minimum spark 
advance for best torque. Adapled 
from Young (1980) . 
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about top ccnter. Likewise. as engine speed increases. ignition delay and the MBT spiltk 

advance increase. 
One way to illustr.:lle the trndeoffs involved in controll ing nitric oxides by retarding the 

fuel injection timing is 10 plot the hrake specific nilric ox ides versus OIC brakc specific fuel 

consumption at fu1lload as in Figure 11-4. nlC graph shows the re.sponse of five different 
engines to changes in timing at fulll oOld and r;ltcd speed (which is the maximulll power for 

Figure 11-4 Brake speci fic 
nitric oxide emi.~sions versus 
broke specific fuel comumptinll 
al fuel load as a fuction of fuel 
injection timing (Pi ~chillgcr 
Oond COor1ellcri. 1972). Repril1lcd 
with pcnnission Q 1972. 
Society of Automoli\·e 
Enginc=ers. Inc. 
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continuous operation walTanled by the manufacturer). All engines an: production. in line 

s ix-cylinder. four-stroke diesel engines with Vol == 5.9 L. All tests are at N = 2800 rpm ex­
ccpt for !DIffe which is at N = 3000 rpm. For each of !he direct-injection (DO engines. a 
s ignificant reduction in the nitric oxide emissions can be realized at the expense of a slight 
increase in the brnke specific fuel consumption. With indirecl injection engines (101) thc~ 
is no appreciable change in the nitric oxides; whereas. al part lands these same engines show 
response curves more like those shown for the direct injection engines. 

Retarding the timing is still :In effec tive means of controlling the nitric oxide emis­
s ion s. but with diesel engines. it is usually at the expense of an increase in the particulate 
or smoke emissions. FurthemlOre. retarding the timing docs not always reduce the nitric 
oxides. The results discussed point out Ihat it is more difficult to gc=ncralize about diesel 
engines than abou t gasoline cngin e.~. This is because there art: so many more degrees or 

freedom available in the design Of:l diesel engine. 

11.4 ENGINE AND PISTON SPEED 

The cffects of engine speed on the power and coolant load of an aula motive spark igni­

lion engine al fuHload. that is. wide open throttle. arc shown in Figure 11-5. The graphs 
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charge. Large homogeneous-charge. spark ignition engines are not practical because tJH.~ i r 

octane requi rements arc 100 high . In C h;tptcr 9, it was pointed out thaI the name speed is 
in pan contrail cd by the magnitude of the turbul ence; and it was show n in Chapler 7 thai 
the turbulence is proportional \0 the piston speed. It foll ows that the combustion dur;J{i on 
in crank angle is cons tant, but in time is inverse ly proportionnJ \0 the eng ine 's rotU liOO;11 

speed. There is consequently more lillie fo r knock precursors 10 fOnIl in rdat ively low 
rpm , large eng.ines. For simil ar rcasons, the engineering of small high speed diesel CII ­

gines is a challeng.e, as there is lillie lillie fur aUloignition to occ ur ilmUor inject the fuel 
at reasonabl e pressurcs. 

IGNITION AND INJECTION TIMING 

For spark ignition gasoline engines. the liming pnrameter is the spark timing. and for 
diese l engines the timing parameter is the fuel injection timing. A class ic plot o f t/lI.: 
effect o f spark timing on the brake Olean effective pressure for a number o f automutive 
engines at di ffe rent c hassis dynamometer speeds is given in Figure 11-2. The variations 
in spark timing have the same pe rccn tage e ffec t at all speciJs. In fact the data arc we ll 
corre lated by 

blllep (1lO)' 
(brnep),,~. = I - 53 ( 11.71 

where. tiO is the change in degrees of cra nk angle from the angle o f maximum bmcp. 
Although the data correlated are rather o ld, they are still represcntative of touay's 
engines. 

Eng ines loday are usually timed to an nngle referred to us MBT (minimum advance 
for best torque). Exa mine Figure 11 ·2 and nOl ice how flat the bmep curve is in the vil.:in­
ilY of the maximum. Now. reexamine Figure 9-30 and noti ce how sensitive the nitrit: ox­
ide emissions arc to variations in spark ti ming. Clearly, if the timing is s lightly rclan.l ed, 
say 5° from lhat or mn.:\imum bmep. then the engine power will hnrd ly suffer; yet under 
somc operating condit ions the nitric ox ides will be greally reduced. Retarded timing ulso 
somewhat reduces the engine's oclane requirement. TIle term MBT spark timing is widely 
accepted. yet there is no quantitntive delinilion in terms of how rar the spark should be 
retarded from the point o f max imum torque. The fracti on of the muximum torque real­
ized for various spark retards, each of whi ch could be a candidate ror defining MBT liming. 
is given in Table t I-I . 

We will define MBT limi ng as a spark retard or 4° rro m the angle of m,u imulll 
torque. Thi s d~finilioll agrees with val ues reported in the literature to a tolernnce or about 
± 2 a

• Figure 11-3 shows how the MBT liming can be expected to vary with engine speed. 
equivalence rutio, and residual mass frac tion. Because the charge is diluted by dlher "ir 
(in which case il is [can) or exhaust gits. tbe combustion durati on and ig ni~ion delay buth 
increase, thereby requiring a greater sp<lrk advance to more or less center the combustiun 

Table 11-1 MDT Timing 
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Chapter 11 

Overall Engine Performance 

11.1 INTRODUCTION 

11.2 
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In this c1mptcr we take an integrative view of the performance of the internal combusti on 
engine. We usc the infnnnation abml! friction, he;1I transfer. :md combustion presented in 
the previous chnptcrs In ..::;<;plain and disclI~s the influence of various factors, !'i uch as en­
g ine size. compression f:-llio, speed, p:1fl load. and igniti on timing. Pcrfonnancc maps for 
various representative spark ignition and compression ignition engines arc introduced. The 
frictional and acrodyn;unic drag components of road load afC also discWiscd for applica­
tion to vehicle performance simulation. 

ENGINE SIZE 

The torque an engine will produce, by dclinition of the mean effective pressure, is 

{~ blllep"" 
'Irr 

Tj, = I 
- hmcp\'" 
2" 

(4 stroke) 

(2 ' !roke) 

The power can 111so he c.'tprcsscd in terms of (he mean effective pressure 

{

I -
. "4 hiller' AI'U" (4 stroke) 

H',. = 
I -
- hmer . A U (2 stroke) 
2 ' " 

(II.I ) 

( II. ~) 

Therefore, for a g iven stress level (bmcp. VI')' the torque i .~ proportion:!1 to the displace­
ment volume V,/ and the power is prororlionai to the piston arc;! A" 

" , V,/ = fI' "4 h-of 

Finally, we call also write for four- or two-stroke engines 

. {bSfc . bmcp . V,/ . N/2 
'11 = 

I hsfc . t'lIIlCP • V,/ • N 

F C"p, 

I + F brncp 

(4 stroke) 

(2 stroke) 

(11.3 ) 

(I 1.41 

(11.5) 
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Figure! 11-1 Brake specil"ic ruel con~umptiol1 of twn- ilnd ruur­
stroke engines versus cylinder bore (Thomas ct ill .. 1984). 
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where. as before, F is the fue1· air ratio. e,. is the volumelric efficiency. and p, is the mix­
ture density in the intake mnnifotd. Notice that Equation 11.5 docs not explicitly include 
engine size, so the efficiency of engines is expected to be a weak function of Sil...c for a 
given stress. 

The spec ific fucl consumption versus cylinder bore for n:pre sen tative diesc:1 engines 
is shown in Figure II-I. This Figure is based on two- and four- stroke designs with bores 
from 62 \0 900 mm. For bores greater than 500 mill. the thermal efficiency i~ about 
50%. The ralio of the maximum bore to minimum bore is nbout 15. corresponding 10 a 
3400 to I displncemenl volume ratio; whereas the brake specific fuel consumptiun varic=s 
by only a fac to r of 1.6. Ahhoug h it is indeed a weak function with res~cl 10 the bore. 
the change in specific fuel consumption with the bore is sign ificant with re!'>pcl:t to fuel 
economy. 

An important factor underlying the trend shown in Figure 11-1 is that the surface to 
volume ralio of the cylinder is decreasing with increasing bore I (A/V) - h - Ij. TIli, mean!'> 
that there will be less and less heat lost as the bore increases. Another factor working in 
the fa vor of large engines is that the rot;lIional speed decreases with the bore si7..C (N - " ! ,. 

so that there is more time near top center for rucl injection and combustion. This mean~ 
that there will be less of n volume change during combustion and thus the lim it of con· 
stant vol ume combus tion wi ll be approached. 

Von Schnurbein (1981) has reported that the friction mean efTective p~ssure dccn:nst"~ 
as engine si7.e increases. as shown by Equation I J .6: 

mmep = 1.3 X 
u . I' 

10' -'- + 1.7 X 10~ (r + 
/, 

1" I 
15) -- , 

p j,-
( Il.hl 

Therefore th e friction can be expec ted to be less in large engines than in small engine ... 
The brake thennal efficiency of state of the art large (b > 500 mOl) diesel engines 

is nbout 50%. Surely, they are among the most efficient engines in the world. Their low 
losses duc 10 heat transfer. combustion , and rriction have already been mentioned. They 
also usc late -closing intake valves to realize a longer expansion stroke than compn:!>!oion 
stroke . 

The generalizations just drawn ought to hold true for spark ignition engines tno. al­
though the point is academic, for they arc not practical unless can: is taken to stratify the 
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Finally. it should be mentioned that some two-stroke e ngines, especially small Olle:-., 

achieve upper cylinder lubricati on by mixing oil with the gasoline. In these cases, addi ­

tional control of the oil (and the fu e l) is required to prevent spark fouling, to assure mi s­

cibility with the fuel, and to provide for a hydrodynamic film of the proper viscosity. 1h.: 
fuel-o il mixture Ihat contilc lS the cold walls separ.ltes during compression and combus · 
tion, leaving an oi l film on the w;lll . 
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10.9 HOMEWORK 

10,1 What is the chemical structure of (II) 3·methyl-3-eulylpentane, and (b) 2, 4-dicthylpclllane? 

10.2 If a hydroc;lrbo n fuel is reprcselltcu by the general formula C.H~ •• whOlt is it!. l>luil'hi()­

metric mass 'Iir-fuel ratio? 

10.3 A fuel has Ihe following composition by mass: 10% pentane, 35% heplane, 301K tx:lane, 

and 25% dodccane. If its general formula is of the form C.H), find x and y. 

10.4 If the mass cum position of a hydrocarbon fuel mixture is 55% parnffins, 30% aromatics, 

and 15% mOlloolefins, what is its spec ilic heat? 

10.5 Compute the enthalpy of fomliltion of HMC tH. 

10.6 A fuel bll!nt.J has a den sity of 700 kg/nrl and a midpoint boiling im.lex of 9O"C What is 

ils centane index? 

10.7 A flellible (ucl vehicle operates with a mixture of 35% isooctane and 65% methanol. by 
volume. If the combustion is to be stoic hiometric, what should the mass air-fuel mtio be? 

IO.M A four·stroke engine operates on methane with an equivalence nl.lio of 0,9. The air w1l1 
fuel enter the engine at 298 K. and the exhaust is at 5JO"C. The heat rejected 10 the coolant 

is J50 MJ/kmol fuel. (Q) What is the enthalpy of the exhaus t combustion products'! 
(b) Wlml is the specific work OUIPlIt of the engine'? (e) What is the first law efficiency of 

the engine'! 

10.9 What is the c hange in volullletric dliciency of an automotive engine when il is retrofit· 

ted 10 opemlc with propane'! Assume s iandard tempemture and pressure inlel conditions, 

and a representative engine size and geometry, 

10.10 Repeat Problem 10.9 for hydrogen and methane . 

10.11 Verify the CO! concentration values resulting from Ihe combustion of propane. methane. 

methanol, elhanoi, and gasoline given in Table 10·7. 

• • • • • 
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Thble 10-19 SAE Spt'cific;nions for Eng inc Oils 

SAE \·i.~cosily 
grade: 
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1(j.3 < 21.1J 

petroleum or sy nthelic base stocks include anti foam agent s, antirust age nts, antiwear 
agents, corrosion inhibitors. detergents, dispersant s, extreme pressure agents, friction re­
ducers. oxidation inhibitors, pour point depressants, and viscos ity index improvers. We 
wi ll restricl our atlention 10 the rheological characte ristics of e ng ine oils . The reader in­
terested in the broader picture is referred to the books by Grusc (1967), the SAE Handbook. 
and the paper by S ielo rr and Musser ( 1982) . 

The SAE classifies o ils by their viscos it y. Two series of grades arc defined in 
Table 10- 19 from the recommended practice SAE JJOO. Grades wi th the letter \V (Winter) 
arc based on ~l maximum low-temperature viscosi ty, a maltimulll borderline pumping tem­
perature, and a minimum viscosity at 100°e. Grades witho ut the leiter \V arc based all a 
min imum and a maximum viscosity at IOQ°e. As sbow n in Figure 10-9. a multiviscosity 
grade o f o il is one Ih al satisfies one o r each of the lWO grades at dirferenl lemperalures. 

30W "-
, , , , 

20W "-., , 
l OW >- "-.,i 

, 
I 

~ 
I , , , 

I-J-"Jo 
, , , , 

SAE lOW 
, , , , 

"-., ""-"-., I 
I I , SAE 50 , 

"-., ~ SAE 40 I , , "-., ...... SAE 30 
I -, 

"-., , , , SAE 520 

'i 
-'0 o -40 100 160 

Temperature ("q 

Figure 10-9 Viscm ity \' er.~u .~ Icrnper;Jlurc for \'arioll ~ SAE oil cla~sificalinn .~. 

Tahle 10-20 SAE Engine Oil C arhon Conlent 

SAE [0 

SAE 30 

SAE 50 

Ritnge 

Cuto C" 

C.",10 C~" 

C...,10Cn" 

Avernge 
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The borderline pumping temperature is measured via a stnndard test. ASTM 03829. and 
is a measure o f:1n oil's ability 10 now to an eng ine oil pump inlet and provide: adeq uate 
oil pressure during warnl -up. 

The portion of the cnldc oi l relincr.~ use to make lubricants is on the order of I % and 
co mes from the higher-boiling fracti on and undi slilled residues which possess the neces­
sary viscosi ty. Refi ners use chemica l process ing. and :HhJilives to produce oils wilh des ir­
able cha racte ris tics. Siraight-run ba.~e stock rrom petroleum crude o il is refe rred to as a 
petroleum oi l: whereas those base stocks produced by chemical processi ng are called syn­
thetic o ils. Some synthet ic base s tocks arc compatib le wilh petroleum base slocks and lhc 
two ty pes mOlY be b lended. in which case the stock is referred to as a b lend . Additives 
range in concentration front severn I parts per million up to 10%. In terms of carbon con­
tent. Gmse ( 1967) offers the guidelines li sted in Table 10-20. 

The viscosity ofa lubric:lting oil decreases wilh increa.c;i ng temperature and increases 
with pressure . A Newtonian o il is one in which the viscosity is indepe ndent of th e shear 
rate. Shear rates in engines are sometimes high enough th at the viscosity decrease s. and 
some oils are deliberately made non-Newtonian via the introduction of wax par1icJes. 
At so me time s during hydrodynamic lubri cation. the loads increa.~e the oil pressure. 
which increa ses the v iscosi ty. increasing the load c"pacity. It has been sugges led that 
th is s tnbi li7.ing effec t is a part of the reason for effects attributed to the "propeny" 
oi liness. The kinematic viscosi ty as a function of temperature and pressure of many oils 
is correlaled by 

v - C, c>p [C,/(T - C,) + PIC.] (10.8) 

Values of the conSl" nts o f Equation 10 .8 for vario us SAE grades of engine oils are given 
in Table 10-2 1. along with density and specific heat dal". 

Tnhle 10-21 Engint: Oil Propcnies (T = 298 K. P = I bar) 

SAE p " " C, C, C, C, 
gradt (kgJm ') IUlk, K) (m~/~ ) (m~/s) (K) (K) Ihar) 

5W '60 1.1)1) ,tR.2 x 10 6.4,1 x 10 
., 

900 162 4JJ 

lOW ,77 1.96 RCt.9 x 10 ~ 4.53 X 10 1066 157 296 
15W ,79 1.95 102 x J{) 7.49 x 10 902 173 181 
20W RR6 1.94 259 x 10 2.6:'\ x 10 1361 )SO 105 
20 880 1.95 129 x 10 5.67 x 10 1028 165 153 
)0 HR6 1.9,1 259 x 10 4.70 x 10 1)(11 140 105 
·10 R91 1.92 361 x 10 2.17 x 10 

., 
1396 151 91.7 

50 899 1.91 639 X 10 • 2.2,1 x 10 1518 ISO 75.2 

SOli"..' : Cntnewn.19RI. 
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Tobie 10-15 Change III FTP 
Regulaled Emissions with Mo.!lhilllol 
Fuded Vehicle Fleet 

Emission 

NMHC 
CO 
NO, 

California Phase 2 
RFG ttl ~ I M5 

- )0% 

- 17% 

+J% 

SOIlre( ; CaJlt ~I ;11 .• 1991. 

Tuble 10-16 FI'P Tllldc Emissions (JI1~/milc) fwm 
M~thal1ol Fuelc:d Vehicle Flee\ 

Toxic MK5 

B~nz~lIe .1.0 
1.3 BUlildienc 0.10 
Fonnaldehyde 17.1 
Acclaldehyd~ 0.5 
Total 20.7 

Sourer: Ou1lc: t\ a!.. 1991. 

Califunlia Phase: 2 RFG 

6.0 
0.6 
1.6 

0 .·1 

8.6 

comparing the M85 10 RFG uir toxic emissions there was iln 83% reducti on in I, 3-buta­
dienc, II 50% reduction in benzene, and a 25% increase in accwklehyde, ,lI1d the formalde ­
hyde emissions were almost an order of magnitude higher for M85. 

Ethanol 

Elhanol (C2H~OH) is all alcohol fuel fOfmed from the fcrmentation of sugaf und graill 
stock.s, primarily sligar Cillle and com, which are renewable energy sources . Its properties 
and combustion characteristics arc very simi lar 10 those of methanol. Ethanol is also called 
"grain" alcohol. II is " liyuid al ambient conditions, and nonto."(ic at low cOllcentrations. 

Gilsohol (E10) is a gasoline-ethanol blend with ubout 10% ethanol by volume. EH5 
is u blend of 85% ethanol and 15% g:lsoline. In Brazil, about half of the vehicles usc an 
ethanol-based fuci "alcoa!''' primarily E93, produced from sugar cane. In the United States, 
lhe primary source of ethanol is currently from starch feedstocks , such as com, ilnd there 
are dfons underway 10 produce ethano l from cellulose feedstocks such as com fiber, 
forestry wuste, poplar and switch grass. The energy density by volume of ethanol is rei· 
atively high for ,Ill altemative fuel, about two-thirds thilt of gusoline. The octane fating of 
ethanol of III (RON) allows use of:1I1 inc reased compression raLio. l11t: ce lane number 
of elhanol is low, at abou t 8, but like methanol, il can be used in compression ignition 
engines wilh diesel fuel pilot ignition. 

As shown in Table 10-8, the CO2 emissions on an equiva lent energy basis are about 
99% that of gusoline. The FTP regulated emissions and toxic emissions nre shown 
in Tables 10-17 and 10-18 for a Ileet of n ex ible fueled vehicles (Cadle et aL, 1997) . 
Table 10·18 shows the percent change in regulated emissions achieved when switching 
fuels. With a switch to E85, the NO. emissions decreased by 29%, and Ihe CO emissions 
increased by 8%. Acelaldehyde is the domillilllt air loxic. 

Tubll' W-l7 Change in Frp RegulaleJ Elllh~lom wlIh 
Ethanol Fuded Vehicle Fh:ct 

Emission 

NMHC 
CO 
NO, 

Cilliforni<l Pha~c 2 RFG to Etl5 

- 111% 

I X'';. 

- 21)'.0\, 
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Tuhle IO-IS Frp Toxic ElIli~silln~ (J\1~nlllc:l from Elha/llli Fueled Vehicle Reel 

Toxil.: 

I.lell"le:ne 
I ,) Butildiene 
FonnaldchyJe: 
Aceta lJehyJe: 
Tut<ll 

Sm".-r ; CiIJtt c:1 aL 1991. 

EK5 

I., 
O.::! 

41 

24 .11 

30.'1 

AItCrlHltivc Fuels for Compression Ignition Engines 

Cal lfl101i<l Pha)o(: 2 RFG 

5. 1 

<>7 
::! . J 

0.5 
11.4 

A number of fuels are being considered as alternativcs for diesel fuel . These fuels include dj­
Illcthyl ether (OM E), Fischcr·Trupsr.:h (F·T) fud; and "bilXliescl" veget.able oils. such as rape­
st:t:d 1IIt:lhyl eSler (RME), ;U\d soybean methy l cstcr (SME), which nrc obtained from renew­
able energy sources. TIle thennooynamk properties of OME and RME are listed in Table 
10.6. DME is an oxygenated fuel produced by dchydr.llion of methanol or from synthesis gas. 
'nle volumctric energy density (MJn) of DME is about h .. lf lhal of diesel fuel. It burru with 
a visible blue flame, similar 10 lhat of natur..tl gas. It is noncorrosive 10 metals. but ~ de­
teriorate SOIllt: ehL~tomers. fo-T fuel is producetl fWIlI n:lturaJ gas using a catalytic rl:forming 
process. RME and SME arc produced lhrough a cat.:lly:t.et.l reaction between a veget.:lble oil 
lind methanol. lllC methy l ester is obtained through a process in which the usc of methyl aJ­
cohol and Ule presence of a catalyst (such ,L"; sodium hydn)."(ide or potassium hydroxide) chem­
ically brc .. ks down Ihe uil molecule into l1It:thyl esters of the oil and a glycerin byproduct. 

These alternalive diesel fuels have a higher cost. and lower volumetric energy den­
sity than diesel fuel, but do produce luwer emissions. Since lhey are nol formulaled from 
cnldl! oil, thcy contain esselltially no sulfur or aromatics. Reisch et a.l. (1995) reported 
thai wilh the use of a DME fuel in a hcuvy dUly compression ignition engine, all of the 
re~ulilted emissions were bdow Ihe 1998 California ULEV standards. Clm eta!. (1999) 
rm:asured the lransienl emissions of il number of blends of Fischer-Tropsch fuel. All of 
the rcgulaled e missions we re lower in comparison with low sulfur diesel fuel, wilh ·D% 
lower HC emissions, 39% lower CO, 14% lower PM, and 14% lower NO, emiss ions. 
Krahl et al. (1996) report that RME had about 40% lower HC emissions, 35% lower CO, 
35% lower PM, but about 15% greater NO, emissions . 

10.7 ENGINE OILS 

Engine oil is used as it lubricant 10 rcdUl:e the friL'lion between the principal movi ng pans 
of an engine . In addition 10 lubricating, engine oil is expected to act as a coolant. to en­
hanL'e Ihe rings' cOlllblJ.~litHl seal, and to control wear or corrosion. Addi li ye~ III either 

• 
• • 
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Hydrogen 

Hydrogen (H ~) C:1Il be produced from 111:1 IlY different feeds toc ks. ind udin g natural gn s . 
coal. bionlOlSS. and water. The produ c tion pr{lCCSSC S include .~tC;lIll reforming of llalur;iI 

gas, preselltl y the 11\0S[ C'cllllomic:ll m e th od . e le c trolysis of wOller. :lntl g'l.~ ifi c ali o l1 uf CI1:11, 
which also prodllcc .~ CO:. Hydrogen is co1 or less, OlJorlcss , and no nt ox ic:. :Hld hydroE!c ll 
names arc invis ihle a nd s rnokel ess. The g lohal wamlin g pote ntia l o f hydrogen is in ­

significant in comparison to hydrocarhon based fllel s s ince combustion or hydrogen 
produces no carhon-hnscd compounds such as He. CO, and CO!_ 

AI present the .I:lrgcsi IIser of hydroge n fue l is the acrm pacc c(lIlmlllllil y (or rockel 
fuel. Hydrogen can also be used as a ru el in ruel cell s . There ha vc been a numher or vc­

bicular dcmo nstr;lIion projects. but the rel ati ve ly high cost or hydro!,!c n rucl has hindered 
adoption as an altem:lti ve rtlel. Dunl ru el eng ines h:lve bcen used with hydrogcn. in which 
hydrogcn is used:1I s tnrlup and low Inau. and ga solinc al full load (Fulton cl al.. 199:l) 
to reducc the cold s tart emissions le vels. 

Onc o r thc majo r n h .~tacles re lat ed tn th e ll.~e o r hydroge n ruel is the lack or any n1;1l1-
uracluring. d istrihutitlll. and s torage inrrast nlclure. The most econo mical Illc lhlld wlluld 
be 10 dis tribute hyd rogcn Ihrough pipe li nc li .... imilar 10 nalural gali di s iriblllio n. 

The three Illelhml ... used 10 s lorc hydrogen arc: ( I) in a liquid rorm at - 253 n C in cryo­
genic container ... ; (2 ) as a metal hyd ride. suc h as iron-titaniulll hydride r-eTif-i!, or 0 ) ill 
a pressuri7.ed gaseous rorm at 20 to 70 MPa . The melal hydridc release." hydrogen wh en 
healed h y rJ heat source. such 01'<; a vehicle e xh:llt.~ t sy.~tell1. The mos t common storage 
methods arc liquid and hydride storage. whi ch have comparahle vo lume tric storap:c ca ­
pabilitie s. bo th requirin g ahout 10 times thc spilce required by an equivale nt S-gallon g:t~ll ­

line lank , ;IS show n by Tahle 10- I 4. At leas t a 55-gallon tank of co mpres.<;cd hydrogen is 
needed 10 ... tore th e energy equ ivale nt o f 5 gall ons o f g:!soline. 

Compressed hyd roge n at 70 MPa has one-Ihird the energy dens it y by volume til" CfllII ­

pressed nalural gas. and liquid hydrogen has one -rourth the ellergy densit y by volullle of 

gasoline . Use of liquid hyd rogen has an additi onal energy co sl. a .~ li<lucraction o r hydro . 
gen to -20 K requires an expenditu re o f en ergy arproximat e ly eqll al to the energy cnn­
tent of the liquid hydrogen. If mixed wilh air in the int:!ke maniro ld. the volullle o f hydrol.!e n 
is about 30% or th e intake mixlure vo lume al stoichiomctric. decrea .~ in g the volumetric 
efficiency. The oct ane rating of hydroge n o f 106 RON allow s li se Or;H} in c rea .~ed com ­
pression mtio. 

The com busti on characteri stics o r hyd roge n are very dirfcrenl from gasoline com­
bustion char.Jcterislics. a .~ the laminar name speed o r a hydroge n air mi .t itlre is abollt J OIl!'. 

aboul 10 times that o r me thane and gasoline, and the adiahatic nnme temperature i ... nhout 
IOO"C hi gher Ihan g:!solinc and methalle. S ince il has a wide nammahilit y li mit (5 to 7."':;,). 

Tnble HJ-14 Compari ~!ln of Hydrogen Shlrage I\'!elhol! s 

Gasolin e 
(5 g;ll1o n,,) 

Energy (IU ) (,.6·1 :-: Ill' 

Fuel ma~~ (kl:!) 1·1 

T.1nk ma~s (k g) fI .5 

Total fud system m,\SS (kg) 20.5 

Volume (gal) 5 

Liquid H ~ 

(, . (,.1 X 10' 

~ 

,9 

2·' 
." 

Hydride Pe 
'Ji (1.2% ) 

6.(,-1 X 10' 

~ 

5.':;0 

555 
50 

("tlmrre~~ed 

1-1 ., (70 M P;I) 

6.M X In' 

~ 

R5 

"" (,0 
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I1 rci l,!.nilinn and back firing can he a I1rohlcm. TIle nammabilil Y limil~ com=~pond 10 equi \"· 
alt:nce ratio .~ or 0.07 tn 9. W,ll er injection into Ihe intake rmmirold is u ... ed In mitigate 
prcigllili on ,lIld provide cooling . Exh:l.U .~ t gas recircul:J(ion ;tlld lean operatioll arc llM:d to 

redu ce NO , levels. 

IHcthanol 

Melhano l (C H10H ) i.<; :111 alcoho l rue! ronned from natUr..ll &as , cn,,1. or hitlm;l~s reed 
s tock. Melhano l ili also called wood :!1cohol. It is a liquid al ambient cundilions . It ~ dem­
ieal slnlcillre i .~ a hydrocarbo n mo lcc ule wilh a sin gle hydroxyl (OH) radical. TIle hy­
drflxyl radic.,1 increases the polarit y or the hydrocarhon, so Ih:!t methanol is misc ible in 
wOlter. and has a relalivcly low vapo r pressure. Since o .tygcn is part or the chemical .\tnll;­

ture. less air is required ror complete combustion . Methanol is toxic. and inge.\tiun can 
cau se hlindness and dealh . Methan o l has been used as a vehicular ruel since the carl\! 
19(x)s, and is al so used as a rll el ror die .~eJ engines and ruel cells . -

Pure me thanol is lahel ed M1OO, and a mix or M."i% melhanol :lnd 15'1- F-ilsnline i ~ 

labeled MHS . M8S h;lS an oclane ral ing of 102. Addi ng g:llioline to methanol pruvides 
more volal ile components Ihal 1.';111 vaporize more easily at low temperalures . Methanol 
ha s oeen ado pted a .~ ;J racing fuel. both ror perrnrmance and sarety reason s. Since 
meth ano l mi xes with water. a methanol fire can be cxtinguished with water, which i, 
not the C;1.~e with gasoline . The octane rating or methanol of III RON allows usc or an 
inc rc;l.~ed compression r:ltin . The re latively high enthalpy or evaporation f 1215 kllkg J 

or methanol relative to gas o lin e (JIO k1/kg) produces gre;lIer intake air-cooling and a 
correspo nding increase in vo lumetri c e fficiency relalive to g:lsoline. The energy den .~ity 

by volume of methanol is abo ut haIr Ihat or gasoline . However, because or il!o. oxygen 
content . it ha s a higher stoichiometri c energy density 13.09 MJlkg air) re/;..1ti\"e to gaso ­
line (2 .96 MJlkg air) . For ma ximum power, a rich equivalence ratio of 1.6 is used . 

Flex ible fucl vehicles (FFY) have been developed 10 use a mnge or methanul and 

gasoline blcmls rrom reg ular gaso line to M85. As of 1998. lhere were about DJ)(X) nex­
ible fu el vehicles in operation . An opti cal fuel sensor is used to determine the alcohol con­
tent and adjus t the ruel injection and spark timing. TIle engine compression ratio is not 
increased, to allow for the lower oc tane level or gasoline . The low vapor pressun: or 

~elh 'lJ~o l causes cold starting problemli. Satisfactory co ld starting with MH5 require s a 
n eh ilu xlUre so thai en ough vol;lIiles arc present 10 fom} a combustible mixture . Methanul 
is co rrm ive . especially 10 rubber and pl;ls tic, so alcoho l tolerant compu nents, such a .~ .<iI.ain­
Icsli litee!. are required ro r it ... s torage and transport . 

The eetalle number o r me thano l is low at about 5. but il can be u ~cd in comprnsion 
igni t io n eng ines wilh diesc l fue l pil ot ignitio n. Methano l bums wilh a nearl y in \" i~iblc 
n;une , :llId a relatively high name speed . r-omlaldehyde i .~ a .<; ignificanl decumpu1> iliun 
produ ct frllm mcthanol combusti on and i.~ expected to he highcr from methanol than lither 
ruel s. The formaldehyde emi ssioll .~ :Ire proportional 10 the equivalence ratio, so rich com­
husti oll will produce illcre'l.~e d emi.~ s i \1 ns of formaldehyde . S pecial lubricant~ :d ~(l Ileed 
to be used in methano l ruel cd e ngin cs. 

As show lI in Table 10-7. Ihe CO: emiss ioll li of methano l un an equi valent energy ba ­
s is are aho ut 96% Ihat o r ga.<;oline . The change in the average n::gulaled emi~sinn~ (rom 

a necl o r ncx ible rueled vehides rucled wilh MR5 and California Phase 2 rcftlmlUlated 

ga."o lin c is g iven in Tilhle 10- 15 . With a change in the ruel rro m RFG 10 MR5. Ihe:: non ­

I~lethilne hydrocarbons (NMHC) and CO emissions decreased by JO~ and 17~ re spee · 

tlvely. :Jlld the NO, emis .~ion .~ re mained about Ihe same. The IT? to.tic emissiollS (or 
the mcthano l- irnd g:l.~oline-rue led nexible rueled vchic les are given in Trible 10-16. In 
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natural gas ami gasolinc or diesel ruel. One advanlnge or il birud opcnllion is that Ihe op­
emting range or il vehicle is extended in comparison with a dedicated natural gas vehide. 
Cum::ntly, origina l equipment manuracturers are selling production nalura l gas rueled 
vehicles, primarily to nect owne rs. Natura l gas vehicles were the fi rst vehides to meel 
the Cl li rornia ULEV l:1I1ission sta ndards. 

Natum l gas is slOreli in a cOlllprl:ssed (CNG) slate at roOIll temperatu res anll also ill 
a liquid (LNG) rorm at - 160°C. Natural gas has an oClane number (RON) or abolll 127, 
so that natural gas engines Ciln operate ;11 a compression rali o or 11 : I, greilter than gaso­
line fueled engines. Natural gas is prcssurized to 20 MPa in vehicular storage tanks, so 
that it has ilbout one-third of the vol umetri c energy density or gasoline. The storage pres­
sure is about 20 times thai ofpropillle. Like propane, nntural gas is delivered [0 the enginc 
through a pressure regulillor, either through a mixing valve loca ted in the intilke llIilnirold, 
port fuel injection ilt ilbollt 750 kPa, or direct injection into the cy linder. With ill take man­
ifold mixing or port ruel injection. the engine's volumetric erficiency ilnd power is reduced 
due 10 the displacement of ilhout I arlo of the intake air by the natura l gas, and the loss of 
evaporative cbarge coo ling. Natural gas docs not require mixture enrichment for cold start­
ing, reducing the cold start He alld CO emissions. 

The combustion of methane is different from that of liquid hydrocarbon combustion 
since only carbon-hydrogen bonds arc involved, and no carhon-carhon bonds, so the com­
bustion process is more like ly to be llIore complete , producing less lion-methane hydro­
carbons . Optimal thermal efficiency occurs at Ic:an conditions al equivalence ralios of 1.3 
to 1.5, The lOla I hyd rocarbon emission levels can be hi gher than gaso line engines due tu 
unburned methane. The combustion process of methane crtn produce more comple., mol­
ecules, such as fomlaldehyde, a pollutant. The particulnte emissions of nalural gilS arc 
very low relative to diesel fuel. Natural gas has it lower adiabatic nilrne temper.ttllfe (ap­
prox . 2240 K) Ihan gilso line (appro ..... 2310 K), due to its higher produci WOller conlent. 
Operation under lean condi ti ons will also lower the peilk combustion temperature . The 
lower combustion tempe ratures lower the NO formation rate, and produce less engine­
ou t NO,. 

To meet vehicular emission standards, cutalytic converters ure used with natural gas 
fueled engines. Since three way catalytic converters lire most effective ill stoichiometric 
conditions, natural gas combustion is maintained at stoichiometric, and exhaust gas re­
circulation is used to reduce the peak combustion temperatures and thu s the nitrogen ox­
ide leve ls. Table 10- 11 gives the exhaust emissions for a 2.2 L bifuel gasoline and CNG 
engine (Sun et ilL, 1998), and a 2.2 L dedicated eNG engine (Kala et aI., 1999). When 
the bifuel engine is switched from gasoline to eNG, tJ1C non-metJ14lnc organic gases 
(NMOG), carbon monox ide (CO), and nitrogen oxide (NO~ ) levels were reduced 60%, 
34%, and 4 1 % , respectively. The dedicated eNG e ngine was modified to operate spct if­
ically with natural gas, w illi a higher compression mtio, illlilke valves with e'lrly closed 
Liming. and intake and exhaust va lves w ith increased li ft. 

Thble 10-11 CNG Fuelet.l Vehicles Regu l:lled Emissions (gllIlilc:) 

Emission 

NMOG 
eo 
NO, 

TOYOHI 2.2 L engine 

eNG 
0.007 

0.69 
0.015 

Sourr~: Sun ct at. 1998. Kata et al.. [999. 

GMC 2.2 L bi -fuel engine 

eNG Gilsoline 
0.027 0.08 
1.01 1.54 
0.10 0.17 

"iu.ic eNG 

Benzene 0 .2 

I. J Butadiene < 0.1 

Fonnaldchydc ).4 

Aeclaldehyde 0.2 

Total H 

Suun't' : Springer el at.. t 9').1 

CNG ~Ianlgaso linc 

run 

14 .M 

11.1 

' . 1 
Il.J 

)1).3 

Ga.\uli ne 

:11.2 

1.5 
5.9 
2.0 

40.6 
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The emiss ions of FIP toxics frulll a !992 0.75 ton light duty truck. oper.tted with 
gaso li ne ilnd with natum! gilS arc given in Table 10-12. The engine emission contro l system 
included a healed oxygen se nsor aud a staudard 3-way cataJyst. The same compression 
ratio of 8.3: I was used ror both fuel s. The Table !O- J2 indicates thai the CNG toxic emis­
sions arc much less than the gasoline toxic emissions. TIle highest mass emissions with 
gasoline we re benzene and fonna ldehyJe, and the highesl mass emiss ions with CNG was 

forlllillJehyde. 011 a level ilbout ha lf of lhat of gasoline. 
N:uural gilS can replace diesel fucl ill heavy duty engines wi th the addi ti on of a spark 

ignition system. A number of heavy dUly diesel e ngine m3llufilcturers af(: also producing 
dedi caled natllml gas heavy lIuly engines . The natural gas fueled engines are operolled lean 
with an cquivalence ratio as low as 0.7. The resulting lowe r in-cylinder lemperJtures re­
duce the NO, levels. Heavy duty na tural gas engines are designed 10 meet LEV erni!'>sion 
standards without the use or iln exhaust cillalyst. and will meet ULEV emission !>tanJan..ls 
with the ilddition of a cata lyst. The emission certification data for three heavy duty natu­
rill gas eng ines is given in Tab lc 10-13. 

Natural gas can also be used in comp ression ignition engines ir L1iesc1 fucl is used 
:\s it pilot fuel. since the ilutoignition temperature of methane is 5 .. woC, compared 10 

260°C for dit!scl fuel. This fueling stra tegy is aliraCli ve for heavy duty diesel applicalion.~, 
such as tnlcks, buses, locomotives, and ships, compressors, and generators. These engines 
are .lIso opt! rated with a lean combustion mixture. so that the NO, emissions urc decreased. 
However, since diesel engines il re unthrouled, at low IOilds, the lean combustion tondi­
tiolts degr:tde the combustion process. increasing the hydrocarbon and carbon munu:\ide 
emissions. 

'('ullie 10-13 Heavy Duty Naluril l 0:1 ... EIl~iJle Emis ... iull Cenificaliofl 
Datu (glbhp,hr) 

HeR·ule:. CUllllllim Detroit 
GTA 5.6 LID Diesel 50G 

I'owl'r (hpj 100 240 27.5 

NMHC 0.9 0.2 0 .9 

eo 2.8 0 .2 2.1:1 

NO, 2.0 1.4 2.6 

PM 0.10 0.02 0.06 

• • 
• 
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Tnble II)·H Thcrmmlynnmit: PrnpCr1ic~!lf Spark Ignition Engine Fuels 

Propane Nalur:ll Ga!> Hydrogcn Methanol Ethanol Galioline 

Molccul:u weighl 4·1. 10 Iii .? 2.015 32.0-1 4(i.07 -110 

Vapor pre~ .~un: ("Pal. :\::! 17 62- 90 

al ;\R-C 

Boiling point ("e). - I(!O - 253 65 7R J(l_ :!:!.'i 

al I bar 

Enthalpy nf \·apori7 .. 1Iion. 1215 850 3 111 

",. (kJ/kg), al 29R K 
Lower heating v:llilc. ,16.4 50,() 120 19.9 2('.R ·14 .5 

m;\.~s (MJlkgh .... ) 

Lowcr healing \,:1 Jw: . H. '" 15. 7 21.1 32.9 

volume (MJll r.~. ,) 

Lower healing ":l ILI(:. 
sloichiOlnclric (MJ/kg •. ,) 2.9S 2.92 3.52 3.09 3.00 2,% 

Oclane nllmbt:r, rcscnrch 112 [20 106 112 III 90-98 

Octane number, mOlor 97 120 91 92 SO-I}{} 

Stoichiometrit: A/F 15.SH 17.12 )·1.13 6.<13 8.9'1 15.0·1 
ratio, mass 

Vapor flammilbilily 5.3-15 5-75 5.5-26 3.5-26 O.ft-R 

l imil ~ (% volulI1e ) 
Adi.,bnlic name 2268 2227 238) 215 1 2197 22(jfi 

ICnlper;lIurc (Kl 

Sioichiometric CO! 601.5 54 .9 0 (,9 71.2 7 1.9 

emj !>.~iom. g CO~/MJh". ' 

"~t 1!i"C. 22 Mr~ 
S,mru: Adapted fr~'m EJI~ck . I ~"I: Unkh el ~L l 'I?l. 

Propane 

Propane (Clf~) is a saturated paraffinic hydrocarbon. When blended wi th hut:lI1e (C)·IIlI) 
or ethane (C1H,,). it is nbo designated as liquefied petroleum gas (LPG) . A common LPG 
blend is P92. which i .~ 91'h> prop:me and R% butane. In the United States. about one·half 
of 11le LPG supp ly is obtained from the lighter hydrocarbon fractions produced during 
erude oi l refining . and the other half from heavier components of we llhead natural gas . 

Propane has been u .~ed as a vehicul:lr fuel .~ince the 1930s. In 1991. there were about 
4 million LPG vehicle.~ operating worldwide, wi th the majority in the Netherlands. fo l­
lowed by Italy, the United States, and Callaua. There is a relatively eXlen!>i ve refueling 
network for propane, with over 15.000 refueling st;'ltions available in North America. There 
are a number of original equipment manufacturers thaI curren tl y .~cl l propane· fueled 
vehicles, primarily light and medium dUl y neet vehicles, such as pick-up tnlcks and WillS . 

Conversion kits are :'I lso avai\:'Ible hI Cnlwcrt ga!>oline or di ese l fueled engines to dedicated 
propane or (hUll fue! use . 

In vehicle s. propane is stored as a cnmrre.~sed liquid. typic:'I lIy from H.9 to 1.4 MPa. 
Its evaporative emissions arc essentiall y 7.e ro, since it is used in a sC:'Iled system. A pressure 
regul,lIor controls Ihe supply of propane to the engine. ;mel converts the liquid propane 
to a gas Ihrough a throttling process. Propa ne gas c;m be injected into the intake mani­
fold. into the ports. or di rl'c tly inlo the cylinder. Propanl' has :'In octane number of 11 2 
(RON). so vehicu lar applicalinn.~ of propane will generally raise th e compression ratio . 

1ilhle 10-9 LPG Fueled Vehicle Regu laled Emission5 (g1milc:) 

HC 
CO 
NO, 

S""rrr: n~ss el ~t .. t993. 

Prop nne 

0 .21 
2 .. "i5 

0.67 

3. 1 L engine 
Gasoline 

0.37 

5.4 
0.42 

Tuhle 10-10 LPG Fueled Vehicle Toxic Emissions (mg/mile) 

Toxic Propane Gasoline 

Benzene < 0. 1 16.7 
I,J BUladiene < 0. 1 2.5 
Forrnnldehyde 1.2 3. 1 
Acetaldehyde 0.3 1.5 
TOlal 1.5 23 .8 

Smlll"r; fJ~ ~~ et al., 1993. 

10.6 Alternative Fuels 32J 

As shown in Table 10-8, the CO~ emission!> on an equiva lent ene rgy busis are aboul 
90% that of gasoline. Liquid propane has th ree-fourths of the ene rgy density by vol­
ume of gasoline. so that the fuel economy is correspondingly reduced. The volumetric 
efficiency and the power arc a lso reduced due to the displace ment of about 51)- to 1 0~ 

of the intake air by the propane. and the loss of eva porative charge cooling . Propane 
requires about a SO spark advance at lower engine speeds due to its relatively low name 
speed. 

Thl! FrP emissions from an LPG fueled engine are shown in Table 10-9. The engine 
used was a 3.1 L engine wi lh a LPG conversion system using an intake manirold mixer. 
The LPG fuel used was HDS propane (96% propane. 4% ethane). The resul ts indicate that 
the HC and CO emissions were lower wilh LPG than gasoline. 43% and 53% n:5pectively. 
but the NO, levels were higher. The toxic emissions are shown in Table 10-10. The levels 
of toxic emission.~ are typically an order of magnitude less than the baseli ne ga.~o l ine toxic 
emissions. 

Natural Gns 

Natural gas is a naturally occurring fuel found in oil fi elds . It is primari ly composed of 
:tbout 90 to 95% methane (CH J ). with small amounts of additional compound5 such as 
0--4% nitrogen. 4% ethane. and I to 2% propane. Methane is a greenhouse gn.~, with a 
global wamling potential approximately len times thai of carbon dioxide . A5 5hown in 
Table IO-R. methane ha5 a lower carbon 10 hydrogen ratio relative 10 ga.~oljne. 50 its CO! 
emission!> are about 22 to 25% lower than gasoline . 

Natural ga.~ has been used (or many years in stationary engines for ga.~ compre!>sion 
ill1d elcctric power generation. An extensive distribution network of n:ltura l gas pipelines 
e:<.isls 10 meet lhe need for niltllral gas for industrial processes and healing app l ication .~. 

Natural gas fueled vehicles (NGV) have been in use since the 1950s. and conversion kits 
arc :'Ivailable for both spark and compression ignition engines. Recent research and de· 
velopment work has included development of bifuel yehicJes Ihal can opera Ie eilher wi th 
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Tnble 10-6 ASTM D975 Diesel Fuel Spc..:ifu:ations 

ASTM 
method Nil. I D 

Minimum nash point. · C D93 .1" 
Cloud pt1illl. · C D25t10 Jucal 
Mil.J(illlurTI WilIer and lI.n5 

scuirm:nt, voJ <;f. 
Maximum carbon rcsiuuc D52·\ O. IS 

(In 10% res., % 

Maximum ash, wI % D482 (J.()I 

T,,), K D86 561 max 
Kinemalic viscosity at D445 1.)·2..1 X 10 ' " 

40' C (mIts) 

M;u;.iltrullI sulphur. wi fJC: DI29 0.05 

Maxilllum copper strip No. ) 

corrosion 
Minimum cetane numher D613 ,0 

No. 2D 

52 
1tH.:,! 1 
0.05 

0.)5 

om 
555·6J I 
1.9-4.1 x 1O . t. 

0.05 
No. 3 

40 

Tuble 10-7 llH!rn!odyn:unit: Properlies of Compressiun ' guilion Fuels 

Dimethy l ether 
Dic~cI (DME) 

Fonnula C,~H~~ CH1OCH, 
Molecular weight 170- 200 46.07 
Liquid density (k.gllll 1) 820-860 668 
Kinem;rljc viscosity (lIIltS) al ·Iwe 2.g x 10-" 2.2 X 10 . 1 

Lower healing value, mass (t.·lJIkgr ... ,) '12.5 21lA 
Lower heating value. 3·1.8- 36.5 19.0 
vulume (MJ/literf~.I) 
Boilin~ poinl III I bar (QC) I KO-)oO - 25 
Vapor pres5ure at 3S"C (bar) 0.0(61) 8 
Cctanc number ·10-55 55-60 

Stoichiometric AfF ratio 14.7 9.0 

No 4D 

55 
h)c .1I 

0 .05 

(J. IO 

5.5·2·\ x to f. 

2.0 

)0 

R;rpcsecd 
meth yl c~tcr ilH"IE) 

1:182 
'U x 10· t, 

37.7 

52 
11.2 - 12.5 

increase the cetane number. The cah.:u laleu cetane inuex (Cel) is ,Ill approximation to the 
cetanc number compu ted from the ASTM 0976 empirical correl;uion fur pelro!t:ufll·based 
diese l fuels : 

CCI 

where 

-·410.3-1 + 0.0 16 G! + 0. 192 G log T.. .. u 

;- 65 .0 1{lug 7~\tJf - 0.0001H09 T ill 

G = API gravit y (ASTM 02S7) 

T.\o = Miupoinl boiling temperature. "F 

110.7 ) 

TIle celane index. is uscful becam;e it is chcaper to obtuin thim n measurement of the ac· 
lual cctane number. In addition, it illustrates that not all diesel fuel properties can be spec­
ified independently of one another. 

10.6 AltC"m;lIivc FuC"h 311 

TIle n:gu lated emissions from vehicular die sci cUlllbustion include CO. He. NO,. and 
p"niculale mailer ( PM), The emissions limits h,we been tightened in response tUl'tlllt'em\ 
abuut the adverse l!ffect that compression ignition eng.ines ha ve had on ambient air qual· 
ilY. speci lically NO, and PM . Nitrugl!n uxides arc a prec.:ursor 10 ground Ic=ve1 UlUne for· 
m:llion . and particulate emissions :lre a respiratory hazard . As tli sc ussed in Chaptcr I} . there 
is a trade-off be lween NO, and pani..:ulatt matter (PM) emissions frulll I.:ompre~~iun ig· 
nition engines, <IS techniques to lower NO, will gener<llly increase PM, and vice verS<l . 

One cumponent of djesel parti..:ulate emissions th;1t has allra..:ted particular regulatory 
attention is su lfates, Jue tu the lldversc: intpa..:t thai sulf<ltes have on air quality. The max· 
imum sulfur ..:ontenl is presently regul:!tcd to O.05'A). Refornmlat ed dics.cl CRFD) h:l~ a 
su lfur content below 0 .0 I %. 

10.6 ALTERNATIVE FUELS 

Important alternative fuels arc lIlethant: or compressed /latura] gas (eNG)' prnpanc ur li4 · 
uid petroleulll gas (LPG), alcoh ols, ami hydrogen . Alternat ivc fuel s arc of intcre~t ~in(e 
they ..:an be refinetl fr um renewable feedstocks, and thdr emissjon levels can he lIIue.:h 
lower than thuse of gasoliue ;lIId di esel fut:led engines (Dha li wal et al.. 20(0). If there arc 
avai labili ty prob lems with crutle oil. due to worldwide geo-pn litical problcms. alteruative 
fuels can abo be usetl ;(S replace ments . As of lhe year 2000. (he mosl cummunly lhed al· 
lemative fuel for ve hicles is propane, followed by natura l gas, and methanol. 

Alternative fuels arc lIot curren tl y w idel y used in vehicular app li..:atiuns fur btlth cell· 
nomic and engineering reasons . The cost of alternative fuels per uni t uf energ y ueh\"Cred 
call be grcater than gasulinc or diesel fuel. and the energy den~ily of alternative fud!lo hy 
vO IUIllC is Icss than g<lsulinc ur diesel fue l. The smalle r vul umetri..: cncrgy den!loi ty re-
4uircs 1;lrger fuel s tora ge vulumes to have the same driving range a.~ gaso line fueled \'c · 
hicks . This ca n be a drawback, particularly with dual fuel vehicles. where a ~igllitil'aJ\t 
portion uf the trunk sp;l..:e is used by the altemative fuel sloruge lank. Altern:Jlive fueh 
also lack a wide scale distribution and fueling infrastructure comparable to that III' con· 
ve nti ona l fuels . In re..:ent years, fleet vehicles. such as buses, trucks. and vans have hcen 
a growing market for alterna ti ve fuels, i1S they can operale s:Jtisfac tllrily with hX::Jliled 
fueling . The market penetratioll uf alternative fuels is currently on the ortier of ().S ttl 
I 'Yo. In 1990, there were about ·1 million prop:tnc fueled vehides, three million elh:Jllu l 
fueled vehicles. and about one million natural g;ls fueled vehicles wurldwide. 1:(IlJ1parcd 
to about 150 million gasolillt: fuclt:d vehicles in the United Slatc .~ alone (Wehb and 
Delmas, 1991 ). 

Existing gasoline or diesd engines can be rclrorilled fair ly easily for opcr.ltiull ..... ilh 
alternative fuels. However, various operational ..:onsitleral.ions need 10 he taken iUhl :Ie.:. 
count. The different combu!Io tiulI l·haracterislics of aileOlative fuel s re4uire a change 111 the 
inje..:tiun and ignition ti ming. Also, lIIany 41ltern:ui ve fuel s, c~ pecially Iho!>c in l:!:I ~ellu\ 

furm, have very low lubricit y. causing incn:ilsed wear of fucl ..:umponenb !Iout:h a~ fud ill ' 
je..:tors and v;.rlves. 

The propenies of variou .~ alternative fud s ;Ire tubu lated in Table I(I-g, and ilre l'mll' 
pared wi th the properties of IHlct'Ute . Thc first thn:e colulTllls contain ga!oCou .~ fueb 
(methane, propane. anu hytlrogen) antl the next three t:uJumns are li4uitl fueb Imeth:Jnul. 
ethanol. 41nJ lI-octUflC). While there is a range of e nergy densities on a fuel mass (MJ/~g, .... r) 
bilsis. the energy densities arc ..:omparable on n stoichiumetric air ma!los (MJ/kg..,,) h:J~i .~. 
Octane has the greatest energy tlellsity by volume (MJII) . Allemale fuels have higher lX:' 
tane levels Ihan gasoline. so engines fueled wilh alternative fuels can operate ill hig.her 
..:ornpressiull levels. and thus OIl higher efficiency. 

I 
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exceed federal standilf,L~. The oxygelwted fuels program reCJlIires that gasoline contain al 
least 2.7% by wei ght of oxygen . The finit cilies to lise o.,ygenated gasoline were Denve r. 
CO. and Phoeni x. AZ. and it is now required in about <I() c ities in the United Sia ies . 

The reformul aled gasoline (RFG) progr:tm is a year-round program used In reduno 

O7.one levels . The rrn~ rilm rcqujre .~ Ihilt gil~olinc so ld year-round in areas Ihal hil ve 
ozone levels Ihat c., ct'cd feueral .~tiLlldards have minimum oxygen content of 2% hy 
weight and ll1ilXimul11 ht'l lzenc content of I % . It i.~ nnw required in I () cities ill thc 
United Slates. :l11d an additional 2 1 areas ha ve voluntarily entered th e program. The pri ­
Illary oxygenates used ilre methyl le rti ;u y· hut yl ether (MTBE) anti e thann l (EtOI·I). 
However. due to MTBE cont::lminatioll nf drinking w<ll cr supplies. it s future usc as an 
o}tygenate is questionahle . In 1996 C alifornia required use of Ph<lse 2 Rf-G . which has 
stri cter standard .~ Ihan Ph:lse 1 RFG. The properties of varioll.'> ga."oline .~ are comparcd 
in Tahle 10-'L The g;l.~ n l il\e.~ l i.~ted ml' : 

• Industry average gasoline 

Gilsoline ox ygenated (2 .7 wt % nxygc n) with MTBE 

Gasoline mygenaled with ethanol (gil sohol) 

Philse I rcformul:lted gasoline 

C:llifomia Phase 2 reformulated gasnlinc 

The volume perce ntage of olefins and benzene in reformul;lIcd gasoline is lower than 
industry ilVer.lge gasoline . 'nle Reid vapor pressure is reduced in Ihe summer in rcfnr· 
mltlated gilsoline to reduce Ole cmissions tlue to fuel evaporalion. The 90% disti ll ation 
temperillure 1~ is decreased 10 in c rc a.~e the vapori7.;1ti on and oxidation of the gasoline. 
which rcduce.~ the hydrocilrbon emis .~inns . 

The currenl level of slIlfur in g:l~oline i.~ about )00 rpm. Since .~l1lrur hilS an ildver.~c 
imp:let on the perfomwl1ce of calalytk ('(1 nvcrter.~ . the California Ph:lse 2 refurnmtatctl 
gasoline specifications reduce the sulfur level to :lhout 30 ppm. 

Table 10-5 compares the FrP regtd:lted emissions from industry aver;tge gasoline ilnd 
Phase 2 refomlUlat eti gasoline for il group of neet vehi cle s. The usc of the rcfoflllu]all: d 
gllsolinc decrca .~cd [he He emissiuns hy 2(j'J',. , NMHC ellli .~.~ions by 27'7f'l . CO emissions 
by 30%, and NO, emi.~s i o ns by I R%, 

Tahle 10-4 Properties or Gasoline Fuels 

Indl1 ~ try MTBE 
;\\,CTagc ox ygenaled Pha .~e I Phase 2 
ga.mlinc g ;l~oline Gasohol RFG RFG 

Aromatic~, vol 'if. 21Ul 25.R 2.1.9 2.l 4 ' 25..1 

OJc fin~ . vol % ID.R R.5 X.7 ft .:! .1.1 

Benze ne. vol % UiO 1.(, 1.(1 U n .!) ) 

Reid vapor pressure . "P'l 6O·S flO ·S 67·5 50·5 4(, 

(5 : .~ lJnllner. W: winl er) 79-W 79· \V 79· \V 79· \V 

T~l ' K :\70 )f,t) .167 .1(.7 .167 

TOo., K .t.\O ·IJ :! <\ J I 4 .1 1 41 R 
Sulfur. ma.~ ~ ppm 33R J I.l .105 Jn ~ " MTDE. vol ';f 0.0 I.' 0 II 11.2 
Ethanol, \'01 % () () 10 " 0 

Srwrn': "tI~rted fnlt11 1:1',\ .1;!1I·T'·<) ,"i·{)(17 . 

Tnhlc 10-5 ITP Regulated Ellli .~~itlns (g/milc) from 
Im.lll ~ try Average and Refllf1l1ulaled Ga~oline 

Industry PIIo1 ~C 2 
average rt"fnmllllated 
ga.\lliine }!a ~oline 

He 0.226 n.le. 7 
NMHC n.20 ) (J. t·IR 
co 3.22 2.25 

NO, 0 .39·1 0.32\ 

Sourr .. : C;odle 1'I ;o J.. 1997. 

Gm;olinc Additivcs 

10.5 Diesel Fueh 3 19 

Gasoline adtli tives include oc tane improvcrs. anli-ieer." 10 pre vent fuel line freezc ·up . ck· 
tcrgellts to control deposits on fuel injcctors anti valves . corrosion inhihitors . and antiox­
idants to minimize gum fomHlIion in sto red gasoline. Many compoumJs have been testetl 
for lise a .~ octane improver.~ in gasoline. Tetraethy l lead WitS the primary octane improver 
in general u .~e from 1923 to 1975. Its lise in motor vehicles was made illegal in 1995 uue 
to its toxic ity and adver!ie effect nn calillyti c converters and oxygen !-iensors. CUrTent ly. 
lead is onl y used in aviation g"s and off road r;lcing giL·mline. Alcohols. ethers. Olnd methy l· 
cyc10pelltadicny l manganese tricarhnnyl (MMT) arc now used as octane improvers . 

1l1OIll a.~ Midgley of the Genera l Molor.~ Re.'>earch L.1boratory dismvered lead addi­
tives in 1921 . As an a~ ide. Midgley al.~o was the inventor of Freon~ (f.-12l . a refri~er.tnt 
initially develuped for autoillotive air conditioning systl!ms. Frcoll~ wa!i the mmt widely 
ll.~ed rcfri gerilnt in Ihe world unlil the mid 1990s when il was tleterminro that the de­
compos ition o r Freonw in Ihe stratosphere causes deple tion of the slratosphcrk tl/.Ulle 

layer. The manuracturing of FreonO» in the Uni ted StOlles WOlS matle illegal in 199M. 

10,5 DIESEL FUELS 

Diesel fllel consists of a mixlilre of light di~tillate hydmcarbons that have boilinf! points 
in the range be tween :lbo UI 1 fHloC and J600 C. higher thiln gasoline . It is estimated Ihat 
there arc morc than 10.000 i.'>omers in tlicsel fuel. Like ga.~o l ine . tliesel fue ls ~ milturcs 
of pilraffinic. o lefinic. naphthenit: . and aromatic hydrocarbons. but their re lative propor­
[ions arc different. The molecul:lr weight of diesel fuel varies from about 170 to 200. 
Diesel rlle1.~ have :lbout an R% greater energy dellsity by volume than ga.,>oline. arc much 
less flammable. and arc the primary fuel used by heavy duty vehicles . 

Diesel fue ls arc cJ:lss ified both by a Ilume rical scale and by use . The use designalions 
arc bus. tnlck. railroad . marine . and stationilry. The American Society for Te stin~ Olnd 
Malerial s. ASTM 0975. nUlllerical classification scheme for diesel fue ls ranges frum nne 
10 six. wilh letter subc:ltcgnries. Diesel fuel number lOis a cold weather fuel with a nash 
point of J R°C, Diesel fuel 20 is a diesel fuel of lower volati lity with a na .~h point of 52-C. 
Diesel 20 i.~ the most common fuel for vehicular applicat ions. Diesel fuel 40 is u~d for 
statinnilry appli cations where Ihe engine speed i~ low and more or less constant. The "'pcc­
ification chilrt conlained in ASTM 0975 is shown here as Table 10-6. The themlOdyn:lnlic 
properties o f diesel fuel 2D arc listed in Table 10-7. 

The ignition quality of diesel fuel is givcn by the cetane number. CN. The higher the 
cetane number. the easier it is for the fue l to ignite. Current cetane numbers for \·ehicu· 
lar diesel fuels range frolll ahout 40 In 55. Additives .~uch DS nitrate esters can be u .~ctltn 
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will refine ;lbout 4W,lt, of the input cruue oil into g;lsoline, 20% into (.liesel 'lIllj heating 
fuel. 15% itllo residual fuel oil, 5% into jet fuc], and the remainder itllo the olher listl!u 
hydrocarbons . 

A broad CIl I fractiun is collecteu over a large rangl! of distillation lemperalurl!s, a 
narrow cut o\,l!r a small range, a light fraction over a low tcmpl!rature range, anu a heavy 
fmction over a high tl!lIlpl!r'lIUrl! range: . Gasoline fuel is a bknd of hydrocarbon uistil­
hltes with a range of boiling points from about 25~C tu 225 ~C, ilnd diesel fuel is a bh:nd 
of hydrocarbon distillates with a range uf boiling points from about 180~C 10 36U"C. 

Chemical processing is required 10 conven one fraction into another. For example, a 
crude might yielu, on :Ill e..'/lergy basis, 25% straight run gasoline..' but the product demand 
could be 5Qf,l,. In this situation Ihe lIlher 25% would be produced by chemicul process­
ing of some other frac tion into gasoline. Chemical processing is :lIso used to upgmue a 
given fmctioll. For example, straight run gasoline might have an octane number of 70, 
whereas the pruduct dema/ld coulli be: 90. in this case chemical prucessing wuuld be 
needed to incrt!ase the octane number from 70 to 90. 

Alkylation is used to increase the moJccular weight and octant! number of gasoline 
by adding alkyl radicals to II guseous hydrocurbon molecuJc. Light olefin guses are reucted 
with isobutane in the pn:se/lce of a cutalyst. Isooctane results from reacting butene with 
isobutane. This process requires relatively low temperature (275 K) and prt:ssure (300 kPa); 
and therefore, consumes relatively less energy than other refining processes. 

Catalytic cracking bre:aks molt!cules in order to convt!rt distillates into naphthas fur 
use as gasolint!. Th!! nilphtha products of r.:atalytic cracking arc high octane gasolines. 
The reactions arc al hig.h tempemture (700 to 800 K) and at low to moderatt! prt!ssllTe 
(200 to 800 kPa). Considerable energy is consumed in the process. 

Refomling refers to reactions designed to alter molecular structure to yield higher DClilllt! 
gasoline (e.g., cOllversioll uf pamflills inlu afllmatir.: hydrocarbons). TIlis is often done in iI 

hydrogen atmosphere at high temperature (800 K), at high pressure (3000 kPa), ilnd in the 
pr!!sence of a catalyst. Considerable hydrogen is produced as il result uf tht; re'lr.:tion: 

C"H~",~ --+ C"H~n _ 6 + 4H~ (10.6) 

Coking is the proce:ss used to convert heavy reduced crude fraction to the 1lI0re us­
ablt! naphtha and distillate fractions. The reduced crude is heated in an UWIl. Upon ht!'I1-
ing, the molecules undergo pyroJytic dt!cumposition and recombination. llle avt!ragt! 
molecular weight of the fraction remains the Slime, but a greater spectrum of components 
is produceu. The heaviest r.:omponcnt. called coke, is i.1 soliu matt!rial similar to charcoal. 

GASOLINE FUELS 

Gasoline has been a dominant vehicular fud since the early 1900s. It was the fuel used 
in the first four-stroke engine of Nikolaus 0110 in 1876. It has a very high volumt:tric 
energy density and a rC];ltivcly low cost. It is composed of it blend of light distillate hy­
drocarbons, including paraffins, olefins. naphthenes, and aromatics. It has 11 hydrogen to 
carbon ratio varying frolll 1.6 to 2.4. A typical formula used to characteriz.e gasoline is 
CgHL\' with a molecular weight of III. A high hydrogen content gasoline is C7H 17 • 

Gasolint! propcnies of interest for intemal combustion engines ilre given in Tablt: 10-3. 
Tht! propenies include the octane number, vulatility, gum content, viscosity, specitir.: 
gravity. and sulfur content. The Amcrican Society for Tt!sting and Materials (ASTM) has 
established a set of gasoline specilic,lIions for each property, also listed in Table 10-3. 
The anti-knock index (AKI) is the average of the research (02699) and motored (02700) 
octane numbers and is the number (for t!xample, 85, 87, and 91) displayt!d on pumps 01\ 

Tuble 10-3 Gasolinc I'ropcny Spt'L:i!icatiolls 

ProperlY :\STM MelhuJ 

Di~lillillilJll. K 

I-killing vallie 
Spcr.:iflc gravity 
ReiLl v;Jpor presslIrc. kP,1 

GUIII.lIIg/ml 
Ocl.lIle, ~upcn;hargc 
Sulfur. WI % 

HyLlroearbum. % 

Oelillle, rescilrr.:h 
Or.:tanc. mOl or 
Benlene. v(ll % 

DKo 

D240 
0287 
0J2) 

03KI 

O<iO'l 
DJ2fl6 

DJ3J'J 

D2(1)lJ 

DnOO 
D)('{)6 

lOA Ga~linc Fuel, 317 

service stations. Tht! determination of the octane numbers is discussed in Sectiull 9.3. TIK: 
octane numb!!r for :nllomotivc gasolint! reached a maximum in the ICJ60s, with leaded prr­
miulll gasoline available with AKI ratings of 103 +. The octane number for aviatiull fuels 
is based on motored (D2700) and supercharged (D909) test methods. 

Knowledge of gasoline .... olatility is imponant not only in designing fuel delivery and 
metering systems, but alsu in controlling evaporative emissions. TIle volutility is 4ua11ti­
fied by three related specificatiuns: (I) the distillation curve (086). (2) the Heid vapor 
pressure (0323), and (3) the vapor-liquid ratio (D439). With the 086 distillation method 
a still is used to evaporate the Cud. The fuel vapor is condensed at atmospheric pressure. 
Tbt! heating rate is adjusted r.:ontinuously such that the condensation rate is '"' to 5 Illllmin. 
The ht!!lting process is stopped whe:n the fuel starts to smoKe and der.:ompose, typically 
around 370°C. The vapor tempt!rature at the lOp of the distillation flask is llIe.lsured 
throughout the test. The volulllt! fraction of condensate is plotted versus temperaturc ttl 

form a distillation curve . Tht! 10% and 1)0% t!vaporation temperatures, TIll and F",!. arc 
used in the vulatility spccilicalions. TIle TlU temperdtofC, indicating the start of v'lpori/.<ltion. 
is used to characterize the cold staning betlilvior, ,md the T'II I temperature. indicating the 
finish of vapuriz.ation, is u~cu hl chamcterize the possibility of unbunled hydrucarbons. 
Tht! ASTM driveability inJt! ."( (1)1) is also a measure of fuel volatility and is dcfined as 

1.5 TIll + J T .\/I + 1''i'. ). 

Gum is a product of oxidation rear.:tions with cenain molecules often found in fuels. 
Use of gasuline with a high gum component can lead 10 sticking of valves and pislIln 
rings. carbon ueposits. and dogging of fud metering orifices. Inhibiturs are uften added 
to gasoline to reduce the gum fortllt!d in such a tcst under an assumption thcy will nlS() 
reduce gLllll foonation ill service. TIlt! ASTM D381 test method involves eVllporutjn~ 50 ml 
of gasoline in a glass dish at approximately 430 K by pa.~sing heated air over the ~amplc 
for a period of about I () min. The difference in weight of the di.~h beforr and after the tcst 
is callt!d the existt!nt gum content. 

Reformulated Gasoline (RFG) 

The U.S. Ckan Air Act of 1990 set up two progmms. an oxygenated fuels program and 
a reformulated gasoJint! program. which resulted in mandated changes in the composilion 
of g.lsoline. The oxygenated fuels program is a willlt!r program used to reduce l·arbon 
Iltonoxiue and bydrocarbun It!vels in major cities that have carbon monoxide levch IJ)at 

,J. 
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Figure to·6 EITc:ct of fut'! ~ tr\l cturc: nn dctonation tendency of paraffinic hydnlC:lrh(}n~: 
CFR eng inc, 600 rpm. inlcllcmpcralurc ,150 K (Lo\'cll, 1948). 

10.3 REFINING 

Crude oil contains a larp(' number of ""riolls hydrocarbon fraclions . For cxamplc. 25.orX} 
different compounds have been found in onc .~ample of petroleum·derived crude oil. The 
compounds range from g.'I.~es to viscous liquids and waxes. The purpol'e of :I refinery is 
to physically scpar;}te Cntde oil inlo variolls fr:lclions. and then chemic;}lly process the 
fractions into fuels and olher products. The fracti on sep:lr;ltion process is ca ll ed distillation 
;lnd the device employed is often c;llicd a .~ Iill. 

The generic reatures of a still arc illustrated in Figure 10·7. The sample is helltcd 
prcferenti;llly boiling off the lighter components. The classification o f the various fraction .~ 

is arbitrary. In the order in which they Icavc the still, the varions fractions arc commonly 
referred to as naphtha. d istillate. gas nil. and residual oil. Further subdi vision uses the ad· 
jectives IiR"', mirldlr. or Itl'm·y. The adjc~ ti \'es dr-Rilt or SlmiRIJI nm arc often IIsed tn sig . 
nify that no chemical prn~c.~sing ha .~ peen (lillie to the fraction. ror eltal11ple, since light. 
virgin naphtha C;l1l he used as gasoline. it i.~ nften ca lled straight nm g.t snlinc. The rhy.~ · 

ital properties (If :lny fr:lction depend 1111 thl.! distillntion tcmperatures of tile prodllct.~ co l­
lected in the bc:tkcr. 

F1J!urc 10-7 Distillation 
!icpOIralc!i cruc..1I:: oil inlo 
"fractions." 

Sampto 
--o, '.(,t 
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." 
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FI/:ure 10·8 l)'piclll 
features of it relinery 
(L:lwrence el ;II., 19RO). 
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An example of refi nery processi ng paths is illustr:llcd in Figure IO-H. The chemical 
processes show" arc alkylation. reforming. catalytic cracking, and coking. An iKlUa l ft' ­

finery uses many more processes. but we will limit our study to these most important ones . 
Likewise, II refinery will produce more products than those shown. The refinery ill\J~tr:lled 
produces fuels for enginc.~ (gasoline. diesel, jet). fuels for healing (bumer. coke, kcrmcne. 
residual), che mical feedstock (aronllltics. propylene), and asphalt . On the average. OJ refinery 
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Figure 10-5 Specific h!!a! of nilphthcn l!s .tml al!.:ohols used in 
motor fuels . 

where X, is the mass fraction of component i. The coefficien ts of Equation 10.3 arc listed 
in Table 10- 1. 

TIle absoJUle molar en tropy of a liquid hydrocarbon fuel of the fo rm C"HJlOyNlI has 
been correlated by IkullIi and Wen (1981): 

S"'" 4.690' -I- 18.41 /3 -I- 44.55y + 85.970 (kJ/klllol K) (10.5) 

The octane numbers of various single hydrocarbon fuels ilre tabulated in T'lble 10-2. 
In general, it has been fuund that the oc tane number is improved by reducing the straight 
chain length. This can be accomp lished by reducing the total number of carbon atoms or 
by rearranging them into a branch chain structure. These generaiilations are illustmted in 
Figure 10-6 for pnraffinic hydrocarbons. TIle crilicnl compression ratio is dctemlilled by 
increasing the compression ratio of an engine until incip ient knock occurs. The correla­
lion with octane number is ev ident. 

Table 10-1 SJ)ecifi~ He:ill Curw Fit Cocffich:rus 

Type tI; b. '. 
Paraffins 0.33 5.0 -1.5 

Monoolefins 2 0.33 4.6 - 1.3 

Aromalics 3 0 .21 ~ . 2 -1.3 
(C"H~ _ , ) 

Naphlhenes 4 O.().I 5.0 - 1..1 

Alkanols 5 0.50 3.3 - 0.71 

(T< 1000 K) 

• 10.2 Hyllrucarbun Chcmi~lf)' JIJ • 
Table 1U-2 Knock Chara~!e:rislics of Single COllllxmCII! Fuels 

Criticul 
COlllprc.,sion O..:lanc numllC't· 

Formula Name: Ratio~ Rcscarl'h MUli,r 

CH~ Methane 12.6 nil 12U 

C!H •. Elhanc 12.<1 115 '1'1 

C,H. Propane: 12.2 112 .7 

C~ HB' Butan!! 5.5 .4 'iO 

C) ·, ,II Isobutanc '.0 102 .K 
e,H, ) PClllilllC ,UJ 62 6.' 
C,H I! lsopcnwne 5.7 •. 1 ' .. 
C,.H,. Hexane 3.3 25 ~tl 

C .. H ,~ Isohuane: • . 0 )1).1 ... 
C7H'1> He-ptant: ) .0 0 U 

C,H' I> Triptillll! 14.4 112 101 

Cx H,. Octane 2 .9 -20 - 17 

C. H, . Isooctanl! 7 .J 100 100 

CIU H, ! Isodecane II ) 92 

CJ·' . Mt:thyll:yc luprupanc 102 HI 

C,H'II Cyclopcnt:lllc 12..1 101 .5 

C .. H,! Cycloht:Aimc 4 .• 8-1 7H 

C .. HIl 1, 1,2-tri mt:lhylcydopfopant: 12.2 II I B8 

CIH,. Cyc lopht:Pl:tJU: ).4 39 " 
C~HI" Cyclooc liHlC 71 5H 

C,.Ii .. Bt:llzt:nc 115 

C1 H. Tolut:nt: Il 120 I". 

C~ H", Ethyl bCJlze:m:: 13.5 III ., 
C. HUI Xylellt:-m 15.5 11K 115 

C.l H .. Propylent: 10.6 102 '5 

CHK BUlcne-1 7 . 1 99 '0 

C~ ~I," Penle:n!!-l 5.6 91 77 

C"H u Hexene:-I ·1..1 76 6J 

C.,H. Isoprene 7 .• 99 HI 

C"H III 1.5-hcxadicnc -1.6 71 )H 

C~H" Cydopc:nlc:nc: 7.2 93 70 ..). 
CH,O Mc:thanul lOb 92 

C!H .. O Ethanol 107 H. 

.\'mlll'(: An IIhrll.lgcmcllI of Tul.Jc., K·6Itntl ll·7 (HIm Dhen, 1o,/7l. 
..) 

'Th~ !! ril iL';IJ ~omlHcnil}l' r;lIiu is r'lr autlihle klll-.:1: al 600 rpm. in tcl lemper~tuJ1: at lJ I K. cOlltzm;t1 \7 .\ K. 
~ r;Jrk a,j\';Jm:e antl fud-air ralio ~e l fur he ~ 1 p<>wcr. 

"O":lallt r'llin!,!, ;,hl1\'c 100 rue "bl,lIntd hy malrhilli: ilGlliml Ie~tlctl i"lOCtane. 
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Figure 10-3 (01) Alcohol~. Ih) Ethers. OInd (c ) Nitroparaffins. 

An alcohol is a partially oxidized hydrocarbon. fomlcd by replacing a hydroge n alom 
with the hydroxyl radic.:al OH. If the hydrogen atom attached to nn aromatic ring is re­
placed by the hydro xy l r:Hlical, the nmlecule is ca lled a phenol. Ethers arc isomer~ of al­
cohol with the same numher of carbon atoms. Some examples. shown in Figure 10-3. arc 
methanol . ethanol. phenol. and methyl ethe r. 

Methyl tertiary-butyl ether (MTBE). shown in Figure 10-3. is an ether with one car­
bon atom part of a methyl group. CH 10 and the other carbon atom as the centrol atom of 
a tertiary butyl group. C(CH.,},. At ambient temperature. MTBE is a volatile. flammable. 
and colorless liquid. MTBE is manufact ured from the chemical reaction of meth:mol and 
isobutylene. MTBE has been used in gasoline since the 1970s. Initially it Was added 10 

increase the octane of gnsnline. :IS a lend replacement. It.~ use has increased with the fed ­
eral oi'\ygcnated fuel s ;unl refonnulated gaso line programs. MTIlE is very so luble in wa­
ter and adsorbs poorly to soi l. so that it migrate!': througb soil at about the same rate OIS 

water. Recently. there has been concern ahout MTBE contamination of drinking wilter 
supplies. resu lting from leaking umJergroum.l gaso line storage tanks, resu lling in its ll.~e 

being restricted and even prohibited . 
Nitromelhanc (CH.lN02) is fanned from a paraffinic hydrocarbon by replacing a hy­

drogen atom with a NO: group, as shown in Figure 10-3. It has twice the bound oxygen 
as monohydric alcohols. and can combust wi thout air. AI ambient temperature, it is a 
liquid, and it is widely used as a drag rncing fuel. 

10.2 Hydroc:arbon Chemimy 311 

Thermophysicai Properties of Hydrocarbons 

The thermophysical properties of some single hydrocarbons we~ given in Chapler 3. In 
general. the equivalent chemical fonnula of a hydrocarbon of formula C"H,Il can be de­
termined from the molecular weight M and the hydrogen to carbon ralio He. since 

a ~ M/(12.01 + 1.008· HC) a,,~ {J = HC· a (10.11 

The enthalpy of [onnalion. h;'. at 298 K for a hydrocarbon of fomlUla C"H11 can be 
delem1ined from the heal of combus tion q,_. Equation 3.85 can be rr ..... ritten :IS 

II;' = all/. l'II; + ~(ltl. ll fl - (i - X)/I/o. fLO) + q, (10.2] 

where X is the quality of water in the products . The lower hcat nf t:umbustinn a ... ~ ume .. 
X = 1.0. where:!s Ihc' higher heat of combustion a..<;surnes ..\;' = O. 

Figures 10-4 and 10-5 show the ilieal gas constant p.essun= spc(:iric heat of hyliru­
carbons (paraffins. monoalefins . aromatics. naphthene!'. and alcohol~) found in fueh. They 
show that on a per unit mass basi~ the specific heat depends on carbon type and is a weak 
function of carbon number. This is not unexpected si nce the specific heat of a molecule 
depends on the number and type of bonds. The results shown art com::lated by lhe 
following equntion: 

C,>.i = {lj + h,.t + cj t2 (kJ/kg K) (I0.J) 

where I = T(K)/IOOO, and 300 < T < 1500 K. The speciric heat of a motor fuel is 
then 

4.2 

:-::---: Pararrins Cs to c20 

0.8 

I. r -'\ Monoolerlns C s 10 (':xl == AlOmatics Cli to ('Xl 
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FI~ure 10-4 C(lII.~ timt pre.mlTe specific hent or 
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Figure 10-1 (a) Parnffins, (b) Olefins and (e) Naphthenes. 

as shown schematically in Figure 10·1. OCHme is sometimes called 1I0rmai octane or 
n-octane. Isooctane, liS shown in Figure 10-1, is an example of an isomer of octane. That 
is. it has the same number of carbon atoms as octane but not in a straight chain. The group 
CH1 aUached to the second and fourth ca rbons from the right is called a methyl radical. 
mel" because it hns o ne carbon alom and yl because it is of the alJ..."Y1 radical family CnHu,; I' 

Isooclane is more properly called 2, 2, 4 trimethylpentane. 2, 2. 4 because methyl groups 
I1re attached 10 the second and fourth carbon atoms, trimethyi because three methyl radi­
cals are attached. nnd pt'IIf(lIIe because the straight chain has five carbon atoms. 

10.2 Hydrocnroon Chcmiw) 309 

Olelill!'; (a lkenes) arc molecules with one or more carbon-carbon doublt." hood),. 
MonoolcJins have one double bond, the gene ral fomlUla CnH!A' and their names end with 
e"e. For example. I-oc tene, Chl-l l~ is shown in Figure 10 .. 1. Isomers are possible not only 
by branch ing the chain with the addition of a methyl mdical but also by shifting the po­
sition o f the double bond without changing Lhe carbon skeleton. Oldins with more than 
olle carbon-carbon double bond are undesimble components of fuel that lead tu stomge 
problems. Consequently, they are refined out and the only olefins of significance in diesel 
fuel or gasoline fuel are monoolelins. 

Naphthenes (cycloalkanes) have the same general fomlula as olefins. C"H:.", bUllhere 
are no double bonds. 'nley arc called cyclo because the carbon atoms are in 11 ring struc­
lure. 1\vo examples are cyc lopropane and cyc lobutane, shown in Figure 10 .. 1. Cyc10alkane 
rings having more than six carbon aloms are not as common. 

Aromatics are hydrocarbons with carbon-carbon double: bonds intemalto 11 ring s truc­
ture . The most common aromatic is benzene. shown schematically in Figure 10-2, Benune 
is a regu lated toxic compound. as it is a known caJ"c inogen . Notice thai the double bond), 
altcnmle in position between the carbon atoms. Thi s makes the molecule hard 10 break. M) 

that iI grealer temperature is required (a initiate combustion. As a result. aromatics are de· 
sirable in gasoline since they increase the octane number. Aromatics are undesirable 
componellts of diesel fuels. Some common aromatics (toluene. ethylbenzcne. and styrene) 
have groups such as methyl radicals subs tituted for hydrogen atoms, and others (biphenyl) 
have more than one ring. Finally. th ere are polycydic aromatic hydrocarbons (PAH) 
which are aromatics with two carbon atoms shared between more than aile ring (naph­
thalene, an thracene). 
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Figure 10-2 Aromatics. 
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9.7 Usc th e Equilibrium COIll tmstion Stl l\'cr App lel 10 compute Ihe c" hausl CO cnnccntral inll 
for nn cngine fueled with C 1H I1• Plot CO \'<, rsus (/1 for (wo different gas te mperatures al 
the time of cxh;llIst valve opening. T = IR OO K and T = 15fK) K. 

9.8 Reacti on of hydrocarhom in the c:<. hall.~ t port o f ;111 engine is lin impo rtant process used 
in dctcmlining emiss ions from either a gasoline or n diesel engine. The rate of change of 
the mass fraction due to che mical reaction is g iven by: 

9.9 

9.10 

Assuming Lhnl gases in Ihe port shown in Figure 9-c arc well mi xed . show that 

( rlXHC) ,;,;. (-E) 
-- ~ -(·\·II I". I ~-.\"lId-Axllc .rn . CXP --

til 1' 1 111 . RT 

As an cngine wanns up. clearance be twee n VOlr10US parts ch:mge bcc;lIIsc of differing 
amQunlS o f themml expansion . E:< plain h(lW Ihi s can affeci hydrocarbun emiss io ns frmn 
a spark -igni ti on. homogeneous-chargc cngi ne. 

Explain how blowby can :lffcct hydrocarbon cxh;llIs t emissions (not crnnk-cnse emissions 
which are no longer a prnhlcm). Spcciflcall y discuss th e innuence of engi ne l'pced. 
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Chapter 10 

Fuels and Lubricants 

10.1 INTRODUCTION 

10.2 

So fnr ollr alle nlion has been o n fuels composed of only one chemical species . However. 
a Iypi cal g;lso line or <liesel fuel may consist of 100 hydrocarbons Dnd anolher lOCI 10 2()O 
trace specie.~. This chapler expla ins why fuels arc so complex. how they art: manufac!urcd. 
and how different fuel s perfoml in a ve hicular application . This chapter al so diM:uo;\.C~ 
some of the pro perties o f luhricaling oils. 

The main source of cmde oil is petroleum. The identified worldwide petroleum rt:. 

serves arc estimated by the Americ;m Petroleum Institute 10 be about I trilli on harre].. . 
with 0 .6 trill ion barrels remaining to be identified . At present consumplion fOlies it is e~­
timated that petroleum reserves will lasl for 60 10 95 years. Technological ad\'ances in 
petroleum cxlraction have c reated continual increases in the si1.e of the world ...... ide petru­
leum reserves . In 1950. the identified wo rldwide petroleum rcscrve .~ were estimaled 10 be 
abollt 0.09 trillion barrels. so in the las t 50 years the identified pctruleum re."e:r\'e s have 
inc reased tenfo ld . To put the consumption of petrolelJm inlo pcrspcclive. about n.? tril­
lion barre ls of pet roleum ha ve bee n consumed since the ad vent o f the indwmial [t:\'olu­
lion. It is a1.~o technically possihle, but currently uneconomical. to extract crude: oil frum 
coal. shale . ilnd tar sands, 

Since pelroleum contains carhon. its combusti on produces cDrbon dioxide . a green· 
house gas li nked to global wanning . There arc a number or privale and govenlmenlal 
iniliatives undcf\yay to reducc the amount of greenhouse gas em issio ns. These iniliati\'e~ 
include increased combustion and process efficiency. and increased use of a l1emative 
fue ls. Further info mwti on ahOlil hydrocarbon fuel s and their use is given in O ...... en and 
Coley (1995). 

HYDROCARBON CHEMISTRY 

Gasoline and diesel fu els arc composed o f hi ends of hydrocarbons. grouped into families 
o r hydrocarho n molecules termed para ffins. oleflns. naphLhenes. and :lromatics. The hy­
drncarhon fami lies each have characteri st ic carbon·hydrogen bond s tructure s and c.: hemi­
cal fomlUlac. 

Pamrf'i ns (alkanes) ;lrc molecule.~ in which carbon atoms are chained together h)' ~ ingk 
honds. The remai ning ha nds :1(e wi th hydrogen. They are called saturatcd hydrn~,:arOom 
becanse there are no double or triple bonds . TIle ntlmber of carbo n atoms is specified hy 
a prefix : 

l -lT1eth 
2-clh 
J. prop 

4-hul 

5·pcrll 
6·hcx 

7-hcpl 
R-oci 

9·nnn 

JO·dec 
II ·under.: 
12·dodcc 

Paraffin is desigmlted OIS OIn alkane by the surri x rlllr. The general fnmlula fur the fam· 
ily i.~ C)·l ~" , !. Examples o f s traight chain paraffins are methane. CH j , and oct61ne. CHI •. 

Jll7 
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o (Deg atc) P (har) T. (K) 

-40 II.IX)(} 5.6 600 
-)0 lI.onl 7.5 650 
-20 0.062 IHi 745 
-10 0.383 ] 1.6 900 

0 0.843 57 .8 950 
10 0.994 58.6 1000 
20 1.000 ·15.2 975 

If the precursor formation rate is (Douaud ,md Eyzal . 1978) 

I "-'I' ( - 3800) -:- - = 50.5Pl.7cxp --.-
.\" tit r 

T~ (K) 

2500 

2512 
2652 
2700 

2750 
2MOO 
2747 

(.0) Detennine the minimum engine speed ror which knock-free operation O(c urs assum­
ing the table is speed independent. Plot the e:xtenl or reaction versus crunk angle at 
that speed. Comment on assumptions implicit or explicit in the analysis. 

(b) Assume that throttling the engine reduces all pressures 25% and all temperatures 5',\0, 
repeal pan (a). 

9.3 The existence of a temperature gradiem in the burned gas can be explained fairly simply 
using an ideal gas model in which the fluid is broken into an ensemble of elemenls. The 
average pressures and specific volumes of an 0110 cycle are rcpresente:d in Figure 9-a by 
the diagram 1-2-3-4. All the gas is compressed ise:nlropically from I to 2; hence: at point 
2 the gas is at a unifonn temperature 1"2' 
The first eleme:nt (infinitesimal) to bum will no t influence the cylinder pressure and thus 
bums at constant pressure to 2'. Thus 

T,' =1;+'£ 
. c, 

where q is the he:at release per unit mass. TIl:.lt gas is then compressed isciltropically to 

2" 3"3 3' ,- , 
\ 

\ \ 
\ \ 

\ \ 
\ \ 

\ \ 
\ ' 
\ " 
\ ,, ', 

_____ '-..: _~2' 

'- , '- , , " , , 
....... ........ ............ ..... ~ 

4" 4 4' 

Specific volume 

Figure 9-" Illustration for Homework Problem 9.3. 

the peak press ure p .l , hence 

T1, = (!2)It-llll 
T!, p~ 

The last clement to bum i!i corllpres~ed iscntropically as unburned gas 10 the peak prc!i' 
sure at 2". 

T,. = (P')/·'" 
T, P, 

The last clement then also bums at t:unstnnt pressure so that 

All the dClllellls expand isentrupil.:ally a fter the last element bums. 

Taking as the average cycle the conditi ons used in Figure 2·2 of Chapter 2, find 

(n) The ratio T\'/T\~ 

(b) The ratio I'~ '/"~" 

9.4 Derive Equation 9. I a for the diesel fuel injection r.ltc . 

9.5 The rate of change of nitric oxide mass fraction for a fluid clement because of chemica l 
rea(tion is g iven by Equation 9.25. The mass fraction can also change because uf NO con· 
vec led in 4lnd out of the nuid dement. Consider the control volume !ohuwn in Figure I)·h. 
Wrile an expression for the fille uf change of nitric oxide mass fractitlll for thi s element 
assumi ng the l1uid entering is devoid of nitnc oxides. the nuid leaving has the !oalllc prup· 
enies as fluid in the clement. and the genemtion of NO within the control vo lume is given 
by Equation 9.25. 

9.6 Emissions data arc often presented as the mass flow rate of the pollut;Jnt emilled Ji\'ided 
by the engine's power. Br.lke specific nitric oxides for a singk cylinder research engine 
are given in Figure 9·44. These results indicate that to minimize lhe pollul;Jnt emi!o!oinn in 
grams per hour al a given power level one should operate at as high a bmep a~ rm~jb le. 

Since the: experiments are dune at constalll fud-air ".Ilio. they illustro.lte an ;.Ilh·anl;Jgc uf 
turbudmrging as far as nitrit' uxides are concemed. Prese nt the same data in the diJfcrcnt 
forms found in practic.:e: 

Emissiun indc:\-Grarns of nitri( oxides per kilogram of fuel \'er!ou!o bmer. 

Mass fnaction-Gnlllls uf nitric oxide per kilogfilm of exbaust \'er~us bOlcr. 

Concentration-ppm versus blllep (assume the molcculw: weight of exhaust is that tlf air!. 

Conlrol volume 

Figure 9·b Illustration ror HOlllework Problem 9.5. 
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HOMEWORK 
For stoi c hiometric gaso line .air mi:c.tures it has ~en round thaI 

( 
T )!." , ~ 0 " i1'iP n il -" (1 - 2.1[) ./ .w. _. 298 

whe re .f, is in mls. P is in hars, Tw is the unburned mixture temperature (K) and J is Ihe 

res idual m:tss fraction . Assume ror" g iven engine that the pressure and tempcrntun: Ilt Ihe 

time of ignitio n arc g iven by 

T •.• when: l' 1.3 

p . ~ °f~~), 
Assume rurt he r that ro r the e ngine design an.d = 25° fo r r = Rand fl , = - 25°. The re ,id· 
!lOll rrac tion is given by J = O. IO(H/r) and the kinemat ic viscosi ty i.~ given by 

1J.47 X 10 tnT: 1 

I ' = " an = p 

If the bore and s troke o r the eng.ine arc 10 and R cm, respec tivel y, using: Equalilln!o 1· .1 

and 1.4 ro r relating cy linder volume to c rank :Ingle. compute the laminar n amC' !o pcC'u at 

ign ition as a function o r compression ralio and spark liming. Assuming (he dela y is in . 

ve rsely proportional 10 the laminar !lame speed at the time or ignition . Piol thC' i~niti(ln 
dcJay versus 0, ror -SO" < R, < 0° and show lines of constant cumpression ra tio for 

r = K ilml r = 10. 

A comhus ti on m odel predi c ted Ihe fo ll owi ng dala ro r a n eng ine operat ed 31 wide ope n 

throttl e on isooctane : 
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Figure 9-49 Cunv!!rsiol1 

dTiciency of a three-way 
catalyst as a rUllClion or Ihe 

ai r-fuel rillio (Kullllllcr, 19H I). 

C 
1;-
0 • 
~ • 
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" " 

Figure 9-50 Conversion efficiencies 

for typical oxidizing catalys ts 
(Mondt, 1989). 
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nle catalytic conversion efficiency is plotted versus temperature in Figure 9-50. The 
temperature at which a catalytic convener becomes 50% efficient is defincl1 'L~ the light­
off temperature. The light-off temperature is about 270°C for the oxidat ion of He ilnd 
220D C for the oxidation of CO. The conversion efficiency at rully warm conditions is 
about 98% to 99% for CO and 95% for He, depending on Ihe He components. Various 
measures have beell tried In decreasc the converter wann up time, including usc of :In af­

terburner, localing the converter or an .H.lditional startup converter closer to lhe exhaust 
manifold, and electric healing, as discussed in Becker and Watson (1998). 

With diesel engines, catalYlic converters are used to oxidize the He and CO, but re­
duction of the exhausl nitric o,;jdes is poor because the engine runs lean. Thus, thi s po l­
lutant has to be controlled by design of the combustion process and/or the choice of op­
erating condilions. Figure 9-44 shows ex peri menial results for a direct injection diesel 
engine . Notice lhal .15 the injection timing is retarded from 20° to 5" before top dead Cen­
ter, the nitric oll-ides drop by about a facto r of 3, whereas the fuel consumption increases 

only about 15%. For this reason, diese l eng ines are usually operated at injection timings 
slightly retarded from thai which produces best fuel economy. 
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manifold. 'nlC cxhml.~t g,l~ acl.~ a.~ a dilliclI! il1 1hc fuel-air mi xture. lowering [he combustion 
tcmpcrmure. The dilulion by EGR of the mixture also reduces the cOlllbwaion rolc. so the 
spark timing is ;uJ\';lnccd 10 Illa inla in optillla l thcmmJ effic iency. The EGR (!'<le lian incrc:!"'cs 
wilh ell!!inc load II I" to Ihl' lean limil. which is ahOIl\ 15% 10 20% o f Ihe fuel -air now r;l[c . 

Currentl y. Ihl! 1111's l ;1111"0 1"1:1111 al'lcr-In:allllcni device is the three -way calalyst 
(Kummer, 198 1). first i ll slallcd 011 Ihe c.'(halJ.~t systems in p:1sscngcr car.~ in 1975. 11 de­
rives it s name from the faci thaI it works 011 all three of the gaseous polllltanl.~ of con­
cem: nilric oxides. carbllll mOl1o :~irJc. and hydrocarbons. The o peration of the cata lyti c 
convener is scvcrel): inhih ited by 1cmj ;md sulfur compoumls inthc cxhaust gascs. so that 
ve hic ular fucls have been rcConnulal ed 10 reduce the ir IC;I(J and sulfur co nlcnt. 

All catalytic conveners arc bu ilt ;11 a honeycomb or pel let geometry (sec P'igure 9-,17) 
to c:( pose lhe ex ha\l st ~ases to a larger .~\lrfacc made of .~ll1a ll partic1 e.~ «:;0 11m) of nne 
or more of the no ble IlH:tals, platinulll (PI ). palladium (I'd), and rhmiillll1 (R hl . Hhndiull1 

Flgut"C 9-47 CutawilY photograph or a ciltalyt;c converter. (Courtesy Englch;ml CC'lrpora tioll .l 
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FIJ!urc 9-48 Catalytic convcrter cornpmll:nlS. {Cnune~y Enpkhard C'tlrpur:llI ,lII. J 

is the princjp:1 I metal used to remove NO. PI;t\;nufll is the principalllll'lal used tn rell\m'e 

He and CO. 
Figure 9-48 is a schematic of a three-way hOlleYl:omb catalys t. In the convencr ~htlwn. 

a thin laye r of the noble mctal s covers a wash coat of inert :lIurnina AI:O, on a (.:onlierite 
honeycomb foundat ion. As the ex haust gases now through the cal;d y~ t. the NO rC:Kt' 
with the CO. hydrocarbons. and H: via a reduction reaction on the ~t1rfacc of the C:II ;, ­

lysL The remaining CO ami hydrocarbons arc remuved through an o:\idatiun rC;ll:tiun 
formin g CO~ and H20 products. The oxidation rate of hydrocarbom increa~ !. with mu­
lecular weight. so lhal the ox idation of low molec ular weight fuch sUl:h as methane is 

very slow in the convener. 
A three-wOlY ealal ys t w ill func tion correctly only if the exhaust gas compo!.ititll1 cur­

responds to nearly (:!: I %) stoich iometric combustion_ If the exhau!> 1 is to(') lean . nitric 
oxides arc no t destroyed and if it is too ric h. carbon monoxi de tlnd hytJrocnrbono. arc nul 
destroyed (sec Figure 9-49). Herein lies one constraint that emission contrul ;mJ)()\C\ 

upon engine o peration; to usc a three-way ca talysi. the engine must operate in a narrow 
wind ow about stoichiometric fue1-a;r rati os . As discussed in Chapler 5. a c1use:d -lnl.lp 
control system with an oxygen se n.~o r is used 10 delermine the aclual fuel-air r.llin, and 
adjust the fuel injector so that the engine ope rale s in a narrow range about the: !> tnichiu­
metric se t point. Ordinary carburetors are not able to maintain the fuel-air ratio in such 

a narrow se t point range. 
Anillysi.~ of fuel-air cyc les in Chapter 4 showed that lean opcr.ltion was bcneficialto 

the thermal e ffi ciency of the engine and at first it arpears that preclusiun of lean opera­
tion is a rather seve re cOl1str:linl. Howcver. if one realil.es lh:llthe excess air in lean com· 
bustion is acting as a dilut<lnt, then one can apprcci;lte that ex.haust gas recin:ululiun l'an 
be used to achieve the same e ffect. The difference is that the excess air is rtactivc. and 

the ex.haust is nonreacti ve . Indeed . the fuel-air cyc le computations (see Figure 4 -(1) shu" 'cd 

that e ffi c iency increased with increasing residual fraction. 
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9.10 EMISSION CONTROL 

Since the mid 19605, exhaust emissiuns frum engines hnvc been regulated by the U.S. 
Environmental Protection Agency. Prior to 1966, exhaust emissions from passenger cars 
were uncontrolled. In 1966, in response to air quality problems, California introduced 
hydrocarbon and CO emission limits. In 1968, the U. S. adopted nationwide emission reg­
ulations. During the intervening years, the requirements have become increasingly rigor­
ous, and engines today are allowed to generate significantly less pollution than their 1968 
counterparts. Meeting these emission requirements has been a major challenge lint.! ulso 
an 0pp0rlunity for automotive engineers. 

TIle current and P<lst emission requirements for vehicles are tabulated in Table 9-6, 
and the emission standards for ccnificatioll us a low emission vehicle (LEV) or ultra-low 
emission vehicle (ULEV) are given in Table 9-7. 

Note that the emission requirements have units of grams per mile. The current hydro­
carbon emission limits have been reduced to 4%, carbon dioxide to 4%, nnd nitrogen oxit.!es 

Thblc 9-6 U.S. Passenger Car nlld Light Duty Truck Emission Standards 

Emissions (g/miJc) 
Ym HC NO, CO 

Prc-colllrol 10.6 4.1 84.0 
1968 .1.1 34.0 
1972 3.0 3.1 28.0 
1975 1.5 3.1 15.0 
1977 1.5 2.0 15.0 
1980 0041 2.0 7.0 
1981 0041 1.0 3.4 
1993 0.25 1.0 3.4 
1994 0.25 0.4 3.4 
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Figure 9-46 Engine elilisloioll cunlrolll1elhods. (Counesy EngJehaId Corporalion.) 

to 10%, respectively, of the uncontrollet.! pre-1968 values. Internal combustion engine ... used 
in applications olher than vchir.:les, for exumple, engines used in lawn muwer.;. snow blow­
ers, chaiusaws, pumps, ant.! genemtors, arc currently being regulated, since they also have 
been found to be significant sources of hydrocarbon and carbon monoxide pollution. 

As shown in Figure 7-46, there are three basic methods used to control engine emiv .. ions: 

• engineering of the combustion process, 

optimizing the choice of the operating parameters, and 

using afler-treatment devices in the exhaust system. 

Application of technological advances in fuel injectors, oxygen sensors, and on-buard 
computers tu engines has increased the control and subsequent optimil.lllion of lhe engine 
combustion process. 'TWo NO, contro l measures that have been used in automobile en­
gines since the 19705 are spark retard and exhaust gas recirculation (EGR). The aim of 
these measures is to reduce the peak combustion temperature and thus the fornlation of 
NO,. A review of the various emission control measures developed ant.! used by automo­
bile manufacturers since the 1960s is given in Mandt (2000). 

As shown in Figure 9-28, retarding the spark liming lowers the NO, since a grealer frac­
tion of the combustion occurs in an expanding volume, lowering the peak cylinder pre).mre 
and tempemturc. However. this also decreases I1le engine 111cmlal efficiency_ With 11x: U!'oC of 
exhaust gas recirculation, sOllie fmction of the exhaust gas is routed back into lhc intake 

TulJlc 1)-7 Low Emission Vehide (LEV) and Ultrll-Low 
Emission Vehicle (ULEV) Standards 
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of the diffusion flame wi ll dccrcilse the NOt (annalion. bul also decrease the amount of 
soot oxidized. Figures 9-44 and 9-45 show Ihal as the timing is fe l:lrded. lhe: NO, de · 
creases. but Ihe particulates increase. creating a uudeoIT between NO. and smoke. One 
promising technique used 10 decrease smoke is to inc rease the in-cy linde r turbulence d ur­
ing the laic stages of combuslion. This increase in lurbulence can be ilccomplished lh rough 
the usc of auxiliary gas injection (Kunl. el a!.. 2000) or air cdls (Mather ilnd ReilJ.. 19951. 
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Figure 9·44 Effect or timing on emi~sions and perfonnance. 
supercharged research diesel engine. at conslanl fuel-air rollin 
and constant air inlel Icmpcralure (Pischinger and Canellieri . 
1972). Reprinted with pcnni.~sion () 1972. Society of 
Automotive Engineers, Inc . 
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9.9 

Figun' 9~40 He runrclltratiollS. naturaJly-;tspirated 
direct-injection and pfcchambef engines (Pischinger 
and Cartellieri. 1(72). Reprinted with pefmission 
«:I 1972. Societ), of Automotive Engineers. Inc. 
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A high concentration of particulate mailer (PM) is manifested us visible smoke or soot in 
the exhaust gases. Par1iculate emissions from engines are regulated since inhalation of small 
particulate mnller can creute respiratory problems. Particulates arc a major emissions prob­
lem for diesel engines, as their performance is smoke limited. With the use of unleaded 
fuel. particulates are gcncmlly not as serious a problem for spark ignition engincs. 

Particulates arc any substance other than water that can be collected by filtering the 
exhaust. Specifically. the U. S. Environment.1i Protection Agency defines a particulate ilS 

any substance other than water that can be collected by filtering diluted exhaust ut or be­
low 325 K. The particulate muterial collected on a tilter is generally classified into IWO 

components. One component is a solid carbon material or soot. and the other component 
is an organic fraction consisting of hydrocarbons and their partial oxidation products that 
have been condensed onlo the filter or adsorbed (0 the soot. The organic fraction is ini1u-

9.9 Partit:uJlttc~ 293 

enced by the processes that dilute the exhaust with air upon expUlsion from thc engine: . 
TIle methods llsed to measure paniculate emissions such as dilution tunnels. light ah~tlrp­
tion. filter oiscoloration. ilnd filter p.tpcr trapped mass. are discussed ill Chapter 5. 

Inspection of the soot fruction under an electron microscope reveals it tu be agglom­
erates of spherical soot panicles approximately 200 A ill diameter. TIle agglomcr..ttc~ CUll 

resemble a bUllch of grupes ill a mure Of less spherical configuration or be branched ;lIld 

chilinlike in character. The characteristic uimcnsions of the agglomeratt:s, on the onkr of 
0.1 ~m. pose a health hazard because they are too small to be trapped by the lime and 
large enough Ihat some deposition in the lungs occurs. 

Smuke fonm in die~el'el1gines because diesel combustion is heterogellcou:-, . nle Jie:-.e1 
combustiolllllodel presellteo ill Section 9A indicated thut fuel rich combustion OCl'ur~ both 
in the premixed and the mixing controlled combustion phases of combustion. Con:-.ider a., 
a simple model the folluwing two stage reaction path for the heterogeneous cOlllhu~tion 
of a hydrol:arbon fuel: 

First stllge 

Second stnge 

ClCO + + (2X - a)O, clt:an .r 2:: 2a 

x (X) f3 "2 CO + a - 2" C(s) + "2 H~ sooting X < 2(:r 

CO + j02 --+ C01 

C(s) +- O~ --+ CO! 
H! + lo~ --+ H10 

(9.J-tJ 

According 10 this model. combustion takes place in two stages. If in Ihe lin.t .,tage 
there is not enough oxygell present 10 convert ailihe carbon in the fuel to carbon lIlumu.­

ide. that is, .\' < 2a. then soot or solid carbon is produced. This is likely \0 occur loc..:ully 
within the fuel spruy injccted into the engine since il takes lime for air and its allcndanl 
oxygen to be mixed in with Ihe fuel. If there is enough oxygen present. that is . .\' > 2u. 
then the flame is clean since no sulid carbon is fomlcd. TIle ~econd stage bums the suot 
iUH..! other first stage products tu l:Ompletion in a uiffusion flame. 

The organic fraction results from all the processes that generate hydrocarbon:-. and 
their partial oxidation products. During the dilution process some of them cool enoug.h 10 

condense or adsorb the sOOI. In addition. some species originating from the lubriLating 
oil arc found in the particulate ami may be anywhere from 25% to 75% of the orpnic 
fmclion (Mayer el al.. 1980J. 

Particulate measurements obtained using a uifect-injection diesel with a dilution tun­
nel arc shown in Figure 9-42. The amount of par1iculates is extremely dependent un the 
equivalence ratio. As the equivalence mtio is doubled. the particulates increase by an or­
der of milgnitude. A mass spectrum of the organic fraction for particulates colle..:ted at 
three different engine speeus. ¢ = 0.5. and a dilution ratio of 30 is given in Figure 9-43. 
Notice that the spectrum changes witb speed par1icularly for molecular weighh greater 
limn 300. The mean molecular weight uf thc organic fraction is on the oruer of :!OO. 

It is frustruling to diesel engine uesigners that. generally. when a reduction in nitric 
oxides has been achieved it is at the expense of an increase in smoke. Using the die!>e1 
combustion lIIodel of Section 9.4. this is due (0 the faellhat a decrease in the temperature 
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Figure 9-38 Schemjltic ~ \JInrnari7.ing rroce~~e~ important in hydrocarbon emission.~. 
(Tab:lc7.yn.~ki et eJ., 1972). (Tahac7.yn.~ki cl ai., 1972). Reprinted with pcnni~~irll1lO 1972. 
Society of Automotive Engincers, Inc. 

and depo!;its. During the exhaust slroke, the piston rolls Ihe crevice volume hydrocarbons 
that were distributed along the wall ." into a vortex that u ltimatel y becomes large enough 
that a portion of it i .~ exhausted. 

Tabnczynski et ill. (1972) have verified in n waler analog e,;perimcnt thntlhe piston 
rolls the wnll layer il11n a vorte."(. They have nlso measured Ihe hydrocarbon emission 
m;"\ss flow rate as a function of timc during the exlmllSI s troke. Their results. illuslrated 
in Figure 9-39, show that roughly one Imlf the hydrocarhons in their engi nc arc cx hnllSl ed 
during blowdown and one half arc cdlillls tcd during the lallcr portinn of the exh;lIIst 
stroke. The concentralion profile shown with a pc"k during hlowdown and a sudden in ­
crease at nbout 290 D (evidently the vo rtex starts to cOllie out at 2900) i." consistent wilh 
the process description given. 

The hydrocarbon story docs not end once the hydrocarhons leave the cylinder. There 
is considerable bum-up in the exhaust port. Some emission control techniqlles pu mp ai r 
into the exhaust manifold to further oxidize Ihe hydrocarbons. 

Two-stroke engines can produce a signi ficant amount of hydrocarbon emissions. Short 
Circuiting of the fuel-air mixture during the scavenging process is the major sou rce of the 
hydrocarbon emis~ions. If crankc;!se compression is used. the unburnt lubricatirlll oil is a 
source of hydrocarbons. As discussed in Casare lla and Ghandhi (199R). direct injection is 
increasingly being used in two-stroke engines 10 climinale the short circuiting of the fuel. 

Comp~ion Ignilion Engines 

Hydrocarbons from diesel engines cOllie primarily from: ( I) fuel trapped in the in.ie ctl1r 
at the end of injection thai laler dirrllse .~ oul. {2l fuel mixed into air surruunding the (,llnt · 

ing spray so lean lhat it cannot bum. :111(] (3) fucltrapped along Ihe wall s hy c reviccs, de­
posits. or oil due 10 impingement hy Ihe spray (Greeves et ill. . 1977 : and Yu et al.. 19XCI). 

The diesel combustion process re lics on mixing fuel and air at the time they arc 
intended to bum. A.~ already mentioned. a characleri.~tic time is required for enough 
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pennis~ ion (Q 1972. Socicty of Automotive Engincer~. Inc. 

E • 

precursors to form in order for autoignition to occur. The characteristic lime is OJ strong 
fUllction of cqu iv<llellce ratio and is ;\ minimum near stoichiometric proportion~ of fuc:J 
and air. However. since the characteristic lime is finite. <l fuel -Olir pocket can be mixed to 
s toichiometric proportions nnd then diluted by more air before autoignition occur.; in thaI 
clement. As a resull there arc contours for lean equivalence ratios and when aUloignition 
occurs there is fuel lind air mixed locally to proport ions less than the lean nammabilily 
limit. Thus Ihi s local fuel mixture docs not bum and will increase the hydrocarbon cmi .~­

sion levels. 

There is also fuel mixed 100 rich to bum allhe lime of autoignition. However. il will 
burn Inter with additional mixing. provided the gases arc hot enough. Some hydrocarbons 
are also produced because some of lhi.~ fuel does not have a stoichiometric air-fuel mlia 
to burn until laic in the expansion stroke. 

Figure 9-40 shows hydrocnrbon emissions from both a nalurnlly aspirated direct in­
jection engine and a nalumll y a.~pirated indirect injection engine. The resull5. allhough 
unique to the engines in question. illuslrale that in ge neral. direct injection engines emit 
more hydrocarbons Ihan indirect injection engines. 

Notice that for the direct injectioll engine. the hydrocllrbons nrc worsl 01 light load. 
Thu.~, hydrocarbon emissions at idle have been a focus of atlention. Figure 9·-11 !>hows 
how they can be influenced con.~idcr"bly by rather small changes in engine or injcctor 
geometry. Nozzles (A) lInd (8) were manufactured by different companies from the 
same spec itic<ltions . This illuslrates the need for precise conlrol in manufacturing to 
achieve low emiss ions . The o ther varia hIe show n is the piston bowl !ii7.c. which had 8 

negligible innuence on the bsfc. :I slighl change in NO,. and a dramalic ehOJn~e in the 
hydrocarbons. 
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Tuble 9-5 Hydnx:arbon Emission Sources (Chellg et aI., 199)) 

Source 

Crevices 
Oil layers 

Deposits 
Liquid fud 
Flame quench 
E)(huusl vah'!: leakage 
Tolal 

% Fuel 
csc,lpillg l10nnal 

t:olllbu~tion 

5 . ~ 

1.0 

1.0 

1.2 

0.5 

0 .1 

'J.n 

!lr- '-IC emissions 

JB 

10 

16 

20 

5 
5 

100 

air pollutanl. Hydrocarbon emissiuns arc greatest during engine start and warm-up, due 
to decreased fuel vaporization and o;·ddation. 

As listed in Table 9-5, six principal mechanisms are belieVed 10 be responsible fur 
the alternative oxidation pathways and the exhaust hydrocarbons appearing: (I) crevices, 
(2) oil layers, (3) carbon deposits, (4) liquid fuel, (5) cylinder wall flame quenching, ami 
(6) exhaust valve leakage. The crevice mechanism is the most significant, responsible for 
about 40% of the hydrocarbon cmissions. 

Crevices are: narrow regions in the combustion chamber illlo which a name cannot 
propagate. When a flame tries to propagate into a narrow channel, it mayor may nul be 
successful depending upon the size of the channel and a characteristic of fuel-air mi .-..:tures 
called the quenching distance. Crevices have a characteristic size Jess thun the quenching 
distance. They occm around the piston, head gasket, spark plug, and valve scats, ilml rep­
resent about I to 2% of the cleaflllll::c volume. The largest crevice is the piston ring-liner 
crevice region. During compression and the early stages of combustion, the cylinder pres­
sure: rises, forcing a small fraction of the fuel-air mixture into the crevices. The crevice 
temperatures are: approxirnatcly equal to the coole:d wall temperatures, so the density of 
the: fuel-air mixture in the crevices is greater than in the cylinder. When the cylinder pres­
sure de:creases during the laller portion of the expansion stroke, the unburned crevice gases 
will flow back into the cylinder. 

Wentworth (197 I) was one of the first to recognize the importance of the: crevice 
volume: around the piston. He designed a spcchli ring package to eliminate it, shown 
in Figure 9-37. So far it has found applic,i1iun only in research engines where it al­
lows one to make: crevice hydrocarbons a negligible source. This allows stuuy of the 
effects of engine variables on the rcmaining sources. For example, Wentworth has 
shown that hydrocarbon from the remaining sources lire strongly dependent 011 the wall 
temperature. 

Oil layers within an engine can also trap some of the fuel lind later release it during 
expansion. Kaiser et al. (1982) added oil to the engine cylinder and found that the 
exhaust hydrocarbons increased in proportion to the amount of oil added when the en­
gine was fueled all i.w-octane. They veriJied that the increased emissions were un­
burned fuel and fuel o.-..:idation species and not unburned oil and oil oxidatiun species. 
They also did experiments in which Ihe engine was fueled with propanc and found IHl 

increase in the exhaust hydrocarbons when oil was added. Since propane is nut sulu­
ble in the: oil, they concluded that the increase observed is caused by fuel having been 
absorbed into the: oil layer during compression later being released in.to the cooling 
burned gas during the expansion stroke. Thus, one can conclude that hydrocarbon cmis-
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Figure 9-37 E:o.llaust hydrocarbons as a function of wall !cmpcratu~; sp!lfk 
timing = 21 ° hte, intak.e pressure:: 0.60 atm, and cornprt"\~ion ratio = 8.31 
(Wcll!worth, 1971). Reprintc:d with pcrll\j~sion 10 1971. Society or Automotive 
Engineers, Inc. 

SiUllS from engines will also depend on the amollnt of oil in the cylinder and the 
solubility of the fuel in the oil. 

With continued use:, carbon deposits build up on the valve:s, cylinder, and piston heads 
of internal combustion engines. The deposits are porous, and the sizes of the pores in the 
deposits arc smaller than Ihe quenching distance, and as a result the flame cannot bum 
the fuel-air-re:sidual gas mixture compressed illlo Ole pores. This mixture come:s nut of 
the pores during expansion and blowduwn. Although some: of it will bum up when mixed 
with the hOlier gases within the: cylinder, eventually cylinder gas temperatures will have: 
dropped \0 the poinl where those re,lctions fail 10 complete, re:sulting in hydrocarbons 
being emitted from the engine:. 

Fuel injection past an open valve into the cylinder, as can be: the case with pon fuel 
injection, allows the fud to enter the cylinder in the foml of liquid drople:ts. TIle: less 
volatile fuel cOllslitue:nts lIlay not vaporize, espcr.:ially during engine start and warm-up, 
and be adsorbed in the crevices, oil layers, and carbon deposilS. 

Flallle quenching along lhe surraces is a relatively minor mechanism. Daniel (1957) 
showed that as the name propagates toward the walls in an engine, it is e:Xlinguished at a 
sm,tll bUI finite distanCe aW:ly from tile wall. Flame photographs revealed a dark region 
near the wall of thickness about one half the quench distance. More recent measurement!> 
(LoRusso el al., 19l:! I) have shown that these hydrocarbons ure subsequently oxidiu:d with 
II high efficiency as the)' diffuse into the bumcd gases during expansion, and thus do nol 
contribute significantly to the engine out hydrocarbon emissions. 

Figure 9-38 is a schematic depicting how hydrocarbons are exhausted from the en­
gine. At the end of combustion there ilfe hydrocarbons all alollg the walls trapped in de:­
posits, oil layers, or the crevice volume. During expansion hydrocarbons leave the crevice 
volume and are distributed along the cylinde:r wall. When the exhaust valve opem, the 
large rush of gas escaping drags with il some of the hydrocarbons released from oillayen: 
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F1~u~ 9-35 Exhallsl gas ellmposilitlll 
versus oxidil.ed or measured fuel-ilir 
ratio for 5upcn:hargcd engine wilh valve 
overlap: fuel C_'·I I• (Gerri sh ilnd Mec!11. 
1943). 
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system i~ more or less in equilibrium during combustion and e..:pansion to the point where 
the nitric oxide chemi~try freezes. Thus. whether it i~ a lean- or rich-running engine. one 
can compute the carbon monoxide concentration during these times using equilibrium 

assumptions. 
Late in the expansion stroke. wilh tcmperatures down to nround I ROO K, the chem­

istry in C-O-H systems starts to become rate limited nnd is generally frozen by the time 
blowdown finishes. The rate controlling renctions in the C-O-I-{ systems arc three-body 

recombination reaction~ such as 

H + H + M 

H -I- 01-1 + M 

H + O! + M 

In addilion. the CO destmction reacti!ln is 

H2 + M 

H20 + M 

HO, + M 

co ;. 011 == CO, + H 

(9.29) 

(9.30) 

(9 .3 1) 

(9.32) 

Results obtained by using;\I1 unl1li;o:ed model for the burned gas and accounting for the se 
rate limiting reactions arc illustrated in Figure 9-36. In these plots x is the fraction of the 
total charge burned when an clement is hllrncd nnd z is the Tml.~S fraction that has lert the 
cylinder at the time an element leaves Ihe cylinder. Because thai time is unknown. rcslllt.~ 
are given for several values of z for each clement. Gas that leaves early (z « I) cools 
more rapidly than gas that leaves last (:: - I). The results show lh:lt gases Ihal hurn early 
carry more CO into the ex haust than gases thaI bum later. They also show the fortuitolls 
fact that the fro7.en concentrations are close to the equilihrium concentrations that e;o:isl 
in the cylinder at the time the exhaust va lve opens. This suggests nn appro ximntion that 
is often used in practice . to assume that the C-O-H system is in cqui librillOl until the e;o:­

haust va lve opens at which time it freeles instantaneously. 
In lean-running engines there appears to he an ndditional source of CO caused by the 

flame-fuel interaction with the walls. the oil films. and the deposil~. Under the.~e circumst;:mce.~ 

FIgu~ 9-36 CO concentration in t ..... o 
cIemcnlS of the charge Illat burned ill 
dirTeren1 times during !hc expansion 
,lIld exhaust proc:C5SCS; .f i .~ lhe t1W.5.~ 

frnction burned when cIcment hunled. 
~ is fraction of gas thaI has len lhe 
cyl indcr during exhaust proce~s 
(Heywood. t976). 
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the exhaust concentrntions ,Irc so low they are not a prJ.ctieal problem and thus UC13i1s of 

these interactions remain largely unexplored. 
Thus. the key to minimizing CO emissions is to minimize the times the engine must 

run rich (such as during start-up). Finally. since diesel engines run lean overall. their emis­
sions of carbon monoxide are low and generally not considered a problem. It does appear 
that direct-injection diesel engines emit relativc:1y more CO than indirect-injection die~l 

engines. 

9.8 HYDROCARBONS 

Spark Ignition Engines 

Hydrocarbon emissions result from the presence of unburned fuc:1 in the exhausl of;:tn en· 
gine. Hydrocarbon fuels are composed of 10 to 20 major species nnd some IlXl 10 200 
minor species. Most of thcse same species are found in the exhaust. However. ~ome of 
the exhaust hydrocarbons are not found in the parent fuel. but are hydrocarbons derived 
from the fuel whose structure was ahered within the cylinder by chemical reactions that 
did not go to completion. TIlese are about 50% of the total hydrocarbons emitted . These 
partial reaction products include acetaldehyde. formaldehyde. 1,3 butadiene. and bcnune. 
which arc classified by the U.S . Environmental Protection Agency as toxic emissions. 
Hyd rocnrboll emissions from engines have been grouped into a number of classi fications 
for regulatory purposes. Two classifications that are widc:1y used are Total Hydrocarbons 
(THC) and Non-Methane Hydrocarbons (NMHC). 

About 9% of the fuel supplied to an engine is not burned during the nomlal com· 
bustion phase of the expansion stroke. There are additional pathwnys that consume 7?r of 
the hydrocarbons during the other three s trokes of the four-stroke spark ignition engine. 
sO that abollt 2% will go out with the exhaust (Cheng et al.. 1993). As a consequence. 
hydrocarbon emissions cause a decrease in engine thermal efficiency. as well as being an 
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Figure 9-31 Sp.:t'd t'lT.:rls art' complirat.:d as combustion dural;on (in terms of crank <lug I.:) 
increases slightly with speed and heat loss per unit lIlass decreases slightly with speed (Nebel 
and Jackson, 1958). Reprimed with permissioJl CI 1958. Society of Automotive Engineers, Inc . 
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Figure 9·32 incre;l st'J coolant temperature or presence of 
deposits reduce heal losse s. both of which inCfe;lse NO (Huls 
and Nickol, 1967). Reprinted with permission €> 1967. 
Society of Autoll1otive Engineers, Inc. 

Dilution of the charge by residual gas, explicitly via exhaust gas recin.:ulati oll, implit:­
itly via Lhrollling, or by moisture ill [he inlet air, reduces [he nitric oxides . 

The last fOllf observations just cited also apply to diesel engines. Figure 9-34 illustrates 

the effects of injection timing and fuel-air equivalence ratio. The results show 

• The nitric oxides arc il strong function of injection timing. 

For direct injection engine (DI). nitric oxides increase wilh load (brnep). 
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Figure 9-33 Humidity reduces bUnleJ gas 
tCIlI]lemtures ;JIll! cUIl~equently NO cmi~siun .~ 

(RohizmHl, 1970). Reprintcd with pcrmi _~siun 

ID 1970. Socicty of Automutive Engineer.\, [nl:. 

Figure 9-~ Nitric ux.ide emi~~ioru; a~ a {urKlion 
of IO;ld for a nalumJly aspimteJ direct·inJectlOn 
and nil indirect-injection engine (Piw=hinger and 
CaI1ellieri, 1972). Reprinted wilh pcrmi~~lUn 0 
1972. Society of Automoti"e EnginC'Cn.. lJ1~·. 

For iJl{liret:t injection engines (101), nitric oxides an: ma}.imum at loads slightly less 
than full. 

9,7 CARBON MONOXIUE 

Carbon monoxide appears in the exhaust of rich-running engine~ since the~ is insuffi­
ci.:nt oxygen 10 convert all the carbon in the fuel [0 carbon dioxide. TIle mosl irnport3m 
cngine parameter influencing carbon monoxide emissions is the fucl -air equi .... alence r.t­

lio . All otller vilriables cause second order effects. Thus, results obtained when varying 
fud-air ratio an! more or less universal. Typical results arc shown in Figure 9-35. Notice 
tlwt at ncar s toichiometric conditions carbon monoxide emission is n highly nunlinear 
function of t!LJuivalencc ratio. Under these circullIstances, in llIulticylinder engines, il be­
comes important to ensure that the same fucl-air ratio is delivered (0 euch t:ylindcr. If half 
thl! cylinders run lean and the other half run rich, then the lean cylinder produces much 
less CO than the rich t:ylindefs. The average CO emission of such an engine would cur­
respond 1101 to the average equivalence ratio hut to all equivulence nltio richef than aver­

age, producing more CO than is necessary. 
The carbon monoxide emissions from engines with rich mixlures could be predi,.-ted 

from the combustion product cocffic ie/lls listed in Table 3-4 if Lhe exhaust guscs weft' in 

complete thenllochemicill equilibrium. It has already been mentioned that the C-O-H 

• 

J 



•• • 
• • • 

282 Chapler I} Cornhll~lilln and Ernis~ion~ 

Allhc lime an clement hum .... its nitric oxide concentration is close to 'Zero but finite 
becau~c of Ihe residual gas pre sent. Since the chemist ry is not fast enough 10 aSSlIllle the 
process is qll;\.~i-SI:11ic. it is rate controlled . Once the c]cment is burned. the c:lItu lntcd 
equilibrium concentration is high. whcrc a .~ the aclual concentration is low. Notice thai 
each clement Iric .~ 10 cquilibrntc: if lhe equi li brium conccntrnlion is higher Ih:-lll the ac­
tual concentration . the n nitric oxides arc forming. where ..... Ihey decompose if the eq ui­
librium concentration is less than the ;lcltlal concentration. 

The chemical rcaclill!l rates increase strongly with Icmpcr:IIUfc. A~ a result there afC 
large diITcrcnccs b~twecn the nitric ox ide conccntrat ions in the first and last elements . 
Furthennore, it can be seen tlmt when the tempcrnlures drop to about 2000 K, the de· 
composilion rate beculIlcs ve ry s luw and ror pr;lctical purposes it may he sa id [hat the ni· 
tric oxides rreen' at a (Illlcen[ratillr\ !!fcatcr Ih;1I1 [he equilihriulll va lue.~. The [otal amount 
or nitri c oxide th;1I appcar.~ in [h e c",halls [ is computed by Slimming th e rrozen n1a.~S rrac­
lions ror all the Iluid cleluents. 

(9.2Kl 

Comparisons hetween some mea.~tlred exhaust concentrations with prcdictions nmdc 
using lhe procedure described ;Irc g ive n in Figure 9·29. The li gurc shows the agreement 
is quite good. It also shows a result typica l or all cngines. nitric oxides arc max. imi zed 
wilh mixtures slight ly le"n or slOichiollletri c. RecIllithat increased tem peratures ravor ni· 
tne oxide ronnation ;1IIe1 that burned gas temperatures arc maximizcd w;'th mixture.~ thaI 
arc s li ghtly rich. On the other ham/. there i.~ linle e:<cess oxygen in rich mixtures to dis· 
soc iate and attach to nitrogen atoms to ro nn nitric oltide. The interplay hetween these two 

efrects results in maximum nitric oltitlcs occurring in !;Iight ly lean mixtures. where thcre 
is a s li ght excess or o:~ygen atoms tn rC:Jct with the nitrogen atoms. 

At this point it is mcful to discliss the mixing or the burned g'l.~es. Fluid element.~ 
arc mi ., ed wilh one another via turbulence. Ir the rate or milting is fa!; te r Ihan the r<lle at 
which bunted g<lS is produced. the n the hurned gas can be assumed to he hom('lgencous 
and char:lcterizcd by n s ingle temperature . Ir the mixing is s low. then the burned gOlS mllst 

Figure 9·29 Measured and calculated 
exhaust NO concentration a~ funclion nf 
equivalence ratio \\'ith no EGR 
(Kamiyama lind Heyworu.! . 197~). 
Reprinted with permi~.~io n <D 1973. 
Society of Autollwtive Engineers. IIl l'. 
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be treated itS an ensemble of flu id clements at differcnt temperatures. Experimentally it is 
observed that there arc dirrerent lemper:lIurc nuid clements in the burned ga.ses but that 
the dirrerence.~ arc smaller than predicted. as in Figure 9-28. TIms il can be st<lted that 

mixing occurs. bUI it is not comple te during !lIe combustion. 
It C01n be shown ming the analyses in Chapter 4 that !lIe energy o r the burned gas is 

01 ne ... rly linear runctio n or temperature (i.e .. the spccilic heat varies little over the rnnge 

o r temperatures encountered in the burned gas). so that ror computing cylinder pressure . 
the overall average gas tempera ture cun be used. The same cannot be: said or nitric oxides 
since the chemical rates are non linear functions or temperature . Since the computations 
done ror Figure 9·28 did not admi t to any mixing and ignored the temperature grndienu 
due to wall boundary 100yers. the good ;Igreement shown is somewh.at rortuitous. The sUlle 
of the art requires one to account for the .~e eITects to r,,!liu: good agreement under all ci r· 
clllllsl arH.:es. With diesel engine.~. one ha.~ 10 rurther accoun t ror variatiuns in equivalence 

ratio rrom fluid clement to fluid elemcnt. 
In conclusion . some cxperimenta l results are presented to ilIustrale how nitric oxide!> 

in the exhaust depend on vnrious engine parameters. The trends. although typical. are by 
no means universal. especin lly for diesel engines. Figures 9·30 to 9·33 ror homogeneous· 
charge. spa rk ignition cngines lead to the following observations: 

The dependence on spark timing and inlet pressure is strong for lean mix.tures and weak 

for rich milttures. 

• Nitric oxides arc maximum ror slightly lean mixtures . 

• The dependence on engine speed cannot be stated simply; racto~ 10 consider are the 
vari at io n in the combustion duration and heat loss with engine speed. 

• Increased coolant temperature or the presence of deposits each reduce heat loss and 
increase tht! nilric oxides. 
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cxothcrmicuJly (+ 31.H kcal) with an oxygen molecule to form nitric oxide <Lnd an u:"y­
gen atom. The third reaction, Equation 9.21, is an exothermic (+49.4 kcal) reactiun oe­
tween a nitrogen atom and a hytJroxide radical which forms nitric oxide and a hydro­

gen atolll. 
The forward rate constants for these reactions are as fuJlows (Burman and Ragland, 

1998): 

kl = 1.8 X IO"exp ( - 3H,J70/T) 

k, ~ 1.8 X IO'exp (-4.6801T) 

k., = 7.1 X JO lIl exp(-450/T) 

where the units arc III '/kmol_s. 

(9 .22) 

Using the chemical reactions given, 1lI1e can write the following expression fur the 
rale of change of nitric oxide concentrat ion: 

!'- [NOJ 
dl 

H,[Oj[N,J - k,.[NOj[NJ + k,[NJ[O, J 
(9.23) 

- k,.[NOj[OJ -I- k,[N][OHJ - k,,[NOJ[HJ 

where the brackets denote cOllcentr:ltions in units of molecules/m3 and tht! additiunal sub­
script r on the rale constunts denutes the reverse rate constant. 

To apply Equation 9.23 two approximations nrc introduced. 

TIle C-O-H system is in equilibriulII allli is not perturbed by N ~ dissociation. 

• N atoms change concentnltion by a quasi-steady process. 

The first approximation means simply that given the pressure. temperuture, equiva­
lence ratio. and residual fraction of a fluid element. onc simply computes the equilibrium 
composition to detcmline the concentrations of N1• 0 1• O. OH. and H. The second ap­
proximation means that one can solve for the N atom concentration by setting the rate of 
chnnge of N atoms to zcro: 

d 
-[NJ 
dl 

+k,[N,J[OJ - k,,[Nj[NO J - k,[NJ[ O,J 

-I- k,[NO J[ OJ - k,[NJ[OHJ + k,.[NO][HJ 
~O 

With these two approxinliltions it can be shown that 

where a is the ratio of the nitric o.'tiue mass fraction to its equilibrium value 

XNO 
a~ --

XNO .• 

(9.24) 

(9.25) 

(9.26) 

and R, (i == I, 2, 3) is a forward rate of reaction at equilibrium, labeled with the subscript t! . 

II, ~ k, [OJ, [N,J, 

R, ~ k, [NJ, [O,J, 
R, ~ k, [NJ.. [OHJ, 

(9.27) 

FiJ.:ur~ 9-21'1 
(II) M~a~ureJ press ure 
I~ and l:akulateJ lHil~ ~ 
fractiun burned . . \ as 
fUllclion of crank 
angle . (/J) CakulaleJ 
temperature of burned 
gils "Ii, ,tnd unburned 
gas 7~ ilS (ul1cliol1 of 
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Figure 9-2H illustrates application of Equation 9.25 to a homogeneous-charge. spark. 
ignilion engine . The cur .... es in (J show the cy linuer pressure and ma..\s fr.lction burned at 
different !.:fank angles. The curves in h show temperature-time histories (time is propor­
tiollal 10 crank angle) of the first cicment to bum (x = 0) find the Ia..~t clement to bum 
(x = I ). The computation assumes that fluiu eicments retain their identity, which is 10 say 
no lIIi.'ting among the fluiu clements occ urs. 

Each clement bums to ils adiabatic flame temperature based o n the unburned gas tem­
perature at the time it burned . Once burned, an clement's tempcralUre tracks the: pressure, 
as it is more or less isentropically compressed or e.\pandeu. Notice that the first clemen! 
to burn is compressed cons iderably; each subsequent clement 10 bum is compres:-.ed less, 
and the last dement to burn unucrgocs no compression. As a result the fir.it clemcnt 10 

burn is holler than all the rest, and the last cleillent to bum is thc coolest. 
The curves in c illustrate how the nitric oxides vary with lime in the dirTerent fluid 

clements. The dashed curves corrcspond to the equilibriulll concentration based on thc 10· 
cal temperature, pressure. equi .... aleOl:c ratio, and residual mass fmction. TIle solid curves 

are computed by inlegrUling Equatiun 9.25. 
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The effective diesel fuel injection rate is also obtained lIsing the encrgy equation. The 
effective fuel injection rate is ba!ied on the assumptions that the chamher mixture is ho· 
mogeneous and in thennodynamic equilibrium. Therefore the different liquid nnd vapor 
fuel fractions arc not included at this level of modeling. The open !iystclll firs t law for the 
combust ion chamber. with the injectcd fuel now explicilly included is 

and the mass conservation equation is 

rim 

dl 

d • 
- (mil) - III/II, 
dl 

(9 . 12) 

(9.1~) 

In Equations 9.12 amJ 9.13, ti'l is the fuel injection filte . ", is the enth:tlpy of the injected 
fuel. and ell is the heat loss rate , With the above assumpti ons. the ideal gas equation in 
differential foml is 

(9.14) 

If dissociation is ncglected, the internal energy is a function of temperature :tlld equiva· 
lence ratio on ly. 

" = ,,(T. oJ» (9. 15) 

Differentiation of Equation 9,15 with respect to time give.~ 

. rlll .', au i 11 =- 7+ - 1) 
rlT rJq, (9, 16) 

Ir the mass of air in the cy linder is constant. with no residua l fuel in the chamher at the 
begin ning of injection. the overall equivalence ratio inc reases so le ly due to {he fuel in­
jection, and in differentia l form is 

(9. 17) 

Finally. combining Equations 9 .12throllgh 9. 17 leads to 

. ( c,.). c,. . 
- Q, - I -I- Ii PV - Ii VP 

(9 . IH ) 

Equations 9. 14. 9. 17. ilnd 9. 18 arc a sct of ordinary different ial equations tlml when nu ­
meri ca ll y integrated using measured values for 1'. P. V. and V yield T. i . q,. II" Ill,. and lir I 
as fUllctions of time. At each time step, an equi librium comhustion product numerical rou­
tine gives lhe required partial derivatives of the internal energy. The heal loss QI i .~ com­
puted at each time ster from an app ropri:lle model . 

Results obtained by Kreiger and Borman (1966) for a hea t releOlse CfImputation whidl 
includes the relati ve ly small effects of dissociation arc give n in Figure 9-27. The cy linder 
pressure. cylinder pressure gradient. and effective fuel injection rate (mg/deg) arc plntted 
as :I function of crank angle. The effective fuel injection rate curve is double peaked. 
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Figure 9·27 Engine data and 'he deduced burning rale via Equation 9·18 (Krieger and BomlAn. 
1966). Reprinted wilh pcmlissil111 €:I 1966. Society of Automolive Engineers. Inc. 

similar to the effec tive heat release rale . The area under the curve is npproxim.:uely equal 
to the aclltal mass of fue l injected. 

NITROGEN OXIDES 

Nitrogen oxides (NO,) arc formed throughout the combust ion chamber during the 
combusti on process due to the reac lion of atomic oxygen and nitrogen. The reactions 
forming NO, are very temperature dependent . so the NO, emissions from an engine 
scale propo rlionally to the engine load, and NO, emissions are relatively low during 
engine .~tarl and warmup. In spark ignition engines, the dominant compo nen t of NO, 
is nitric o.'(ide, NO, as the concen tration of nilric dioxide , NO,. is of the order of only 
1% 10 2%. 

ll,ree reaclion mech.misms th:1I produce NO are the thermal or Zc ldovich mecha­
nism. the Fenimore or prompt mechanism. and the N~O intermediate mechanism. For in­
temal combustion engines, the most significant is the Zcldovich mechanism (Z.cldovich. 
194fi) in which NO is fonned in the high temperature burned gases left behind by the 
flame fronl. The prompt mechanism occurs wilhin the flame front. ,lilt! is relatiVely small 
if the volume of the high temperature burned goses is much larger than the ins talltanC'Ou .~ 

volume of the flame fronl. as is usually the case in internal combustion engines. 
The fo llowin g three chemical equations fonn the extended Zc ldovich reac tion (Miller 

and Bowman. 1989): 

NO + N 

NO + 0 

N + OH ;==0 NO + H 

(I) . I!}) 

19.20) 

f9 .21) 

The firs t reac tion . Equat ion 9. 19. is a nitrogen dissociation reaction Iriggen:d by an uxy· 
gen atom. This reaction is endothermic with activation energy of + 75.0 kcnl, so Ih at it 
is the controlling reaction. In the second reaction. Equation 9.20. a nitrogen atom rCJcl ~ 
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Figure 9-24 Apparent heat release rale, cylinder pressure, and injector needle lift 
ror low rud load (rjJ = 0.25) (Dec, 1997). Reprinted with pcmlissian to 1997. 
Society or Automotive Engineers, Inc. 
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Figure 9-25 Apparent heal release rate, cylinder pressure, and injector needle lift 
ror high fuel loading (1/1 = 0.43) (Dec, 1997). Reprinted with penllission 0 1997. 
Society or Automotive Engineers. Inc. 
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111C injection duration for the low JOLld case is about J 0 degrees. resulting in an overall 
equivalence ratio of 0.25. The injection dumtion for Ule high load case is about 20~, giv. 
ing Ull overall equivalence ratio of 0.43. 

The double peak shape of the heal release profile in Figures 9-24 and 9-25 is char­
acteristic of uicscl combustion. The first peak occurs during the premixed combu~tion 
phase and results from Ihe rapid combustion of the ponion of lhe injected fuel thai has 
vaporized and mixed with the air during the ignition dclay period. NOle thaI the heal re­
lease curve in the prcmixc:d combustion phase is relatiyely independent of the load, .~incc 

the initial mixing is independent of the injection dunltion. The second peak occu~ our· 
ing the mixing controlled combustion. TIle heat rdease during this phase depends on the 
injection duration. As the injection duration is increased. the amount of fuel injected in­
cre,lses, thus increasing tbe magnitude and duration of the mixing controlled heat relea."<:. 

A dllal Wiebe function (see Figure 9-26). which has two peaks. ha. .. been used to fil 
diesel combustion heal rdease data (Miyamoto et a!.. 1985). The dual equation. with seven 
parameters, is 

dQ ~ ,,(Q,,) (m,) (!l.-)"' -'cxp [-a (!l.-)"'] 
dO 0" 0" 0" 

(Q) (0)"'-' [ (0)"'] + II 0,; (m J ) 0: exp -a 0: 
(9.11) 

The subscripts p .Hltl d refer to the premixed and mixing controlled combustion 
portions, respectively. 111e parameter a is a nondimc/lsional constant 01' and OJ are the 
buming duration for each phase, QI' and QJ are the integrdted energy release for each 
phase, and nil' and mol arc nondimensionai shape factors for each phase. The adjustable 
parameters arc selected using a least squares fit. 

Miyamoto et al. (19S5), for the specific direct (01) and indirect injcction {lOll dicsel 
engincs tested in their experiments, reported that the 111/" m,I' and Or parametcrs were es­

sentially independent of engine speed, load. and injection liming. TIle fitted ... alues of these 
parameters were: a = 6.9,111

1
, = 4, "'01 = 1.5 (01) or 1.9 (101). and Ill' = +7~. 

~ 

a 111/, 
u 
C 

!I .~ 
0 \ ~ 

Q" E m.1 8 '\ 15 ./ 
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~ , /1 • a: Vi 

~IJ,,-.I 
0" 
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figure 9-26 Dual Wiebe runction fur diesel heal release 
(MiyarnolO et al., 1985). Reprinted with pcmlission 
tD 1985. Sm:iely of Automutjve Engineers, Inc. 
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Figure 9·21 Ignition delay a~ d~ lennin~d by a regre.~~ion analy~ i .~ applied to thr~e differenlly 
~hapcd comblJ.~lion ehambcr~ on an aulolllOliv~ engine. Adapted fmm Young (19HO). 

turbulent field i.5 :11.50 different. Lik ewi.5c the ignition delay illerea.5e.5 as the mix {lire i!'i 
diluted either by leaning the charge or recirc ulating the exhau.51. TIle change is propor­
tionately less than the cbange in laminar flame speed. The combustion model .5 indicate 
thai this is becolllsc Ihe (ombuslion innuence.5 the turbulence as Ihe flame grows. 

The combu.~tion duration results ob lained by Young (19RO) are shown in Figure 9-22. 
The combustion duration in thi s case is dclined ;"1 .5 the angle change from I % to 90% 
burned fraction. Like ignition dela y, the combu.5tion duration depends on the equi va­
lence ratio , the residual fraction, and the spark timing . However, it shows a stron ge r de· 
pendence on engine .5peed and de livery ratio. The combustion duration depends 011 the 
laminar name specd. th e turbulence intensity of the now, ond the comhustion chamber 
geometry. 

Minimi7.ing Ihe combustion dllfation in an engine requires 0 high turbulence inten­
sity (which is often achieved at the expe nse of volumetric efficiency). n flame area that 
increnses with di stance from the spn rk plug, nnd a centr.llly locnted plug to minimize nnme 
travel. As one expects, minimi7.ing the combustion duration maximizes the work d Olle, 

since the combu.5tion approaches constant vo lume, and it also lowers the octane required. 
Figure 9-23 shows experimental rC.5ults for three different combustion chamber shapes . 
that confirm these ex pec tation.5. 

For usc in engine ~il1lu lali on progr:lIm. the ma.5s- fraclion-burned pro lile i.5 lilted w jth 
a Wiebe function equation. Equation 2.22. rest ated here as Equation 9. 10: 

,(.0 = "n Q", ("-~-~)" 
dO n.1 11.1 

, [ (0 - 0 )" ] ex p - a -----0:: (9 .10) 

Compression Ignition Engines 

Diesel engine cOl11bu.5tjon annlY.5is is perfomled u.5ing an energy bOl.la~ce a nalysi .~ to 
determine either the cfreclive heat release or the effective fuel injection rate. Typical 
calculations for a direct injection (DO engine usc Equation 9,7. which IIs.~umes homogc ncolls 
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Figure 9-22 Combustion du ration OI~ dctennined by a regression analy~i~ applied to a 
low ~qui.~h . open-chamber :llIt oOlohi Je engine. Adapted from Young ( 1980). 

FIg:ure 9·23 Errecl of 
volume dislrihulion on 
burning lime :md OCl:me 
requirement : r = 9, 1000 
rpm. maximum torque 
(Caris el al .• 1956). 
Reprinted wilh pcnni~sion 
<D 1956. Society of 
Aulomnlj\·c En!!in ~er.;, Inc. 
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conditions throughout the comhustion chamber during the injection and Contoo .~lion 

proce.5.';. lind ideal gn..<;: behavior. The heat release in indirect injection engines (IDI) i.5 mod­
eled wilh an energy balance applied 10 both the main chamhcr and Ihe prechambcr. so 
that pressure data is required for both chambers. 

The effective net hent release (J/deg) fo r low and high load conditions for lhe direct 
injec tion dic .~ el eng ine dC.5cribed in Section 9.4 is plolted in Figures 9·24 and 9-25 3.~ a 
function of crank :lI1gic. Also pla ited is the cy linder pres.5ure and the injector needle lift 
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For increasell :In:uracy. the crevice now anll the variation of the speci!k heat ralio wilh 
composition, pressure, temperature, and equivalence ru tio should be taken iulU ilCClJt!nt , 
as done in the heat release analysis of C hcung iUHJ Heywlloll ([993). The tempcrature 
depemJencc of thl' specitic heat raliu is usuaJJy assumed to be linear: 

"}' = 1.·1{) - 7. IH x ](r ·'T(K) (lJ .lJ) 

The sill!! lc ZtHle :In;dys is can be L'.'(IClldl!d tll tWtI l.UlleS by assllllling tha I the cll:Irge 
can be splil intu a burned and all unhurned l.one. The unburned :lone include Has aheat..! 
of the flame ant..! unburnet..! Has withi n the n ame . The burned zone indut..!es HilS behind the 
flame ilnd burned gas with in the flame. Thus, the hig hly convol uted flame structure ob­
served via flow visualization is acco un te t..! for, and the analysis is limited in principle only 
by the assumption tha t the mass of gas ac tua lly reac ting is smal l. In practice the ilnalysis 
is limited further by imprcl:ise estilllates of the heat and mass loss as wel l as experimen tal 
error in the pressure fw:asuremenl. 

Typical results obtained by this Illcthud arc shown in Figure 9·19. The engine used 
was a CFR eng inc opc rating at 1600 rpm . For condit ions ncar s toichiome tric , the ign i­
tion delay is approximate ly 100 and the combustion duration is approximately 40~. 

Cons istent with observa tions made via flame photography, the ignition de lay and cum­
bustion duration both increased as the m ixture is leaned ou t from stoichiometric. For 
the particular engine and fue l in Figure 9-19, the lean flammability limit is ncar 
rjJ = 0.68. Under these cond itions. the igni tion de lay and combust ion duration IIrc q uite 
long, about :Wa and 7Wafter spark, rl!spcctively. That the mass-fraction -burned curves 
so deduced do not go to une and remain constan t is caused by imprecision in tile mude l 
and the experimental llle:tS LL remelll s. Results are usua lly deemed sa ti sfactory if the curves 
leve l o ff at XI, = 1.00 ± 0 .05. To achieve this one has 10 :U':COUllt for b luwby, heat loss, 
and incomple te combustion . 

A model (TabaczYllski et aI., I IJHO) has been deve loped to pred ict mass · fnll:tion­
burned curves from fundamental quantities sllc h as the laminar flame speed of the fuel 
ilnd the turbulenl:e in tens ity of th e !low. Key tu the ana lys is arc the "ink roller" assu mp­
tions that igni tion sites arc spread by turbulence and the lamina r bUfilup of fIlateria l between 

Figure 9-19 l"I-t.1SS fr: lctitlll hurm:d (XI' ) 
versus crank aug ll! degrees (II) ilild 

cquivakllce ratio (JI) for indllknc: CFH 
ellgillt: , 1600 rpm, 
r = 6.9. T, = 355 K, imep = 3.7 bar 
(inlet pressure varies) (LoRo,so, 1976). 
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shear layers occurs. Figure 9-10 shows comparisons of measured and pred icted fIl :i .... ·Jr.u.> 

tion-burned curves for vary ing eq uivalence ratios and amounts of exhaust gus re~i rcLl l a· 

tion. The goud ilgreemell t rca li/.ed is ill so obtained for variations in spark advunce . cn~ i nc 

speed, and load (imep) . 
Two aspects of tht! mass-fractio n-burned curve that are used to characlen /.c the nUll ' 

bus lion arc the ignition delay and tht! combustio n duration. Figure 9-21 ~hows rc .. ulb ub· 
tained by Yo ung (1980) for ignition delay, defined in this case as the angle betwecn the 
time of spark fi ri ng amI the time al wh ich 1 % of the ma..c;s fract ion is burned. TIle ig ni· 
tion delay varies main ly with spark timing , residual fraction , and equiva lence ratiu. The 
ignition delay increases with spark advance because the luminar name speed drup~ as a 
result of lowe r temperatures at the tiUle of spark., but it is not the su le eITel'l, fur lhe 

• 
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The quantity of fuel burned in e:lch of the premixed anu mixing contro ll ed phasc!' i.'> 
not on ly influcnced oy the engine and injectur lle sign. hul also by the fuc l type and the 
load . for example. armn:l!ic hyllrocarhons have chemical honds thai arc lIifliclilt tn break 
and result in a long ignili(ln delay. If thi s fllel is inj ected rapidly enollgh 10 mix completely 
wilh air before ;llIIoil!lIilion occur!'. it will all burn rapidl y when ignitinn I)ecurs in Ihe 
premixed phase . prm.lm·ing a large rate \If c hange of pre ...... ure and II high peak pressure. 
On the other hand, the chemical bond!' of .~ollle fuels arc ea!'ily broken. Igniti o n delay is 
then short, and with a sl ow injec tion most o f the fuel to be burned is injected after ;UI ­

loignil;on occurs. Little fuel bums in the premixed phase and most bums at a rale limit ed 
by the rate of mixin'g with the cylinder air. At idle. most o f the fllel injected in small hore 
diesel engi nes is bunted ill the premixed phase. As the load inc reases. the injection dura ­
tion increases. and the relative s i7.e of the mixing con trolled pha ... e increases relat ive 10 

the premixed pbase. 
Since diesel cOlllous tion is heterog.enol1!'. nurncricalmodels need to be nmltitlimen­

sional to accollnt for the spalial variations in temperature and species conccntr:tlio ns. The 
numerical code KIVA (Amsden et OIl.. 1989). developed at Lm AlaIllO .~ NOitional 
L.lhoralory. is " pulllic domain three-dimensionnl CFD progmm that hOI.'> heen used hy ;1 

number of research groups to model die sel combustio n. Reitz and co·worke rs at thc 
University of Wiscon.~ill (for example. sec Rutland et al.. 1994. and Kong et al.. 1995) 
have added a number of improvement.~ to the original KIVA model tbnt incorporate more 
realislic analysis of the fuel spray hreakup. vaporization. spray-wall impingemcnt. wall 
heal transfer, ignition. combusti on. and pollutant fonnation . 

Diesel Ccntone Number 

Diesel fuels nrc co mpared using an ignition delay criterion ;lIId classified by ce lane nUI1I­
ber. The eelane nllmher is 1Ile;lsurcd us ing a st andard CFR prechamhcr engine Ihal features 
a varinble compression ratio. It is o per;lIed tinder th e s tandmd operating condi tions shown 

in Table 9-4 . The compres .~ ion rat in is adjus ted lIntil the igniti o n delay is IJO with the t C .~ t 

fuel. AI that compress iun r;ll in. re ference fuels arc blended 10 again produce all ignitip n 

delay of 13°. Then 

Cela ne No. = % hexadccanc + 0. 15 ' (% hcplamethy lno nane ) 

11le nnme cctane IS derivcd from the fact thlll mllny persons refcr to hcxadecane II .~ lI-cct:IIlC. 
Originally. the ceta ne scale assigned a va lue of 7.ero to (Hllcthylnaphthalenc as a refe r· 
ence fuel. Llter the poor reference fuel was cha nged to heptamethylnonane. prob:lhly I",' · 
cause il is cheaper. and assigned a celane number of 15 . so Ihal results obtained in the 
past were still valid. The octa lle nmnher alld the cetalle number of a fuel arc inversely 
corrcl:lted. as shown in Figure 9·IR. Gasoline is a poor diesel fuel and \' ice ve rsa. 

A low eelane numher fuel will mix more completely with the cylinder air oe fnrc hli rP ' 

ing. so that the locnl equivalence r:I!IIl nf the initial premixed hum will he less (! /! - :; ) 

than the 10c,,1 cquivalcnt.·e ralio (1/1 - -I) for a hi ghe r ce lanc number. 

Tnhlc 9~ Crlane Numhl'1 Meil.surelllcni COllIlilinllS 
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Figure 9-JR Ce lanc and n(lane numher (OlTc]:lIinn for hydrocarbon fuels 

(T;lylnr. 19H51. Cupyriglll 0 II)R5 MIT Press. 

9.5 THERMODYNAMIC ANALYSIS 

Spark Ignition Engines 
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Measureme.nts of the cy limkr prcssure versus cr;mk angle in spark. ignition engines can 
be inco rporated into a firs t Inw analys is to compute the mass fraction burned .r .... the ig ­
nition delay. amI the combustion duration fJ,/. If one as!'umes themlill equilibrium at each 
crank angle. a unifornl mixture. and ideal gas behavior. the first law (ur a sing le zone (sec 

Eq uation R.26) is 

")' dV -_._ p - + 
"),- 1 riO 

I dP --v­
"),- 1 dO 

rlQ .. 
+ 

dO 

Equation 9.7 can be so lved nUnler ically to obt;,in the net heat relea.~e per unit cr,.mk an · 
g.le dQ/f/O. The. llIass fraction hurned \'" is the nurmali/.ed integml of the heat rcle,,~ 

f.
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~ d(J 
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Fll,;urc 9·16 S impk lIIodel of diesel l:olllbustiuli. 

ntis (;oncepll);J1 model is shown sc hematically in Figure 9·17. Figure 9- 17 is a tempor-II 
sequence show ing the progressive changes during the injection process. Significant events in 
the evolution of the jet state are dmwn at successive degrees after the start of injection (ASI). 
Si" par.lmelers arc shown in Figure 9- 17; the liquid fuel, the vapor-air mixture, the PAI'ls, 
the diffusion nallle, the chcmiluminsccncc emission region, and the soot COllcclltrJtion . 

At l.O" in Figure 9 -17 , near the beginuiug of the ignition de lay phase, as the liq ­
uid fuel is injecled into th!.! cylind!.!r, it e ntrains hot cylinder air along the sides of the 
jet, leading to fue l eva porati on. NOle thut throughout the injection process , th e liquid 
length portion o f the je t rem ains rela tively co nstan t. There is limi ted pene trati on of lhe 
fuel droplets into the combus tion chamber. The penetration depth of the liquid jet has 
bee n found to be dependent on the vo latilit y of the fuel injector hole size. fuel and 
cy linde r ;tir tem perature, and relat ive ly insensitive 10 the inj ection press ure (Siebers, 
1998). 

At abuut 4.00 AS!, a vapo r head vortex is beginning to form in the leading purtion 
of the jet downstream of the liquid jet. The bulk uf the vaporized fuel is in the head of 
the jet. The fuel vapor-air mi xture region ill the head vortex is re lativel y uniform. has 
u well-dclineu boundary scpilwling it from the surroundin g air. and has an equivalencc 
ratio between :2 ,lIl d 4 thwughout ils cross sec ti on. At about 5.0D AS I, premixcu com­
bustion begins in the head vortex. As u conseq uence of the hi gh cquivulcnce. nnio . the 
initial premixed combust ion is fuel -ric h w ilh a tempera ture of about 1600 K, and pro­
duces PAHs ,lIId soot. T he soot cunccntration is fairly unifonn th roughout the jet crass 
sec tion. 

At about 6.5 0 AS!. a turbule nt diffu sion name fonns at the edge of the jet around 
the products of the initial premixed stage. T his turbulent di ffus ion name begins tht: tran ­
sition to the mixing co ntrolled phase. and is Il ear stoichiomelri c. The diffusion name 
causes the formation of larger sool pilrticles al the jet periphery. The soot concen trati un 
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Figure 9-17 Detailed model of l.he~cI combustion (Dec, 1997 ). Reprinted with pc:nl\ls~illn 
() \ 997. Society of Automotive Engineers. Inc. 

I,;ontinucs 10 increase throughou t th c hcad vo rtex region at the head of the jet. Since lhc 
heud vorteX of the jet is composed of rec ircululing gases , the soot particles also ~,:irc u -
100te tUld grow in sile. 

At aboul ga ASI, the jet n::adtcs a qU<lsi-~leady condition in which the gcncr,Ji f~­
tures of the j et uo nol cha nge sig nificarllly as it expands ncross the combustion chul1Iber. 
TI le combustion is in the mi xing con trolled phase. The fucl first passes through a very 
fuel rich (I/J > 4) premixed reaction Slage and then bums o ut in the turbulent diffusion 

flame at the et.Jge of Ihe jet. 
Most of the soot is burned with the fuel at the diffusion name. TIle frJclion of soot 

1hal is no t oxidized becomes ,III exhaust emission. NO, is fa nned in the high tcmperulure 
regions at the diffusion name where both o"ygen and nitrogen are available, and in the 

posl!.:oJILbuSliuII hot g:l!i regions. 

• • • 
• 
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C(J[llhL1.~tinn dia gnostic techniqu es developed hy Ct)T1lhu ~ li on re searcher ... have hcen applied 

to diesel engines in order to obtai n Illorc dCI<liled and species speci fic infonnal inn abuut 
the co mhusti on processes laking place in a diesel cngine. The Icchlli4uCS include 13~er 
light SC;I!lcring. and lascr-induccu incamlcsccnce and nuoresce nce . 

With a scattering tech niqu e laser li ght is daslically scn l1ercd by fuel dropJcI .~ and/or 
S(1O\ parti c les. The scattering d ist ri bu ti on and intensity depends Ull the p:lrtidc size. 
Mie ~c:lI1ering i~ de fi ne d as el ;ls tic scattering from particles w hose diameter i ~ IIf the 
same order of magnitude o r small er as the light w;,vclength . Elastic scatlerin g IIf li ght 
from mol ec ules or small part icles w ith diameters mudl small er than the wavelength tlf 
th e lase r li ght is temled Rayleigh scattering. Liquid spr;IY pattern ... have been deler · 
mineu viti measurements of Mil! scatte ring. The vapor phase fuel-air mixture rallern ~ 

lind te mpera ture fields hn\'e hrcn determined through Raylcigh .~ l:allering mca~urc · 

menl.~ . 

L;I.~cr light is also used III induce incalllJcscence and fluore.'>Cenre of givcn ... pecie ... . 
Doth relati ve and absolute !ioot cotu;en tr:lti un!i h:lvc hecn detemlined using la".cr· imluced 
incnnticscenee (LlI). Planar l:-I.~er- inl.llleed fluo~scencc (PLlF) has becn u~ tn llcleffi1ine 
po lyaro lllat ic hydroc:lfholl (PA H) conce ntr:llions, which are precursors to snut. OB lli, · 
trihHlinns. and NO di strihuliuns. The OH radical dis tribution provides infomlation ahuut 
the loc:llioo and intensi ty or a dirrusinn name. The NO radi cal s indic:l.le the lucali nn of 
NO, production in the cy li nde r. For funher infonnati on, a revi ew of variolls oplical diag ­
nostic tec hniques is given in Eckhret h ( 198R). 

Comhustion Modeling 

TIle diese l combustion process has heen class ified into three phases : ignition delay, pre · 
mi xed combustion , and mi xi ng controll ed combustion . In a diesel engine a lou' \"tll:ltilit), 
fuel Ulllst be con vened from a cold liquid into a finel y atomi 7.ed state. vapor11.et.l. and il ... 
temperature raised to a point to SllppOr1 autoignition. This time inter"al between thc M:tr1 
of igni ti on ;lIld the star1 of combu.'i ti on i.'i termed the ignition delriY. Oncc rcgions of \·apor· 
nir mi xture form around the fluid jet as it is first injected into Ihe cylindcr is at or ahove 
the ntl! o igniti on temperature, il will spo ntaneously ignite . The combustion of this initial 
vapor-"ir mixture is termed the premixed co mbustion phase. Finally, the fuel in thc main 
body of the ruel jet will mix with the surrounding air and bu m . which is callctl the mix· 
ing controlled combustio ll phase . Combustion occ urs :tt a rate limited by the r:.ll c OI l whidl 
the rema ining fuel to be burned C;1Il he mixetl with air. 

Early models of diese l combUlaion assumed that a burning diesel jet was cumpu:.cd 
o f a dense fuel -neh core surrounded hy a uniromlly leaner ruel · ai r rnixtu~. as !'I hnwn in 
Figure 9- 16. With reference to Ihe models used for sleady spm y cnmhll stion in f\Jmace~ 
and ga .~ turhine s, the diesel fuel :Hl t(l ign ition and premi xed combu ~ tion pbase .~ were ;d ~o 

a.~ .~ tlmcd to occ ur in .. diffus ion flame in the ncar stoichiometric ((j, - I) rcgitJll~ hclwcclI 
th e ri ch fbN and the lean (bl limit s. al the nuter edge of the jet. Soot wa.~ a~sllmed 111 roml 
in a narrow region on th e fue l-ri c h .~ ide of the diffusion name. 

Rcccn t lase r sheet diagllil.~ l ic e:(pe riment s in diesel cn~ ines havc indic;l1ed that the 
com bustion process in diesel engine .. is d ifferen t lhan that in furnac cs and l!a. .. turbinc s. 
Dec ( 1997) has proposed an alternati ve cooceptual model based un l:!ser sheet npcri· 
mental result s. The Dec Illodel feafll res two st:lges of fuel ox idation fur !"loth of the pre · 
mi xed and mix ing controlled comhustion phases . The firs t stage i .~ par1ial oxidation of the 

fu el in a rich premixed rencti on, and the second sl:lge is cO lllbu~tion of the fuel -rich, par · 
tiall y (lx iJi l.cd products of the fir.~ t sta ge in a ncar s toi chi ometri c diffu sion nnmc. 
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Figure 9-6 Ink roller moot'! of turlmknt comhllstion. 

A convenient way to conceptu'llize the flame propagation in tbe wrinkled laminar 
regime is in terms of ink rollers. The ink roller model is shown in Figure 9.6. Imagine 
a bunch of cylindrical rolls as depicted to represent eddies of a similar diameter in the 
turbulent now field. Now comider ignition as being analogous to continuously deposit­
ing a stream of ink at the periphery of one roll. The rollers are rotating. and as a result. 
the ink spreads. A ragged edge wave emerges from the inilial deposition site. The .~peed 
of the propagation is proportional to the velocity at the edge of the vortices. The front 
will take on a thickness deternlineJ by the speed of the roliers, their si7.e, and the rate at 

whi~h. ink seeps into the rolls. In the now field the name thickness wi'l! depend on the 
vortlCtty, the eddy sizes, and the laminar fiame·spreading rale. Note thaI the eddies in 
the flow field arc more likely 10 resemble a mesh of spaghetti than perfectly aligncd ink 
rollers. 

Since the turbulence intensity is proponional to the engine speed, at higher eng.ine 
speeds the turbulent name region can Iransition from the wrinkle sheet to the namelet s in 
eddies regime. In the namelets in eddies regime, the name thickness i .~ greater 1han the 
small eddy thickness T/, but less than Ihe integral thickness I. and the turbulent intensity 
is much greater than the laminar name speed. The increased wrinkling can result in the 
crealiot.l of pockets of unburned gas mixture. In this regime, the burning mte is controlled 
by the turbulent mixing rate, Le., the inlegral length sen Ie, not the chemical reaction r:lte. 

The COlllbu5tion nlso depends on the combustion chamber geometry. To illustrate 
the effect of combustion chamber geometry, consider two limiting cases of combustion: 
(I) in a sphere centrally ignited and (2) in a tube ignited at one end. Assume that the 
sphere ilnd the tunc have the same volume. In each case the flame will propagate ilS ;] 

ragged spherical front of radius r, frolll the spark plug. In the sphere the area of the front 
grows as r,2. Thus, the entrainment r:lte get.~ faster and faster as the name grow.~. On the 

other hand, in the tube. the flame front will initially grow as r,l, but it willsooll hil the 

walls and be constrained to be more or 'es.~ constnnt from then on. TIlliS, combll.~tion in 
a sphere can be expected to burn faster; that is, il will take less time to bum the charge. 

The maximum cylinder pressure occurs at about the time that the flame reaches the cy lin­
der wall. This is also the point of largest flame surf,lce area, with the maximum flow of 
unburned gases into the flame. 

1).3 Abnormal Comh~~lion (Knock) in Spark Ignition Engine\ 259 

Flgu~ 9-7 Examples of cyclic \'ariation in the combustion proce~s. The fl:lme; shown are 
(or identic:!! conditions of ~hroud angle r = 45 deg nmJ if' = 0.55 lit JO deg arter ignition 
OIl (1, = 12 deg bIde (Wi17.C and ViJchb, 19KI). Reprinted with pennis~ion 0 [981. Society 
of Automotive Enginecr.~. [nc. 

There are cycle-to-cycle vari .. tions in the flame propagation cDu.\ed by the ramJllm re.l· 
tures or the now field. Figure 9-7 shows flames rrom rour different (.·ycle~ in an enl!ine 
IJnder identical operating conditiuns . .It i.~ not difficult to imagine that the lenrnll~t pi(.·1Uf"C 
coincided with the spark igniting a region of high sht";lr near the perimeter of :J mrtex, \0 

that turbulent spreading began imlllediately. In the rightmost picture the lipark ignited the 
center of a vortex so that laminar spreading had to precede turbulent ... preading. 

9.3 ABNORMAL COMBUSTION (KNOCK) IN 
SPARK IGNITION ENGINES 

Knock is the tenn used to describe a pinging noise elllilled from homog.eneous charge, 
spark ignition engine .~. It is cau.~ed by autoignition of the unburned or end gas ahead of 
the flame, creating pressure waves that tr.lvclthrough the combustion gases. Compres ... ioll 
of the end gas by expansion of the burned part of the charge raise .~ its lemper.llure tn Ihe 
i\utoignition point. Whether or not :In cngine will knock depends 011 the enginc design. 

the engine operating parameters (such as operation al widt" open throttle). and Ihe fuel 
ty pe . The occurrcnce of knock puts a con.~trainl on l"Tlgine design ~illt:e it limil .~ the com­
pre .~.~ion ratio and thus the engine efficiency. 

High speed Schlieren photographs (see Figure 9-H) revcal that under knocking condi· 
tion s, the flame sprcad occur.; much faster than nonnal. 111i.~ is becau ... e the unburned g'l\ 
involved i .~ at an elevated temperature, so the laminar name ~peed is suhstantially increa .... ed. 
More importantly, however, several autoignition site .~ appear almosl ... imultaneou,ly. The 
attendant rapid nuctu'llions in pressure ean be a .~eri()us prohlem ao.; they can di ... rupi Ihe 
cylindcr thermal boundary layers causing higher pi.~tnn surface temper.Jtures. resulting in 
surrace ero.~ion and railurc . The cylinder pres.~ure profiles (or nomwl and knocking com· 
bllslion arc shown in Figure 9-9 . Note the high fre411ency (5-10 kHI.) prcs~ure fluctua­

tions resulting from the autoignilion. 
U.~ing a single-cylinder research engine, the unhumed end gas in a high \wirl, hurnn· 

gelle(llls charge eng.ine has heen isolated in the center or the comhustion chamber hy 
simultaneous ignition at four eqlwlly spaced spark plugs mounted in the cylinder wall. 
Figure 9·H shows the dramatic change in the Schlieren pattern just hc(ore and just arrer ig­
nition. It took about 2 m.~ for Ihe flames to spread from the .~park plugs 10 the positions 

shown in thc photograph just before knock: wherea.~ it took only U.I nb to propagate Ihmugh 

the end gas once autoignition occurred. Neither shock nor detonation waves were observed. 

In these experiments. temperature measurements have been made of the end gas using. 
a lascr-hased technique. For temperatures le.~s than II [Xl K. coherent :lnlistoke~ Raman 5pec­
tro.~copy (CARS) i.~ used, and 'It the higher temperatures .~pont:tneotls Raman scattering i ... 
ll.~('d . The principles underlying these techniques arc di .,cu ...... ed ,It length in Grecnhaugh 
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is secn propaguting into [he unburncll mi.\[urc. Ignition delay (in degrccs of crauk an ­
glc), is on the order of 10

0 
for [h e rich case and 200 for the lean casco AI 200 and 25 0 

after ignition in the rich case, the width of the na me front is clearly discernible , one of 
Ihe advanlages sh;ldow photography offe rs ovcr ordin ary photography. The widt h is more 
difficult to discern in the lean case because it is two or three times Ihider. Thus, a com­
pletely burnf..'<l region uues not appcar until approximately 400 aftcr ignition . At Ihi s tilllc. 
tile whitest region is burned gas, the greyish region in front of the namc is unburned gas, 
and lhe highly convo luted dark nnd white regi on is a mixture of burned, burning, and 
unburned gas. 

Combustion Modeling 

There arc a nUrlIner of modcls of tbe homogeneous charge combustioll process in spark 
ignition engincs. The 1I100.!els range in rigor !"rom simple two "lone mode ls which ui vidc 
the combustion chamber illio bumeu amI unburned zones separaled by a turbulent name 
fronl 10 diiferellli.d equation models Ihat arc solved numeric'llIy. The combustion paramo 
eters incorporated into these models include the lllminar flame speed and thickness. the 
turbulent name speed. and the turbulence intensity. 

The laminar name speed 51 is il well-ddined characteristic of it fuel·air mixture. It 
represents the speed at which a one-dimensional laminar name propagates into the un­
burned gas under adiabat ic conditions . As shown in Figure 9·3, the cOllct!ntrolt ion of re­
ac tants decreases across the flame front, and the temper;llure of the mix ture increases 
across the flame fronL There is a preheat "lone in (rant of the flame ill which the tem. 
perature of the reactants is raised to the ignition temperalUre by conduction heat transfer 
fTom the flame front into the unburned regi on, and a reaction zone which contains Ihe 
flame fronl where the combust ion takes place. As the tcmpemture rises in the reacti on 
zonc·, the chemical reactions, which depend exponcntially on temperature, increase until 
the reactants are consumed and their concentr.ttion decreilses to zero, forming the down ­
stream side of the flame front. 

The laminar flame speed uepcnds on the pressure , temperature, and composition of 
the unburned gas. Some of these depenuencies arc illustrated in Figures 9.4 and 9-5 in 
which data from Metghalchi and Ked. ( 1982) is compared to predictions of Westbrook 
and Dryer (1980). The laminar flame speed, or burning velocity, shows a Illilximum for 
slightly rich mixtures. is a strong funcli on of unburned gas lemperalure, and is a weak 

Figure 9-3 Temperature and 
concentr.ltion profiles of 
laminar names (Borman and 
Rnghmd. 1999). 

T, 

T, 

Cold reactants Pre·heat 
zone zone 

I 

-----t---- ----
I 
I 
I 
I 

Temperature 

AeacUon 
zone,1i 

., " 

Producls 
zone 

~ 
'" i< 

~ 
> 
~ 

.~ , 
'" 

50,-------------__ --__ , 
• Melhanol 

45 -

35 -

30 

25 

20 

.. Propane 
• Isooctane 
o AMFD 303-

15 L_L_.L_.L_-"--_-'-
0.6 0.' 1.0 1.2 1.4 1.6 

Fuel-air equivalence ratio (,p) 

9.2 Comhu_,tiun in Spatk Igntliun Enl:lItc, 257 

.~ 

200 ,----,----,----,---, 

150 

Methanol and Blr 
4> = 1.0 

- I' ; 1 atm 
-- P=10Iltm 

Westbrook 
nod Dryer 

.l! 100 
~ 

I 
50 tAoIDhll!ch[ 

and 'odl 

OL-__ -L ____ L-__ ~~~ 
300 400 500 600 700 

Figure 9-4 Laminar name speed versus 
equiva lence ralio (Mclghlllchi and Kcek. 1982). 

Unbumed gas temperature (K) 

Figure 9-5 Laminar name specd \·cr~u~ ~a~ 

temper,lIurt: IMctghalchi and Ked.:. 19M2). 

function of pressure . It also decreases linearly with the residual fraction and the c"hau!:ot 
gas recirc ulation (sec Homework Probkm 9-1). TIle dependence of the laminar name: 
speed on temperature is due to the exponential relation between rea'tion k.inclic~ and 
tempcr:lturc . 

llicre arc three rcgimes for turbul ent namcs . nle n:gimes arc wrinkled laminar l1ame. 
namclcts in eddies, and distributed reaction . The characteristics of the regime~ .Ire uut­
lined in T'lble 9-1. Internal combustion engines opcm te in the wrinkled laminar name and 
namci cts in cddies regimes, depending on the engine speed (Abraham et al .. 1985). 

In thc wrinkled laminar flame regime, the name thickness 0/ is thinner than Ihe ~Illall­
est turbulent eddy thi ckncss 7]. and the turbulent intcnsity II, is of the same onler as the 
laminar name speed 5,. The ef(ect of turbu lence in the cylinder therefore is 10 wrinkle and 
dis ton Ihe laminar n<.lllle fronl. In Ihe now field, thc turbulent vonices spread ignition ~ ites 
via a r,lgged edge wave emerging from the spark plug. For Ihe lurbulent now ,nndilions 
of EX<.llllpie 7-3, the scale o f the wrinkles is about I mm, :lI1d the name is le~ )o than 
0.0 I-mm thick. The turbulent flame speed II , can be 3 to 30 times the laminar name .' (lCed . 
depending on the turbulent intensity. The relationship bet~een the turbulent name )opeed 
and the laminar name speeu is modeled as 

I~. " 
The position of lhc flame front moves irn:gu larly. making the time ,Iverage name profile 
appear relatively thick, fornling a "turbulent name brush." 

Tnble 9-1 Turbulent Aanle R~gimes 
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Using high-speed moti oll photography. they were able to reco rd the cnl1llm.~linn prnce .~!,. 
Figure 9- 1 shows a typica l ~cqlJcncc ohtained ilht.qraling name prnp.t ga ti on in a homo­
geneous charge. spark ignitinn engine. Fur the combustion process showlI' in Figure 9- 1. 
ign ition occurs OIl n, = - 2Y' . Nolicc Iltat no name is vis ible until n "'" - 10" which is 9" 

1aler. ThaI 9" period is called the ignilion delay. l::J.O;oI' Once fomled. the name spreads like 
it spherical wave into the Ilnbumed !!a .~ wit h a mgged surface because of lurhuJcnce . The 
end ofcomlmstion at 0"" + 21n i.~ detcl'mim:d from simu ltaneollS measuremen t ofc)' lindcr 
press ure. Notice thaltllc hurned gases rema in hllninmts C"ell after combusti o l1 i .~ complet e. 
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Sh;1l1o wgraph photography is a method of now visuali7.:ltion th;1t shows contrasls 
due to diffe rences in den sity of the now. It docs not record light emitted by the name: 
rather it records ligh t trnnsmilled through and refr::Jctcd by the gase s. Figure 9·2 shows 
shadowgraph sequeoce s for lean :10<1 sl ightly rich combustion. Agai n. a ragged edge W3\'C 

Figure 9-2 Laser ~hadow graph of lean 
(q. "" 0.55) and rich (cb ::; I. I ) 
c(1Tnhuslion (Wilze and Vilchi s . !9RI) . 
Reprint ed with pcnn i~~iol1 () 19R r. 
Society of Automotive: En gineers. In c. 

75' SHROUD 
</> , 0.55 

8,'-12" 

rn 
• TI'e 

75' SHROUD 
</>,11 

8, = _ 120 



252 

8.4 

8.5 

8.6 

8.7 

8.8 

8.9 

B.1O 

8.11 

8.12 

Clmplcr g H Cill ;I.nd i\'lass Tr<l usfcr 

A,I an engine s p~cd u,f 1000 rpm, what is the appro:'(i nmtc penetration depth uf the [CIIl ­

pCr.!lure fluctu allOlIS J/l (a) r.:ast iron block and (b) aluminulll engine block? 

DClemlinc Ihe eO"e.:t uf engine speed on the overall engine heal transfe r coeflidclIl of 
E.umplc 8. 1. Plol h" versus N fur 1000 < N < 6000 rpm. Ass ume t',. ::;; 0.9. 

Wi,lh reference It) Eqll'ltion 8.33. lh e h,ca! trall~fcr cocrcielen! II" increases with cngine 
speed to the ,0.75 power. whcrcils lil t! lunc avadabl e to [osc heat dccreascs with en .inc 
speed. What IS the lIel t:ffeCI of il1l:rcasi ng cngine speed on engine therma l cflicicnr.::? 

Show lhal as rar as ell!,! ine speed is concerned, the indicated [hernl.1I efficiency shuuld 
have the fo llowi llJ; depe ndence 

(I - 71/71"",,) - N - Il~~ 

since the rati o TJhl'~I" i.~ domin'lled by heat loss. (Hint: sec Figure 4 - 15.) 

If k - TO.u 'I/ld 1' 01>2 h l.! I I • • ' J-L - , ow oes t Ie leat transfer coefficient of Equat ion 8.36 vary 
• With pressure anll temper-nurc'! 

~Iow woulll you ex pect the leadil1g (;ocfficient of Equat ion 8.38 to changt.: if Woschni hal.! 
Includel.! the !!ffect of the intake valve size? 

Comp~re the mean e~fectjve pressure. the net work and inllicateu thermal e fficiellcy for 
an engine ~lOdcled With and withou t cy linder heat transfer. Use the Woschni heat tmlls­
fer correlallon. nlc cngine has ,I bure of 0 085 m stroke of 0 08 ..1 '.1 I . .. " . m, ,Iflu conllect lng rou 
. e~l~ t~ of ?12 m, wllh a compress lor. nll iO of I I . The engiue speed is 5000 rpm. The burn 
ln~tla~lon [S~iI ~ 10 degrees atdc, th~ burn duration is 60 degrees. ami tht.: Weibe param­
~ters ,Ire a - 5 ,lnd II = 3. The fuel IS propane with an equivalence ratio of 0.95, anl.! the 
mlet .temperature and pressure arc ~OO K ilud I bar. The average cy linder wa ll tt.:tllpera­
tu re [S 400 K. 

Compare the Annand ilnd Woschni correlations for nn eng ine operati ng 1II (a) 2000 rpm 
and .(b) 4000 rpm. Assume tha t the engine hilS a bore anu stroke of 0.085 Ill, and con­
nec~lIlg .rod leugth of O. 12 m. The fuel is methane. with :In equivalellce ratio of 0.95 . The 
~ ng.J~e l~ IJ.llth ronlcd. with inlet pressure of I bar, ami tempemture of 320 K. The spark 
IgnitIon IS at - 15 dl:grees atdc. 'HIU the burn dllfillion is 70 degrees . The average cy lin­
der wall temperature is 400 K. 

W:h.at is t~le .werage hea t transfer coefficient for an exhaust sys tem that has an average 
mass no .... rate of 0.08 kg/s at u tcmpcr:J ture of 700 K and a pipc dialllt.:te r of 0.045 Ill '! 

Chapter 9 

Combustion and Emissions 

~.I INTHODU CTION 

In Ihi s chapler we examine I.: IIJ11bustiun allll cmis~itJns processc!o in spark and CUIIlPft'S­
siuJI ignitillll eng ines. The combustion prol.:esses Ihal occur in each 'of these Iypes of en­
gines are very different. A spark i~nitio n engine ha~ a turhulcnt mix.ture of fucl and air, 
whidl unl.:e ignited by a spark. sll~!:Iins a rc'lI.:tion process that propagates a name in the 
rorm o r a thin wrinkleu ~hcC'1 :l.:ru~s Ihe L")' linder. The heal release -"tarts ft'lali vel y slowly . 
aull im.:reases to its I:l rgest v:lluc nca r Ihe enl.! of lhl! process. On the other hant.!. 11 com­
pression ignition engine has separate fuel :lilt.! ai r ~treams that combust u.s they an: mixet.l 
together. The che mi cal reacti on. which prudul.:es a diffusion name. takes place at the in­
terface bl!tween the fuel and the ai r. The heat re leil~e begins at a relatively high value. and 
theu decreases .IS the available uxygen i .~ depicted. 

The combustion product emi ssions rrom i/Hemal combustion engines of nitrogen o~­
iue (NO, ). carbon lIlonuxide (CO). hydrocarbuns (IIC), paniculates (PM). und Ol ldehydes 
arc a sigll ilicant somce of .. if pollution. The intcfII'll comhustion eng ine is the source of 
roughly hal f of the NO" CO, ami HC pollut.lIlts in \lur air. 111ese pollULUnl.'> have various 
adverse health and ellvirollillental dTe(;ts . Fo r example, NO, reacts with water vapor to 
form nit ric acid. and real.:ts with solar radiati on 10 form ground level ozone. both of which 
ca use respiratory sy!o telll probleill s. Carboll lllonu:(ide has an affinity fur hemng lllhin atxlut 
200 times Ihat of u.\ygell. so it 1.:.111 illle rfele wi lh ux yge n di stribution tl1roughout a per­
so n's c in.:uliltOry system. Finally. hydrocarbons can cause ce llular mU11l1ions anti aiM) con­
tributt: 10 the furllliltiull or ground level OlOne. 

Co mbustion dlell1islry in inlemal combustion engines is very complex. ant.! depemh 
on tht: type of fut:! useD ill the I.:lllllbustioll rrocc~ .~. Models fur the reaction pathways for 
th t: oxidation of a hydroc:lrbun fuel sudl as para flin. C"H ~".!. a major componem of ga!>u­
line, C:l 1I include at least 200 diffe renl react ions . Thl! hydrocarbon ft'aclions an: generall y 
grouped into three di sti nct steps. For example . the !irst step in the hrcak~own uf a par.lf· 
fin is via rcactions wit h a and H :HuIlI S to forlll uldi ns (C"H2>o) and hydrogen . '(11e ~c· 
onu step is the oxidation of the olefins to form CO allli hydrogen. TIle third and la~t step 
is the oxidation of CO 10 form CO~ . Mos t or the encrgy rel ease occurs during the la~t 

step . a step indepcnue llt of the lll o lel.:u lar weight. Cunsc.LJucllIly. hydrocarbon paruffin~ ur 
differcn t molecular weight have vc ry similar heats uf combustion. Dct.ailed infomlation 
abou t hydrocarbon chemica l kinetil.:s is g iven in W\:stbrook and Dryer (l98·H: and bouLs 
by Bormlll1 ilnd Ragland ( I 'J'JH). anu TUniS (1990jl'Over co mbustion chemistry and kinetics 
in iuternal combus ti on cngines from an engineering perspective . 

~.2 COMIIUSTION IN SI'AHK IGNITION ENGINES 

Flow Visualization 

In the late 1930s. Rassweikr and Withrow ( IY.1S) pcrfunned a das~ic now vi:.ua li i'..ation 
experiment. They Illoo ilh:d an L·heau cy linDcr uf a spark ignition engine so tit at a quartz 
window c.:ould be installcJ il l lowing an L1lluh:.lJ1Jl.: tcd view of tlle cntire comoulltioll ~pa<.·c. 
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F1gu~ 8-28 Measured and 
calculated gll.~ composition at 
top land of 11 ga.~oline engine 
at id le (puruhamn nnd Talcishi. 
1972). 
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(n-hexane) present when in fac t there arc 10 to 20 different species of significance. Allhe 
light loads, the computations and experimenls show no correspondence whatsoever as 
shown in Figure 8-28. 
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8.10 HOMEWORK 

8, 1 Practical applications of Equation 8.7 are Iimiled because the heat loss 10 ambient ni r is de · 
termined by the small diffcrence.~ between mueh larger numbers. Suppose each lerm on the 
right-hand side can be determined to within ± 5%. What tolerances could then be attached 
to Qamb? For nomi nal values use the results given in Table 8- 1. 11le most probable error is 
computed from the square root of the sum of the squares of the errors of the RHS lemu . 

8.2 Esti mate the heat lrnnsfer rate (kW) at which an automotive radintor would operate if an 
engine produces 75 kW brake power. What is the temperature chnnge (·C) of the coolnnt 

as it passes through the rad iator if its now rate is 20 gpm? What is the temperature change 
of the coolant as it passes through the engine? 

8.3 If nn engine cy linde r head is changed from iron (k = 60 W/m K) to alumi nu m 
(k = 170 \VIm K), est imate the change in the hent nux from the head. What is the change 
in the gas side cy linder head temperature? 
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based on current values in the upstream plCI1Ulll. The throat area is proportional 10 Ille ring 
gap and the bore to cylinder clclirance. The constant of proportionality, which depclllls al 
least on the Reynolds number of tile flow <Iud probably on whether or 1I0t the ring is tihed. 
is not known with certailllY. It is of order unity and its magnilUde is filtcd matching be:· 
tween sOll1e measured anu predicted data, such as the average blow-by rate: ilnd the interring 
pressure distribution. 

II is typical ill sudl computations 10 assume that the gas between rings is OIl a tem· 
perature equal to the avcrage of the piston temperJture and the cylinder liner tempcrawre . 
In so doing, therc is I1U need to solve the energy equiltion for eilch plenu1Il . The equatiun 
of continuity for mass conservati on is applied to each plenum where Ihe mass !lows in 
and out are detemlined as just described. By si multaneously imegrating the resultallt or­
dinary differential equ;Llions, one obtains the mass within each plenum . These arc cou­
pled to equations of mution for each ring, thereby obtaining the plenum volumes. With 
the plenum volumes and the mass contained therein, one thell uses an equation of stale 
to compute the pressure in each plenum. 

It was mentioned that blowby influem.'es the hydrocarbon emissions. During CUI1\­

pression and the early stages of combustion, unburned fuel and air is being compressell 
into the plenums between the rings. As mentioned, the gases rapidly equilibr.Jle thermally 
to the environment and are thus at the average of tJle piston and liner temperature. In fact, 
tJlC heat transfer is so effective that the fl iuTle propagating in the cylinder is extinguished 
when it tries to propagate into the spaces between the rings. The unburn ed fuel and air 
pushed into the ring pack remains unburned. Soon after the blowby flow reverses itself, 
unburned fuel and air emerges from the ring pack buck into the cylinder. Since this oc­
curs late in the expansion stroke, the burned gases in tJle cylinder are relatively cold, and 
thus a large part of this reemcrging fuel and air will not be o}l;idized as it miltcd with the 
in-cylinder combustion products. Thus, unburned fuel or hydrocarbons will be expelled 
from the engine during the exhaust process. Namazian und Heywood (1982) estimate that 
anywhere from 2 to 7% of IDe fuel is wasted in this way. It is interesting to note that this 
is another advantage of diesel engines sillce in diesel engines mostly air will be com· 
pressed into the ring pack. 

Figure 8-26 shows a sampling valve mounted in lhe piston of II 1.3 liter, four-cylinder. 
gasoline engine by FunJlmma and Tateishi ( 1972). This valve can be opened for 1.25 illS 

nlthe same angle in consecutive cycles. Gases nrc witJldrawn for analysis from the space 
between the top land and the cy linder for a variety of angles during the cycle. Results 
obtained al wide open throttle :Uld 2000 rpm are given in Figure 8·27. 

During the compression stroke , concentrations of oxygen and hydrocarbons (as 
n·he}l;ane equivalent) are high because fuel and ni, is entering the ring puck. Likewise 
carbon dio}l;ide and carbon mono}l;ide are low in concentrations attributable to the resid­
ual gas content. About 15 degrees before lOp dead center, there is a sudden drop in Olty· 
gen and hydrocarbon concentr.Jti ons as burned gases are beginning to enter the ring pack. 
About 30 degrees after lap dead center, it appears Ihal the unburned gases that entered 
earlier reemerge though diluted somcwlllll by the burned products that entered the rillg 
pack. 

By wriLing conservation equations for each species in the burned <lnd ~Lllburned gases, 
Furuhama imd Tateishi ( 1972) were able to forn1Ulate :Ind integrate a set of ordinary 
differential equations for the gas composition in the top land as it function of time. The 
computed results 'It wide open throttle, shown in Figure 8-27 agree well with the exper­
imental values. In the case of the hydnJCilrbons, lhe agreement is not as good and o nl y 
the trend appears reliable. The discrepancy is attribulable in pan to the computation and 
in part 10 Ole instrumentation, both of which assume there is only one type of hydrocilrbon 
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ga, 

Gas sampling pipe 

Figure 8-26 Gas sampling valve installed in 11 piston for 
sampling gases al the lOP land (Furuhamu and Tnteishi. 1972). 
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Figure 8·27 Measured and calculiLu:d gas composition at lOp land of /I. 
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transfer from the flame will red uce its temperature . whi ch affects the Inc;"l l r;"lte of NO 
fonnation. TIle Woschni correlation, since it is based on beat flux. does include the ra· 
di;uion heat transfer 10 the cylinder wall. The Almand correlation doe.~ not in clude the 
radialion heat flu x. 

Radiation heat tran sfer in par1i c ipnting medin. such as the case in n cOlllbust ing gas­
particul;"lte mixture. is l1lodeled with the radiation transfer eqlwtion (RTE). The equa­
tion includes the mdlant energy ahsorbed. emitted, and scaltcred along a give n solid 
angle direction : 

& af' , , - = - (K + a)1 + KI, + - p(n,n )I(n )dn 
d.f 47T 

whcrr~ I i ~ the radiant intensity in the direction of a sol id angle n .. f is the distance in 
that direction, I" is the black body inlell.~iIY. K is an extinction coefficient. (T i .~ n sca l­
tering coefficient. P is Ihe phase function or probability for scattering fr(lm sol id :lllgie 
fl' into solid angle fl. There arc a variety of numeri ca l methods for so luli on of the rOI­

diative transfer equation including flux methods, Monte Carlo techniques, the discrete 
ordinates melhod. and the discrete tr:lnsfer method. The discrete ordi nat es method di~­
cretizes the radiative transfer eq ual ion for a set of linite solid angle directions . The 
resulting di screte ordinates equations arc so lved along the solid angle directi ons using a 
control volume technique . 

TIle radiation transfer equation has been incorporated into multi-dimensional CFD 
codes, such as KIVA. OIunsdon el al. ( 1992) applied the disc rete transfer melhod to the 
eFD code KIVA for the simulation of diesel combustion, and also modeled the radia­
lion from combustion products in a spark ignition engine (Blunsdon et a1.. 1993). Using 
the discrete o rdinates method. Abraham and Magi (1997) computed the radiant heal loss 
in a diesel engine. Inclusion of the radiant heal loss reduced the peak temperature hy 
about 10% relative 10 a non radiati ve computation. lowering the predicted fr07.en NO con­
centrat ions. 

The exhaust system operates at a tempera ture hi gh enough so that radiation heat 
transfer from the elthaust system to the environment is significant. AI full load with a 
sl;lti onary engine on a le .~ t stand. it is po.~.~ible to make tile exlmust system·glow red. whit:h 
indicates lhe radiation emission is in the vi.~ible wavelength range. In many engines a 
radiation shield is used to reduce the radiation heat transfer from the exhaust manifold 10 

the engine block and head through the exhaust manifold gasket. 

8.8 MASS LOSS OR BLOWBY 

TIlere arc three primary reasons fur an interest in blowby. It innuences (I) Ihe g;lS pres­
su re acting on the rings which innuences the friction and wear characteristics: (2) the in ­
dicated perfonnance: and (3) the hydrocarbon emissions. 

Typically a ring pack consisls of IWO compression rings amI an oil ring. The prc.~­

sure drop :lcross the nil ring is generally neg ligible . Such a rin g pOlck is rcpre .~elllcd in 
Figure 8-24. A one-dimensional re prcsentation of the ring pack is a l.~o shown; it comiSls 
of three plenums in series through passat;,cs whose si7.es arc dependent upon the ring 
gaps, the piston to cylinder wall clear.lIlce, and any ring tilt present. The vollll11es arc all 
time dependent: Vn chiln ges because of piston motion; V1 changes beciluse of rillg mo­
tion; and V2 cha nges because o f pi slon mol ion (including those o f the ot her cylinders in 
a mullicylinder engine). 
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w.:::=~"~O~=~cy:';:ndor pressure 

f:
t::==-- P1 '" pressure behind firsl ring 

VI = volume between first and 
second ring 

""'";;:==.".- P2 = erankcilse pressure 

FiJ!UlT R-24 Ring pack and \-0 now 
model or hlowby. 

Figure 8-25 shows the results of me:lsurcments made for the ring gas pressures in a 
two-stroke diesel engine (Ruddy. 1979). Notice that al about 70 degrees after top dead 
cen ter, the pressure between the rings is greater than the cylinder pressure which, if lhc 
nows arc quasi-steady, means the flow has reversed itself. The figure also shows pres­
sures computed assuming the flows are one-dimensional. quasi-steady. and i~ntropic as 
they pas .~ from one plenum to another. The ma.~~ flow from one plenum to another is gov­
erned by Equation 7.14 . The requisite stagnation properties and the ~pecific heat ratio are 

--- Mellsurad pressures 

_. - Calculated pressure 
between rings 1-2 (PI) 

- - - - Caleulatad pressure 
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Flg\l~ R-2S Me:lsun::d and predicted inter·ring pn::ssure (Ruddy. 1979). 
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Figure 8-22 Sp.lli.d average 
Nussc lt number for heat transfer 
in an exhaust pipe (Malchow el 
aI., 1979). Reprinted wilh 
permission CI 1979. Soc iety of 
AutOlllotive Engineers. Inc. 
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and lit is the instantaneous fl ow rale, d is the throat diameter, A is the ex it cross section, 
and J.L is the exhaust gas viscosity. Some uf the ports studied UTe shown in Figure 8-23. 
In un exhaust port, it appears that the hcat transfer cocfficient is about e iglll times what 
it would be in a slc<ldy now in the same pon. This is probably caused by incrcilscd tur· 
bu lence generatcd by now separation at the v<l lve. 

In that neither Equation 8.42 nor 8.44 includes infomlalion about the valve. such as 
lift or valve seal angle, they are upplicable to other engines only in so far us Ihey arc geo­
metrically similar. As discussed in Chapter 7, at low valve lifts the pOll now is in th~ form 
of a jet. and fo r larger lifts, the pOll now is in the foml of devdoping pipe now. The va lve 
geometry and lift have been incorpor.lled into heat transfer correlations by Caton and 
Heywood (1981). 

8.7 RADIATION HEAT TRANSFER 

During the combustion process in an engine, high temperuturc gases and particulate mat­
ter radia te to the cy linder walls. In a spark ignition engine the fmclion of the gaseous and 
particulate matter r41diation is very small in comparison to the convection heal transfe r to 
the cy linder wall . The name frollt propagates quickly ac ross the combustion chamber 
through a fairly homogeneous fue l-a ir mixture. Most of the gaseous radialion is in nar­
row bands from the H~. CO~, and H10 molecules. 

In 41 compression ign ition engine, fuel burns in a turbulent diffusi on name formed 
around the fuel spray in the region where the equiva lent ratio is close to I. Soot pUlli­
cles are formed ilS an intermediate step in the compression ignition process. The rudia­
lion from th e soot pallicles during thei r cxistence is significant, about 20 to 40% of the 
total heat transfer to the cylinder wa ll (Dent and Sulaiman, 1977). In contrast 10 the 
gaseous radiation, the soot partit:1es rad iate ove r the entire spec trum. The rauiant hClll 
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242 Chapter 8 Heat and Ma.~~ Transfer 

Heat Tr'ansfer' Coefficient Applet 

Cnmparisioll of WOsclUl..i and Annilnd 

------- -------

Burn ParamU1crs Engine 1 Engine 2 Gnomn1rtc Parame1ers En[llne 1 Enflhm2 

Spark TIming fTsOi fTsOl s· s lr oke [mm) (,. 19 mm) j1iiOO1 [IOnOl 
DUranon of combustion ~ f700I b - bore (mm) (,. 19 mm) j1iiOO1 f1000l 
a (usually 5) f5I f5I I = connecting rOd Imm) f1500I JI500l 
n (usually J) [l: fTI r · comp res s ion rallo [101 [101 
Initial Temperature [I<] [JoOl [300; Engi ne speed (rpm1 1 ' 000 I 1 '000 

InlUat Pressure [har! rtl ~ 
CyllnderWall Temperature [1<1 ~I ~! 
Fuci Parameters 

Equivalence Rano 

Fuel I 

Figure 1J-18 Inpul for heal Ir:m5fer coeffic ienl apple!. 

Equation 8.42 is compared in r:i gure R-2l In COITIIH11;lIinns based nn the stcady-.~talc cor­
rcliltion for dcveloping turbulcnt now in 0\ smooth pipc (Incropcra and DeWil!. 100 1): 

(R .· I» 

In Equation 8.43. Pr is rhc Pramirl Ilumber ;mu L is rhc pipe Icngth . Noticc thar Ihe heal 

transfer in thc ex hau st pipe is "hour 50% gre;lIer than wou lu cxist in a SICilUY now in :hc 
samc pipe . 

Hires and Pochlllara (1976) correlared experimental result s for the ill~' : "lllaIlCcllls 

heat loss from ]() differe nt exhaus t port ues igns. The sugges ted corre lation ..:qu;ltion is: 

Nil = 0.158 RcOR (R .- I·I) 

Tnlll" 8-5 Comparison of Annimu amI \Vo.~cllI1i heat transfer correlat ions 

10m rplll 1000 rpm 2000 rpm 2(X')() rpm 
(\V('schni ) (Anflaml) (Woschni) (Armand) 

Indic:ued Work 111 lO t:! 9·19 I05K 975 
Indicated Powcr [k\\'1 X.·J] 7.9 1 17.6-1 r (, .21, 

M~nn E ffective Prc'.~~urc Iharl 1:!.75 r 1.96 1) .3:1 12 . .10 

TIlerTnal Effic iency n.}·' 0 .32 0.36 o J.1 

Q .. III 29.\J 29.lJ 29.1.1 29 J.l 
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Woschnl 0 2000 rpm i 1500 

~ 

"/ 
"/ \ Woschnl 0 1000 rpm 

-160 -90 o 90 180 
Crank angle (degrees) 

Fll!ur~ 8-19 Wosehni hea t tr.lfl ~ rcr coefficients for Example 8-3. 

2900 '-~-~-'-~-~-r __ '-~-'-~-~-' 
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I ' 
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- tBO - 90 0 90 

Crank angto (dogreos) 

Figure 8-20 Annand and Wosehni heat nux at N "" 1000 rpm for 

Example 8-3 . 
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Figure 8-21 Annand and Wnscl1ni heat nux al N = 2{)(X} rpm for 

Example R-J. 
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Finite Heat Release Applet with Heat :rransfer 

Combustion Parameters 

Sparknmlng 

Duration of combustion 

a (usually 5) 

n (usually 3) 

Inillal Temperature [1<1 

Initial Pressure [barl 

Cylinder Wall Temperature [KJ 

Fuet Parameters 

Equivalence Ratio 

Fuel 

Enuine 2 Geometric Parameters 

s - stroke [mml (> 29 mm) 

b - bore [mm) (> 29 mm) 

1= connecllng rod [mml 

, - compression rallo 

Engine speed [rpml 

Figu~ 8-16 Input for finite heut release with heat t(i1l1sfer app let. 

Ena1no 1 Enaille 2 

I ,~OO , f1000l 
I~ ~":~ I f1000l 
I' 500 , [15o"Ol 
Ei f10l 
I 3000 II 3000 I 

input Qi ... The applet uses the Wosc hni corre lation for the cy linder wall heat transfer. 
The app let a lso computes the engine performance wi thout wall heat tfilnsfer fur CUnl­

parison purposes. 
The abovc engine.' parameters arc entered into the Fillite H,'(lt Release applet as 

shown on Figure 8-16. The tempcfilture profiles are shown in Figure 8-17. The heat 
transfer to the cylinder walls lowers the cylinder gas temperature by ubout 200 K 

g 
... 

2500 

wlo hoal 

----
wlheat 

1250 transfer 

_~6LO~~--~_-9~0~~--L-~0--~--~-790~~--~~,eo 
Crank angte (degrees) 

Figure 8-17 Errect of heat tmnsfer on cylinder gns temperatures for 
Example 8-2. 
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Tullie H-t Eff.:ct of heal trilll~fcr (HT) UII predicted engine perfonnancc 

w/HT w/o HT 

indil.:atcd Work [lJ 1087 1150 

Ind ica tcd Power [kWI 26.9 28.4 

Mc,lII Effcclivt! Pre!>~urc [har l 13 .8 14 .6 

lllcnilal Efliciency 0.37 0.)9 

Q", III 293) 29)) 

throughout the combustion aou ex pansion stroke . As shown in Ta~le 8·4 , the mean ef· 
fective press ure decreases frulll about 14.6 to about 13.H bar. The cOITC!oponding de­
crease ill the indicated net wurk is from 1150 to 1087 J und therma l efficiency is frum 
)1)9" to 37%. 

EXAMPLE 8.3 Comparison of I'tnlJalJd and lYoschni CorreiaJions 

Compare the Annand ami Woschni correlutions for an engine operating at 1000 rpm nod 
2000 rpm. Assume that the engine has a bore nnd stroke of 0.1 m. and connecting rOO 
length of 0.15 m. The fuel is octane. with an equivalence f'.lt ia of 1.0. The engine is un­
throllied. with inlet pressure of I bar, and temperJture of 300 K. The spark ignition is al 
-25 degre es aldc. und the bum duration is 70 degrees crank angle . TIle average cylinder 
w;ill temperature is 400 K. 

SOLUTION The Almand and Woschni heat transfer coefficients are computed and compared 
in the Heal Trallsfer Cue/ficiellt Apple/ (Figure 8·18). For two given set of engine con· 
ditions. the applel computes the Anna nd and Woschni heat trans fer coefficients, heat 
flux. and heat trans fer rale us a function of crank ang le fo r the compression and ex· 
pansion strokes. In addition, Ihe applet uses the finite heat release ana lysis with heat 
transfer to determine overa ll parameters such as work. power, imep, and indicated ther­
mal efficiency. 

The heat transfer codJicients arc ploued in Figure 8·19 for the two engine speed .... 
The maximum heat transfer coefficient increases from about 1500 to 1750 W/m~K as the 
ell.!::inc speed is increased from 1000 to 2000 rpm. TIl e instan taneou!. Woschni and ArlOand 
heat flux is ploued in Figure 8-20 for an engine speed of 1000 rpm, and in Figure 8-21 
for an engine speed of 2000 rpm. The maximum heal nux for the Woschni correlation i.-. 
abuut 2 MW/ IIl~ for the cngine speeds considered. The work. power, imep, and themlal 
efficiency ilre compareu in Table 8-5. 

Convective hea t loss is an important consideration in exhaust pipe and pOri design. 
especia lly fur engines wi th exhaust turbines or cata lytic converle rs. The pons are rda­
ti vel y short an d curved, with unsteady now. so the flow will not be fully developed. TIle 
heat flux is re latively high due to high exhuust gas velocities and temperulures. 

Correlations have been dcveloped far the average and the inslIlntaneous heat transfe r 
in the exhaust system. Malchow et al. ( 1979) obtained the fo llowing com:lntion for the 
average heat loss in a straight circular exhaust pipe , where D is the exhaust pipe diame· 
ter, and L is the pipe length; 

Nil = 0.0483 Reo JU (DIL = O.J) (HA2) 

• 

• 

.). 
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E?CAMPLE B.1 Ol'erall Heat Tram;fer Coefficient 

Compute the overa ll engine heat lr;l.Ilsfcr coe ffi cient h" and the ove rall heal nux for a s in­
gle cy linder engi ne with a O. I-m bore and stroke operating at 1000 rplll. average com­
bustion gas temperature o f 1000 K. coolant temperature o f 350 K. and fuel -ai r flowrate 
of 2 X IO -~ kg/so A~S lll11e k = 0.06 \V/m K and p. = 20 X IO- fl Ns/m]. 

SOLUTION The Reynolds number is 

,j,h 
Rr = -- = 1274 

A"I-Lt 

T he overall average he;lI transfer coefficie nt is found using the Tay lor correlatio n: 

/I " 0.1 = lOA ( I 274 f/~ = 22 1 R 
0.06 

U = 1330 W/m 2 K 
The average he al transfe r per un it area from the cyl inder 10 the coolant is therefore 

Q/A ~ II,,(r, - T,) ~ ( 1330)( 1000 - 350) ~ 0.86 MW/Ill' 

The cylinder in .~ tant a neous average hea tlransfer coeffi cient. h~((J), between Ihe cy lin­
der gas and wnll is .111 inpul to g lobnl. i.e., s ingle 7.one cycle cnJculalions, such a.~ the fi­
nite heat release model represented by Equntion 8.26 . TIlere are two corre lations th ai are 
used, the Annand and the Woschni correlation. 

The Annand (1963) corre lation was developed from cy linder head themlOcoup le 
measurements o f in sta ntaneous heat nu x. It uses a constant characteristic ve loc it y, the 
mean piston speed, ;lIld a const:ml charac teristi c length, the cy linder diameter. The prop­
erties. such as the thermal conductivit y and viscosity. to be used in the corre lati o n are 
the lone :1ver<lged ins tant<lneous values. The ins tant<lneou5 gas density can be determined 
from thc known constant charge mass and instantaneou.~ cy linder volume. The Anll and 
correlation is 

[R .J5) 

where the cons tant. (/ , i .~ 0.49 ror a four-stroke eng ine, and 0.26 fOf n two-stro ke enpine. 
Ano the r correlatio n fo r the ins tantaneous cy linder average heat transfer coeffic ie nt 

is due ~o Wosc hni ( 1967). The Woschni correlation was deve loped using a heat bal ance 
nnalysis on a diesel engine and llses a constant characteristic len gth and a variah le 
charncleri s tic veloci ty In account for the gas mo tion induced by combustion. The Wnsdmi 
com:lation is 

Nil =- 0 .035 R(,n H (R.J6) 

The characteri .~ li c ga .~ ve lncity in the Wo.~c hni correla tio n is proportional 10 the lIle:l" pis­
ton speed during intake, com pression, and ex hau st. During combustion and ex pansion, it 
is assumed that the gas velocities arc inc reased by Ihe pressure rise resulting from com­
bmlion. so the characteristic ga .~ ve locity has bOlh piston speed :lnd cy linder prc.~surc rise 
tenns. 

u = 2.2R Ur + 000324 T V" tlPr 

. "V" P" 
(8 .l7) 
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where 

Ur = mean piston speed (mls) 

7" = tcmpcrnture at intake valve closing (K) 

V" = cylinder volume at intake valve closing (m·') 

VJ = d isplacement volume (mJ ) 

6. P~ =- instnnlnneous pressu re ri se due to combustion (kPa) 

P" = pressure at intake valve closing (kPa) 

The pressure rise due to combustion is the cylinder pressun= in the firing engillC' mi­
nus the cylinde r pressure in the motored engine at the same crank angle . The laller can 
be estim ated by usc of lhe isentropic relation pvt = P"V,; = constant. Equat ion 8.37 is 
appli cable when the valves arc shut. When the valves are o pen. the gases an= accelerated 
because of the flow inlo or out of the cylinder. In this ca.'ie Woschni uses 

U~6.IBU, (8 .JIi) 

In dimensional fonn, assuming k - T Ou , and I-L - T 062 (Heywood. 1988). the Woschni 

corre lation is 

/It = 3.26 pOR Uo" 1;-02 T - H~ (8.39) 

where the uni ts of hr. P, U. h. and T are in W/m~K. kPa. mls. m. and K, respectively. The 
constants in Woschni' !; correlatio n were detennined by matching experimental n=suhs from 
a particular engi ne. When applied to any other engine. the constants are estimates at be!>t 
and it is no t uncommon to find engineers adjusti ng them to better suit their own engine. 
FOf example, an empirical fonnula fo r the instantaneous heat tf:ln.~fer coefficient ror a 
spark ignition engine is g iven in Han et al. (1997) as: 

OIAO) 

where 

U ~ 0.494 U, + 0.73 X 1O - "( PdV + VdP) [8AI) 

EXAMPLE 8.2 EJJut of Cylinder Heat Transfer 

Compare the mean erfective pressure, me net work and indicDted thermal efficiency for 
an engine modeled with and without cylinder heat tran sfer. Use the Woschni heal Ir.ln~· 
rer correlat ion. The engine has a bore of 0.1 m, stroke of 0 .1 m. and connecting rod length 
of 0. \5 m, with a compress ion ratio o f 10. The engine speed is 3000 rpm. The bum ini· 
tiation is - 25 degrees atdc , the bum duration is 70 degrees crank angle and the Weitlc:­
parameters are a = 5 and /I =- J. The fuel is oc tane with nn equi va lence rutio of 1.0, nnd 
the inlet temperature and pressure are 300 K and 1 bar. The average cylinder ...... all tem· 

perat ure is 400 K . 

SOLUTION The web softwOlre accompanying Ihe text contain s an apple!. Fini/(' Hrrlt RrirrlJ(' 
with Heat Transfer. Ihat solves lhe finite heDt release equation. Equation K. lb, for the 
cy linder pressure. temperature , and wo rk, for a g iven se t of eng ine and ruel condition .~ 
du ring the compression and expansion stroke s. The valve of the lower heat of combu­
lion qr is obtained using Tab le 4. 1 fo r the fuels octane. d iesel. methane. propane . 
methanol. and ethanol. Equ ati ons 2.64 and 2.65 are used in the applet to account fur 
the e ffecl of the equivalence r:ltio r/J on the average spc:cific he:at ratio y und Ihe heat 
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Figure 8·15 Piston temperatures versus 
engine spe~d lit full load (Li. 1982). 
Reprinted with p~nnission (f) 1982. 
Soci~t)' of Automotive Engineers. Inc. 

Cenler 01 crown 0 
Top ring land 0 

Second ring land t:. 

Middle 01 skirt 

x by Tosn and Furuharna 
. by Madizar 

1 
2 
3 
4 

the cylinder head area, and the piston crown area, assuming a nat cylimk:r he(ld. 

II'here 

" , A .. (0) = A .. ·~II + Abo:l<l + A 1'nlO .. = 7Tb)' + "2 b-

y = exposed cylinucr wall height = a + / - [(P - (l~ s in~ 8)1/2 + a cos 0] 
a = c rank radius (5/2 ) 

I = connecting rod length 

(1::.28 ) 

A more rigorous heat tnmsfer analysis is zonal modeling. in which the cylindcr volume 
is divided into individual control volumes. t!:lch with its own thermodynamic proper1ies 
and heut transfer coefficiellt. For e}wmple, a two zone model separating the cylinder gases 
into unburned and burned gas fractions, with the moving flame separating the two zones 
is given in Krieger and Borman (1996). A four zone model consisting of the cenlml core 
zone, n squish zone, U head recess zonc, and n piston recess zone was uscd by Tillock ant.! 
Martin (1996). With zonal mode ling. lhe char;,u.:teristic length and velocity are zolle 
dependent. The charilctenstic velocity is usuall)' taken as an effective velocity with com­
ponents from the mean and turbul ent now field. 

As the number of zones increases to length scales thature much less thun the cylin­
der bore . the modeling is temled multidimensional. With multidimensional models, the 
mass, momentum, alld Cllergy conservation equations lake the form of par1ial differential 
equations, which are solved numerically. Detailed turbulence and reaction ral e models arc 
also required. For example, lhe use of turbulent heat tmnsfcr models in the multidimen­
sional KIVA code is givcn in Reitz (1991). 

S,(i 
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HEAT TRANSFER CORRELATIONS 

Enginc heat transfer data is correlated with the fluid conditions using two nondimensiunal 
paramctcrs. the Nusse lt and Reynolds numbers. TIle heat tmn sfer coefficient of interest 
call be extracted from the Nussdt number. TIle Nusselt number, Nil, is the r.uio of the 
convection to the conduction heal transfer over the same temper,lIure difference, and ex­
pressed as : 

hL 
Nu= -

k 
01.29) 

where" is a heat transfer coefficient, L is a length scale such as the cylinder bore, and k 
is the working nuid thermal conductivity. The heat tr:lnsfer coefficient varies with posi­
tion in the t.:y linder nnd is tirne-depcndcrH. The Reynold number. R(', u ratio of the iner­
tial to viscous nuid forces , is expressed as: 

pUL 
Re= - -

" 
(H.30) 

where p is the nuid density, U is a characteristic velocity, and J.L is the dynamic vi~os ­

it)'. Values of the lhemlai conductivit), and viscosity are given in Appendix A. Because of 
Ihe approximate nature of the correlations, it has been suggested (Krieger and Bomlun, 
1966) that the use of :lir datu for Ule thennal conductivity and viscosity of the combus­
tion gases is adequate . 

The Reynolds and Nusse lt numbers vary both in time, i.e., with crank angle and with 
location in the engine . Since many energy balance calculations only require: an avcmge 
Nusscit Ilumber. averaging processes ove r space and/or time are used. The gas properties 
arc evaluated :It the uppropriate mean effective cylinder gas temper.!ture, which can be 
obtained using the ideal gas equation for known cylinder pressun:: ami volume. 

The characteristic gas velocity in the cylinder d.:=pends on a number of par.:ameters , 
suc h as the pis ton speed, the amount of swirl and tumble present, the amount of com­
bustion, ;lIId thc lev~1 of turbulence . Since the gas velocity in the cylinder s(; ales with 
the piston speed , the me,HI piston speed is often chosen as a firs t order estimate of the 
charuclcris ti c gas velocity in the cyl inder for the Reynolds numb~r. TIll:: m~an piston 
specd V,. is 

(H.311 

In tenns of the mass flow mte into Ule engine per unit piston urea, the Reynolds number is 

(OIl 

A correlation for the overall engine heat tr;lIlsfcr coefficient, h ... between the cylin­
der gas and the coolant, is that of Tuylor (1985) . nlC.~ Nusselt number in the Taylor cor­
relation implic itly indudcs Ihc cunduction and mdiation heat transfer compollenb, and 
the Reynolds number is b:lsed on the fuel -air mass now rale. For two- or fuur-stroke 
engines. compression or spark ignited, the correlation is 

The overall heat flux using Ihe piston area ,.11' = 1/ 4 rr b! a.'i the reference area ill 

Q - . 
- = ",,(T, - 7,) 
A" 

(H.331 

(H.J41 

• 
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Figure 8·13 Piston mesh (Li. 1982l . Reprinted with permission 
V 19R2. Soc iety of Autmnoti ve ETlgincer.~. Inc. 

is used in estimating tlte heat tran sfer coefficien ts on the crown of the piston in COil tact 
with the cylinder gas. Results obtained for a 2.5 liler. four-cy linder engine :It WOT are 
given in Table 8-3. Notice that both the mean gas temperalUre nnd the mean heal trans­
fer coefficient increase with engine speed. 11le mean gas temperature increases because 
there is less time for the gases to lose heat as engine speed increases ; whereas the mean 
heal transfer coefficient increases because of increased gas motion at higher speeds. 

Rcsuhs obtained for a dished and slotted pi ston run in a 2.5 lilcr four-cylinder engine 
at 4600 fllm and wille open throttle arc given in Figure 8-14. The values associated with 

Tobie 8-3 Variation o f Mean Gas Temperat ure i1nd "leilt Tri\n .~ fer Coeffici ent i1t the Top of the 
Piston with Engine Speed" 

Engine Spt:ed (rpm) 

2400 
3600 
4600 

,'iOUTr(: Li ( 1982). 

-A di~hed ri~ron nmnin!! in n Z.S L engine \VOT 

T,(K) 

1263 

1310 

1J35 

1820 

2430 
28011 
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Figure 8-1-1 Calculaled 
;tnd mealiun:d lempcralure 
dilirriblrrion~ in pj~lon pin 
I1tHJ thnJ.~t plnne~ (deg C). 
Men.~ured vaJue~ indicated 
by dot~ (Li. 1982). 
Reprinted wilh permili~ion 
{;r 19R2 . Society of 
Automotive Engineerli. Inc. 
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221 
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the dais arc measured temperatures. and the isotherms shown are the results of computa­
tions. TIle agreement obtained is reasonable except in the skirt nrea where the computed 
temperatures are 100 low. The calculated results show that three area.. .. are particularly im­
portant in dissipating the pis ton heat input: (I) the ring groove surfaces. (2) thc underside 
of the dome. and (3) the upper portion of the pin bearing surface. From the ring groovcs. 
heal nows into the rings, through the bore. nnd is eventually absorbed by the coolant. 
From the underside of the dome and the surface of the pin bearing. the heat is convected 
into an nir-oil mist and is eventu:llly absorbed by the oil in thc sump. 

The results of similnr C:llcuJntion .~ arc summarized in Figure 8- I 5 to show the dTect 
o f engine speed at wide open throllie on piston temperature. Temperatures in thc piston 
arc lIetermined by the average hc;1I now into the piston and the effectiveness with which 
the heat can be dilisipntcd to the oil and the coolant. A.~ speed increa.~es. the hc;]t Oow in­
crcases. whereas the averill! heat tr;msfer coefficients to thc COOlilOt anll oil dran~e lillie; 
thus pi s ton temperature increascs . 

The finite heat release mooel introduced in Chapter 2 can be modified to includc the 
differential heat transfer tlQ ... to the cylinder walls. if the instantaneous average cylinder 
heat transfer coefficient " t(O) and engine speed N are known . The finite heat ~Ieasc 
equation. Equation 2.30. with the :u.ldition of wall heal lransfcr is: 

tiP ,. - I arlo rlQ.. PdV 
dO ~ -v- Q", do - dO' - YVdB 

(8.26) 

111e heal transfer rate at any crank ;lngle n to the e%.posell cylindcr wall at an enginc speed 
N is determined with .1 Newtonian convect ion equation: 

dQ" 
- ~ ",(0),1 •. (0) (T,(II) - T.)/N 

riO 
(8.27) 

The cylinder wall temperature T~. in the 3bove equation is the area-weighted mean or the 
temperatures of the exposed cylinder wall. the head. and the piston crown. 1bc: heal tram­
fer coefficient "iO) is the instantaneous area avefilgcu heat transfer cocfficienl. As given 
in Equation R.28, the exposed cylinder area A .. (O) is the sum of the cylindcr bon: area. 
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as well as an initial conJition 

r ~ J:(.,) a' I ~ 0 (H.IH) 

An exact solution call bc wrinell in closeJ form but it is quite cumbersome and as a re­
sult, no more illustrative than a computer solution. Fortunately. an approx imatc suI uti on 
can be derived for the prac tical case where 

wI » I and 

In this case the temperature field is given by 

Inspection of this solulion shows Ihal: 

WLl » 
2u 

(8.19) 

1. The surface temperature at x := 0 oscillates with the same frequency as the imposed 
heat nux but with a phase Jifference of 1T/4; 

2. The amplitude of the osci llations decays exponelltially with the distance x from tbe 
surface; the amplitude is reduced to 10% of that at the surface at a distance given by 

('u)'" (2u)'" 0= - In(O.IO) ~'"' = 2.) -;- (8 .21) 

For a two-stroke engine operating at 2000 rpm (w = 209 S-I) and matle of cast iron 
(a = 2 1 X 10 - 6 m2/s) this length is rather small, 0 = 1.0 mm. For aluminum, 0 = 2.2 
mm and for partially st:1bilized zirconia (a ceramic used in prototype insulated engines) 
0= 0.7 mm. 

The penetration tlistance 0 is a measure of how far into the material !luctualions uboul 
the mean heat nux penetrate. For dist;:ulces x greater than 0, the temperature distribution 
is more or less steady and driven only by the time average heat flux. Since the lellgth 0 
is r.tther small compared to the dimensions (wall thickness, bore, etc.) over which COII­

duction heat transfer occurs, two simpliiiciitions can be made: 

1. Conduction heat transfer in the variolls pans can be ussumed steudy ilnd driVen by the 
average nux; 

2. Heat transfer from the gas can be coupled to the conduction analysis accounting for 
capacitance on ly in a penetration layer of thickness 15 in series with a resistance com­
puted or measured for a steady state. 

A five mode thermal network for a cylinder waU is given in Figure 8-12. The model­
ing of the penetration layer can be complicated by the presence of an oil film or dryosits. 
Fortunately an accurate model is not required as the fluctuations about the mean "D tend 
to be small compared to the gas-penetration depth temperature tlifferencc Tit - T6 • For 
an engine operated at a steady state, the penetration layer is thin because the eng ine fre­
quency, which dictates the frequency components of the heat flux imposed on the gas­
solid interfaces, is rather high. On the other hand, in the case of an engine being 
accelerated or decelerated, the penetration layer is thicker because lower frequency com­
ponents arc added to the heat flux thaI are characteristic of the rates of change of engine 
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Figure 8-12 TIlennai network with c.lpaci ti\J1(;e node 
for penetration layer. 

speed. For example, one coultl define a characteristic time T by 

. 1 I dw 
T :=--

W dl 

In the case where T = 5s, the penetration layer would be 

{j = 2.3 (2aT)Ir. 

(8.22) 

IX.2)) 

which is 0 = 33 mm for cast iron and no longer small compared to the typical dimen­
sions over which the heat is transferred. 

Determination of the temperature profile of an engine component !;uch as the pblon 
requires solution of the lhrt:e-dimcnsional heat conduction equation. As an iIlu!;traliun. a 
case study (If hcat transfer in a piston will be presented (Li. 1982). Figure K-\3 "hu ..... ·' 
how a piston call be divided into a number of cicmenl!l fOf analY$i" . Only one 4u.adr::am 
of the piston in the x-} plane I\ecd~ to be considered a!. ~ pi!>too i!o>. in thi" C:;"\.C. ,ym· 
metrical. As mentioned earlier. the pi!>ton can be treated as steady ami driVen by an aver· 
age heat nllx since the penetration layers are small. TIle mean cylinder gas temperJturc 
is cOlllputt:d using a cycle simulation to predict instantaneous gas tcmpemturcs and then 
integrated according to 

- If'" T~ = - -- hltT~ dO 
41Th~ u 

(H.24) 

where h~ is the instantaneous heal transfer coefficient (the detenninatiun of which i .~ the 
subject of the next section). Likewise an average heat transfer coefficient 

- I I" h~ =- h, dO 
41T u 

(X.25) 
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Figu~ 8-9 Hcal flux hislorie~ or fi ve con~cclllive cycles nllocation HTI defined in 
Fig. 8-8. N = 1500 rpm. til = 0.R7. MBT (Alkidas nnd Myer.:;, 1982). 

head (HTI, HT2, HT3 .• md HT4) and one (HT5) on the major thmst side of the cylinder. 
TIle combustion cbnmber is disk shaped and has a centrally located spark plug. Results 
obtained at the location HTI .lTe given in Figure 8-9 for five consecutive cycle1i. The cy­
cle to cycle variations noted in Figure 8-9 arc caused by cycle to cycle variation1i in ar­
rival times of the turbulent flame at the po.~ition HTI. Notice thai most of the heat trans­
fer occurs early in the expnmion stroke at 360 to 420 degrees crank <Ing)e. Negative nux 
can occur latc in the expansion stroke and during the intake stroke. Results ootained for 
other thermocouple locntions arc shown in Figure 8-10. That the flame arrives at position 
HT5 later than at the other positions is clearly indicated. 

8.5 HEAT TRANSFER MODELING 

TIle heat transfer proce1ises in an internal combustion engine can be modeled with a va­
riety of methods. TIlese methods mllge from simple thermal networks to multidimensional 
differential equation modeling. 

Thermal network models, using resistors and capOlcitors. nrc very useful for rapid ;1Ilt! 

efficient estimation of the conduction. radiation. and convection hent tmn.~fer proce .~ses in 
engines. Using a thermal network, the significant resistances to heat flow, and the effects 
of changing materinl thennal conductivity. tbicknes.~. nnd coolant properties can be e,L~­
ily determined. A simple four node series network, which includes convection and 
conduction resistances shown in Figure 8-1 I is an illuslmtion of the steady stnte heat trans­
fer from the engine cylinder gas to the coolant. This series pnth is composed of convec­
tion through the cylinder gas boundary layer, conduction across the cylinder head wall. 
and convection through the coolant liquid boundary layer. The cylinder gas boundary layer 
insulates the cylinder wall from the high temperature cylinder gases. Thennal networb 
arc primnrily used for convection and conduction heallran1ifer. as the rndiation heat trnnsfer 

.- - - --------
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Figure 8-11 Simple lJlcnnal resistance network. 
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equation needs to be line'lrized to confonn to the resis1<lnce model. Using Fourier's equa­
lion, the conduction resistance is 

/;T L 
R c"nd = Q/A = k 

and using Newton's equation, the convection resistance is 

R ~A!...~_ 
cun _ Q/A h 

IH.I3) 

IH.14) 

Examples of resistor-capacitor them1al networks applied to engine W:lnn-up nnd steady­
state operation arc given in Shayler et al. (1993) and Bohac et:ll. (1996). 

We now consider the unsteady nature of the heat nux from the comhu1ition gus to the 
cylinder wall. The cylinder w.lil has a periodic heat nux on the gas side and a constant 
surface temperature on the coolant side. The problem posed requires solution of Ihe heat 
conduction equation. 

aT a"T - = a-, 
ar (1:c 

subject to the following boundary conditions 

-k aT ~ 
rh = qu + q~ sin(ftJf) 

T=T1. alx=L 

alx = 0 

IH.15) 

(8.16) 

(8.17) ,. , . 
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Figure 8-6 Piston cooling paths. 

The main cooling path for the exhuust valves is through the valve scat, since the 
exhaust valve is closed for about three strokes of the four-stroke cycle. The cooling 
mechanism is thernIal contact conduction. TIle conductance depends on the maximum 
cylinder pressure, which compresses the valve onto the valve seal. Values of the thermal 
contact conductance between 5.000 and 35.000 W/mK have been measured (Wisniewski, 
1998). Hollow valve Siems partially tilled with sodium have been used to increase the ef­
fective axial thennal conductivity of the exhaust valve. The sodium melts at 370 K. so at 
temperatures gremer than 370 K. there is internal natural conduction in the axial direc­
tion inside the valve stem. 

Resolution of the instantaneous heal transfer at the cylinder surface can be achieved 
by inserting a surface thermocouple into the engine structure, configured in a design orig­
inated by Bendersky (1953). The essential features of a surface thermocouple used for 
this purpose .<lre shown in Figure 8-7. Within the plug are two themlOcouple junctions, 
one at the surface and one at a depth ax from the surface. The basic idea is th,ll accord­
ing 10 Fourier's law for small ax, 

q" 
1'.1' 

-k­
I'.x 

(8.9) 

The criterion for small ax is that it be small compared to the penetmtion layer D. 
Unfortunately it is just not practical to build a plug with ax « D. Therefore, instead. one 
solves the hent conduction equation between the two thennocouples, assuming that it is 
one dimensional. 

The measured surface temperature variation in time is fitted by a Fourier series 
N 

7(0, r) = 1'(0) + L [A,cos (iwr) + B, sin (iwr)] (8.10) 
; " 1 

to detcnnine the coefficients A; and 8,. The heat nux is then 

q" = -k {aT + ± r;:[(B; - A;) sin (iwr) + (8/ + AI) cos ([WI)]} ax /"'1 V--:;; (8.11 ) 

The tenn w is one half the engine frequency for a four-stroke engine and equal to lhe 
engine frequency for a two-stroke engine. The curve fit, Equation 8.10 is applied to one 
engine cycle. 

In order to calculate the total heat loss from the combustion chamber, one must eval­
uate the heat transfer at every point in the combustion chamber and integrate, as indicated 

Figure 8-7 Essential 
feillllres of ,I surface 

Ihcnnocouplc plug used 
10 measure ltlCal. 

instantaneous heat loss 
(Dent and Suliamllfl, 
J 977). Reprinted wilh 
pennission !O 1977. 
Sucil:ly of Autumoljvl: 
Engineers, Inc . 
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by Equation 8.12. For this reason a number of surface thermocouples should be inslalled 
into the engine. 

0(/) = f q"(/),L4 
AI') 

(8.12) 

Figure 8-8 shows the location of live surface lhennocouples in a four-stroke. propane 
fueled. spark. ignition engine used by Alkidas and Myers (1982). TIlere ar~ four in the 

Figure 8-8 Five locatiolls 
(HTI, HTI •. .. ) of surfm::c 
thennocuuples ill n spark 
ignition engine studied by 
Alkidas and Myers ([982). 
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Figure 8-4 Energy balance on an 
automoljve engine (Coune~y D. 
Brigham or Ford Motor Co. ). 
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Figurl:: 8-5 shows one cylinder used o n a Prall and Whitney Mark R-2ROO air-cooled 
aircraft engine. Fins were used 10 cnhance the heat transfer from the eng ine. Note that 
42% of the heat loss is dissipalcd by fins in the vicinity of the exhaust va lve. Results of 
an energy balance obtained on a single·cylinder version of this engine are given in 
Table 8·2 (Ryder. 1950). 

Under cruise condilions the e ngi ne runs at 1800 rpm, wi th a bmep = 880 kPa and 
tP = 0.90. During takeorr. the engine speed is 2700 rpm. with a bmep = 1385 kPa ;md 
tP = 1.65: the engine is fueled e.'(tremcly rich. and only about one hair o f the ruers en· 
ergy is released. This is done to utilize the liquid ruel's laler1l heat for cooling and to avoid 
knock limi ting the power. Beca\l~e the fuel consumed during takeoIT is sma ll compared 
to that used in the entire Irip. the r:lcl Ihal ruel is w:lsled is or secondary concern. NtJlice 

Tnhlc 8-2 Energy O:tlance 011 an Air·('nnled . Sp;lrk Ignition Aircrart Engine" 

Nonn;l1i1.cd hy Q;n 

N(rpm) brnep (b;lrl Q"h,,,.' 0"" Q ,,,,"""n, \j' ,h.l, ./. Q,n/1il,q, 

18{){) 8.75 0.44 O.Oy 0. 18 0.29 0. 90 0.98 

2700 13.72 0.4-1 O.OS 0. 12 0.35 J.(iS 0.46 

Sourrr: Ryder 11950). 

"Engine: b = 146.1 mill. ,! =< J:'i2.4 nUll . 
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that during takeorf 35% of the heat released is used. but that the brake thermal efficiency 
oftlle engine is only 0.45 X 35% = 16.1%. 

8.4 CYLINDER HEAT TRANSFER MEASUREMENTS 

111erc arc a wide range of tempcm turcs and heat nuxes in o.n internal combustion engine. "The 
valucs of local trnnsicnt heat nuxes can vary by an order of magnitude d.=~ncJjng on the Sp;l­

tial location in the combustion chamber and tht: crank angle. lbe source o f the heat nw; is 
not only tJle hot combustion gases. but also thl:: engine friction that occurs between the pis· 
ton rings and the cylinder wall. When an engine is running at a stl::ady stale. the heat trans­

fer throughout most of the engine structure is steady. As will be shown. unsteady ~riodic 
effects arc limited to a pcnelr.Jtion layer about I · to 5-mm thick lit the: ga. .. ·waJ l interface. 

The maximum heat nux through the eng inc components occurs at full y o~n throltJc 
nnd at maximum speed. Peak hcat nu;'(es are on th e order of Ito 10 MW/m!. The heat nux 
increases with increasing enginc load and speed. The henl nux is largest in the center of 
the cylinde r head. the exhaust valve se:lt and the center of the piston. About 50% of the 
heat now to the engine coolant is through the engine head and valve seats, 30% through 
the cylinder sleeve or walls. and the remaining 20% through the exhaust port area. 

The piston nnd valves. since they are moving. arc difficult to coo l. and o~r.1te at the 
highest temperatures. Tcmperature measurements indicate that the greatest tcm~ratures 
occur at the lOp or crown of the piston. since it is in direct contact with !.he combustion 
gases. The crown temperatures can be as high a. .. 550 K. The tem~rntures of !.he piston 
and va lves depend on their thcrmal conduc tivity. As the thermal conductivity increa<;es. 
the conduction resistance decreases. resulting in lower surface tem~ratures. f-or the same 
speed and loading. aluminum pistons are about 40 K coole r than ca.~t iron pistons. The 
main cooling paths for the pis ton are conduction through the piston rings to the cyli nder 
wall and conduction through the piston body to the air·oil mist on the underside of the 

piston, as shown in Figure 8·6. About half of the heal rejected to the cylinder wall from 
the piston is from cylinder friction. 
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important that the tempcrature '1~ currcspontls to the mass avcr.lgecJ temperalure or the 
exhaust; for thi s reaso n there is ;.11\ insu latctl plenum that scrves to mix the hot e;r; haust 
gas emitted early in the cycle with the coo ler c.\haust gas emitted later ill the cycle . A fur. 
ther complication is that the thermocouple meusurement must be correcteu for radiati on 
heat lransfer 10 obtain the true gas temperature. An energy balance on the thermocoup le 
tip yields 

(M.S) 

where c is the emiss ivi ty of the thermocouple lip, u is the Stefan· Boltzmann constant, h 
is the heat tmusfcr coefficient :lIthe tip (printed in bold 10 d istinguis h it from Ihe symbol 
h for enthalpy ), T~ is the tip temperature, amJ T~ is the exhaust plenum inner wall telll­
perature. 

In doing these energy ba lances. it is cum ma n practice to cvaluate the maximum 11I':;lt 
that can be recove red rrom the exhaust gas . 'nlis is computcd rrolll an encrgy balam:c on 
the e;r;hall.~t where it is couled til ambient temperature 

(H.6J 

In evaluating the exhaust enthal py at :llIlbient tempemture. cquilibrium water qualit y shuu lLi 
be used. as discusseLi in Chapler 4. 

If Equation 8.6 is substituted into Equation 8.3, one obtains 

(H.7) 
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Tuhlc K· I Energy 8,,1 :1Iu':c IlJl " I\JcdiulII Speed. Four.SnoKe, Diret;"t -lnje(IHlIl. ShalJll'" ,Ullw l. 
Tluhudlar!!CU Diesel EIl!!UlC" 

N(rpm) h lllep (bar) Q . " ,o~ .. Q MO'" 

SIXl ') .l}O () .151) O. lli'I 

5UO 3.52 0..137 O.IUK 

400 350 O.·t3:! 0 .151 

SOUl.· .. · Whueh"usc (11)711-7 11. 
~EII !!ille . h '" J~ .g mlll • . \ .. ]K IIIIIII. f '" t ~ JI~ . 

AllLlllcm: r :: ~I)) K. f = I.UI b;II . 

O'm - U ..... ... 0,,1 + Q,..", ... - li'h'." 
All CIICf1:.Y ralc. ilrc nonnali /.cu hy Ihe fllel r"lc . b .. 

where. by L1efinition 

0.0)7 
0.065 

tUl7.! 

Q ........... 
U.()69 

UlN2 

0.026 

w .... 1t 

0.317 
0 .29K 

0 .315 

1\' ,,~,.~ Q~" 
O. J{XJ 0.12.! 

0. 17K O.Oi'l7 

0.092 0 .159 

OLKJ 

Finally, if the fue l and air arc at thc ambient temperature. (he engine runs lean ur !>toi ­
chiometric, and the ambient temperature and pressure nre coi ncident with the rderem:e 
temperature alld pressure, the II the inlet enthalpy is Ihe prod uct of the rue! now rate und 
the fud 's stokhiometril: heat o f co mbustion. 

SOllie results obtained by Whitehuuse ([1)70- 11)7 [) for u medium speed die!>cI engine 
are given in Tab le 8- 1. The diese l cngine was a single cylinder tes t engine with a bore uf 
304.8 nun and a stmke of 3H I 1lI1II. The table also gives he;1l equivalence or the frictiull 
so that one can a.scertaill huw much of the heat lost to lhe ilmbient air, 10 the ui l. allLl to 

the wat er, is from the work illg fluid and how much is from friction. The over.J 1I heat 1m,:!> 
is the sum of the heat transfer IU the water, o il. anLi ambient air minus the frictiun won:.. 
The temlS in the table ilre normali:t.ed by the input energy of the fuel. Inspection uf the 
shaft work term reveals thill the engine has u brJke thennal efficiency of about )O'l-. About 
45% of th e energy is rejecteu in the exhaust, 10 to 15% is dissipated by fricti on. and I () 
to 15% is di ss ipated by he.1I loss. 

We now compare the diesd e ngine re !> ult s wi th energy ba lance results for ~park. 

ignition engi nes. Figure 8·4 shtlws the results o f a n energy balance on a sma ll , :opark.­
ignit io n aut omobile enginl!. This engine IIiIS a n internal oil pump and the heat rejected 
to the oi l is carried away partly by the coolan t and panly by the heat lost to ambient 
air. As the load increascs and the intake manifold pressure increases from P, = 0.-4 bar 
to P, = 0.8 bar, the energ y convertcJ to shaft work incr.cases from about 20 tu JO'A-. 
the ..:oolant load dec reases from about 40 to 30%. the exhaust energy varies (rum about 
30 to 35%. and the heat lost to ambie nt air decreases rrom about 10 10 51l: . nle en­
erg y dissiplltcd by friction dct:" rei1 .~es from about 14 In 7% ror the same loads. The tulal 
heal lu s.~ frum the gil s tu tlte (oiliant and ambient air du ring the cycle is abuut 1M tll 
36%. 

The die scJ engine loses only abuut one half as much hcat 10 the coolant and ambient 
air ,IS the gasoline engine . yet their shaft efJiciellcies are about equal :o incc 1I1e Jie:-eI en· 
gine has Illore exhaust energy than the gasolinc enginc . As di scus~d above. eApcrilllenl:o 
with insuhlt ed engines show that a redut.: tion in the coolanl heat loss has D small imrat.:t 
011 the shaft efficiency and that Ihe heat no [ongcr 10101 10 the coolant moslly appears in 
the clthaus t encrgy. If a turboc harger is used. the available ponion or the exhaU!>l cnergy 
ca n be cl.Hlvcncd lu useful wur~. 

• 
• 
• • 
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Figure 8·1. With air a~ a coolant. the hC<1[ i.~ removed through the usc of fim; altachcd to 
the cylinder wall, ns .~ hown schematically ill Figure 8-2. Both lypc .~ of cooling systems 
have various advantages and disndva nlagcs. Liquid systems arc much quieter than .. iT sys­
tems, since the cooling channels ahsorb the sounds from the combustion processes. 
However, liquid systems arc subject 10 freezing. corrosion, :md lcak;lgc problems tha, do 
not exist in air syslCrmi, 

As indicated in Figure 1-17 and rigurc R·l, the water cooling system b; usually a sin­
gle loop where a water pump sends coolnnt to the engine block, and then to the heml. The 
coolanl will then now to a radiat or or heal e;"';changer and back to the pump. The boiling 
tempCr:lIUrC or the liquid coolant can be raised by increasing the prcs!'Iure or by millin g 
an additive with a high boiling point, such as ethylene glycol. During engine w;mn -lIp, a 
thennostalically controlled valve will recycle the coolant now through the engine hloek, 
bypassing the hcat exdJangcr. As fhe cngine heals up, the v;lIvc will open up, and .. lInw 
the coolant to flow tn the radiator. The time required rnr engine wann-Ilp to a .~ teady .~t;1te 
operaling temperature depends on the cngine .~ ize, speed. and load, ami i.~ tYrically or the 
order of 10 minutes for an automotivc engine. Dual circuit coo ling with separate circlli ts 
10 the head and block has also been used. 

The design or the liquid coaling passages in Ihe enginc block and head is done elll­
pirically. TIle primary design considcration is to provide ror surticient coolant now at th e 
high heat flux region s, such as the e:dlaust valvc.~. Since the area between ex.hm\.~1 valvcs 
is diHicuh to cool, some ;lUtomotive engine designs usc only one exhaust valve to reduce 
the heating of Ule inlet air-rucl mixltlre. and thus increase Ihe volumetric erliciency. A 
review or preci!;ion cooling con:;iderations is given in Robin son ct al. (1999). 

The heat nuxcs and surrace tempcr:Jtures near the e)l;hallst manirold and ror1 arc 
high e,nough so that nucleate boiling can occur in the coo lant at those locatioll s. The 
boiling heat transfer coeHicienls arc much larger than !;ingle phasc forced convection . 
so that the surface temperatures will be correspondingly lower. For heal nU)I;es of Ihe 
order of 1.5 MW/m], the resulting surrace temperature or the cooting jacket will he ilbllut 
20 to 30°C above the saturation temperature, which is typic;dly tJO°C (400 K). The nll­
cleale boiling process is very cOl11plex. as bubbles fonned 0 11 the cooling cha nnel surface 
arc swept downstream and then condense in cno ler fluid . 

Engines wilh rclatively 10\1,' power output, less than 20 kW, primarily 1I .~ e air c{luling . 
Because the tbernml conductivity or ;lir is much less than th;1I or water. air systems ll.~l· 
fins to lowe r the air side surfilce telllperililire. For higher power output. an e.'{ternal Cllol ­
ing fan is used to inc rease the air side heal transfer coefficient. Aircrart engines are , f{lr 
the most pan, air cooled; supplying the required air flow is not a problem since the en ­
gine need not be enclosed and is IIsu;llly located right behind a propeller. Engine.~ th;lt ilrc 

operated for very .~hort periods or time, sllch as engines used in 1/4-mile dragsters, do 

8.3 
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not use a cooling syslem, and use Ihe thennal capacitance of the engine block 10 keep the 
gas side surface temperatures within limil.~. 

Since about one third or the ruel energy is lost as heattransrer to the coolant. it would 
seem rea.~on"ble to try to redtlce this heat loss, and thereby increase the efficiency or the 
engine. One way to reduce the heat now to the coolant is to increase the (henna I re~i .. -
lance or Ihe e ngine block through the usc or lower Ihermal conduclivil), materia!... such 
as ceramics, or adding thennal insulillion to the engine. Ceramic wall malcrials that can 
opernte at higher temperatures and have a lower thennal conductivity than cast iron are 
silicon nitride and zirconia. 

Experimental results rrom such engines show thai a reduction in the conl:lllt heat 
loss docs not result in a corresponding increase in the eHiciency of the engine (Sun ct 
a\., 1996). There arc a number or reasons ror this. Firsl, since the internal combust inn 
engine is a thermodynamic cycle, the heat to work conversion effit:iency is limited by 
the second law. For the expansion stroke. the engine convert.~ about )0% or the input 
heat to work. so at most. the same rraction or the coolalll heat transrer could be con­
verted to work . Second, by insulating the engine, the average cylimler temperature in­
crC<l.~es, and the exhaust temperature and enthalpy increase. The thermal energy that had 
been conducted to the coolant is now added to the exhaust stream. Third, since the pen­
etration depth or the combustion hent flux is only about a millimeter. the coolanl heat 
transrer is a relatively sleady stale process throughout the thermodynamic cycle. but the 
positive work is produced only during the ex.pansion sltoke. The coolant hent lransrer 
that occur.~ during the other strokes is not available to be converted to work. Finally, the 
higher wull temperatures will heat Ibe incoming gas during the inlllke stroke. lowerin!! 
ils volumetric eHiciency. For spark ignition engines, the higher wall temperatures dur­
ing the compression stroke can give rise to knock problems. Therefore, the majority or 
the engines that havc employed increased cylinder themlal resi.~tance arc compresjOion 
ignition engines. 

ENGINE ENERGY BALANCE 

An engine energy balance is obtained through experiments perfomled on instrumented 
engines. Figure 8-3 depicts an engine instrumented to detennine the quantities or heat re­
jected to oil. water. and to the ambient air. Aow meters 3re inslalleu in the water, and oil 
circuils and thennocouples measure the inlet and outlet temperatures . An energy balance 
applied to the water coolant and the oil nowing through tlle enginc yields 

Q"~lcr = (Incl') .... ,e'(T.1 - T~) (8.1) 

Q"'I = (mcl'),,;r(Tr - T2) /8 .11 

DClemlining the heal loss to the ambient air is more involved. The first law applied 
10 the engine sys tem is 

Q am .. = (,ill,)." + (,i,ll), .... , - (nJiI)eo OUI 
- Q .... n - On;1 - lV>hah 

The mass nnw rate or the exhaust is known in tenn s or lhe measured ma.~s now rates or 
air and ruel since 

(HA) 

The enthalpies of the exhaust, the air, and the fuel are based on the measured tempera­
tures T~, Ttl' and T7, respectively. The exhaust composition can be calculatcd theoretically 
rrom the known fuel-air equivalence ratio or it m:ly be measured . In either case it i .~ 
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7.13 

VolumetriL' ef/iciency: i',. == 0.91 

MedJanicai efficiem:y: lJ.I/ == OJ~8. 

• Net indicated power is proponional (0 airJlow rate 

(irnep),,,,-H' 

(imep)""'-IlA 

(':1',) 
1, l'C 

(".1',) 
T, NA 

In practice. the compression nHio was lowered to H.7 to avoid knock and the engine 
produced 117 kW at SH rps. 

The carburetion analysis presented assumed Ihat il steady 110w existed. This is approxi­
mately true ill carburetors serving four or more cylinders as at any point in the c.:yde there 
is an intake process occurring, Oben (1973). If there arc less than four cylinders served 
by a carburetor, then the fraction of lime an intake flow exists is given approximately by 

(J = 1I,/4f1 

where fI, is the number of cylinders served by /I carburetors. The average quasi-steady air 
flow rate through a carburetor when an intake flow is occurring is then 

• 1 N 
111" = - - e,p,V,/ 

IJ 2 
(7.74) 

where (J:$ I. Carburetor venturis arc sized assuming the maximum quasi-steady flow is 
twice the avemgc. 

(n) Assuming p, == Pv F == O. so[ve Equ;l1ion 7.68 for the effective l1uw area of the air 
based on a demand of D,. = 1.0. 

(b) Assume thaI tht:re arc II identical single-barrel carburelOrs so dwt 

"IT , 

A" = IIC'14d~ 

and that the discharge coefficient is Col = 0.75. Derive an expression for the venturi throat 
diameter d,. for an engine with II, cylind!!rs. 

(c) Campbell (1971) offers the following practical hint in sizing curburetor venturis. 

where 

d,. = vCllIuri diameter 

J V"., N d,(mm) = 20 -- X-­
, 1000 lOoo 

V,I.! = displacement volume of one cylinder (cmJ) 

N = maximum engine speed (rpm) 

He points out that this is based on a mean gas speed through the venturi of [J(l Ill/s allli 
that the venturi size is independent of the number of cylinders nnd the number uf cartm­
retors. 

Compare Campbell's equation with your result assuming P <>. ' = I bar, 1:". = 29H K 
and show that venturi size is im.lependent of the number of cylinders and independent of 
the number of carburetors if and only if Equation 7.74 is applicable. 

Chapter 8 

Heat and Mass Transfer 

H.I INTRODUCTION 

Satisfactory engine ht!;u transfer is required for a number of important reasons, including 
matcrialtemperature limits, lubricant performance limits, emissions. and knock. Since the 
combustion process in an intemal combustion engine is not continuous, as is the (:ase for 
an e.I(ternal combustion engine, the component temperJ.tures are much less than the peak 
combustion temperatures. However, the temper.lIures of certain critical areas necd to be 
kept below material design limits. Aluminum alloys begin to melt at tempcrulurcs greater 
than 775 K, and the melting point of iron is about IH{X) K. Differing tempcrJ.tures around 
the cylinder bore will cause bore distortion and subsequent increased blow-by. oil con­
sumption. and piston wear. Cooling of the engine is also required to prevcnt knock in 
spark ignition engines. 

Exhaust system heat transfer is aLso an important factor in emissions and exhaust tur­
bine performance. SmisfaclOry catalytic cOllverter perfomlance occurs above a thn:sholJ 
or light-off temperature. The threshold temperature (oxidation efficiency greater (han 5()ll.) 
for tbe catalyzed oxidation of hydrocarbon and carbon monoxide emissions is about 
SUU K. so that at exhaust temperatures less than 500 K, catalytic converter perfonn<lm:e 
is adversely affected. In addition. the continued oxidation of hydrocarbons and other pul­
luWnts in the exhaust system is a function of the e"haust systcm tcmpernture. 

Heat trar\.~fer 10 tht! air flow in the intake lllaniflllJ lowers tJle \'olumctric efficiency. 
since the density of the intake ;lir is decreased . Plastic intake manifolds with reduced ther­
mal conductivity (as well as reduced weight) are now being used to reduce intake air 
heating. 

The heat transfer rate in an engine is dependent on the coolant tempenllure and the 
cngillt! size, among other vari:lble.~ . There are complex inter.lctions between various op­
erational pilramcters. For example, as the temperJ.lure of the engine coolant decreases. the 
heat transfer to the cool an! will incrc;lse, and the combustion temper.lture will del:reas.e. 
This will cause a decrease in the combustion efficiency nnd an increase in the mlumcl­
ric efficiency. It will also cause ;HI increase in the themml.stresses in the cylinder !oolcc\·c. 
and illerc:.!se the size of the radiator needed, sincc the coolant-ambicnt temperature dif­
ference will decrease. The foml'llion of nitrogen oxides will decrease !lnd the ox.idnlion 
of hydrocarbons will decrease. The exhaust temperature will also decrease, caulroin!! a de­
cre;lse in the performanct! of the catalytic converter and a turbocharger. For more detailed 
information about engine heat tr:lIlsfcr, a comprehensive review is given in Borman lind 
Nishiwaki (I 9M7). 

8.2 ENGINE COOLING SYSTEMS 

There are two types of engine L'ooling systems used for heat lrJnsfer frum the engine block 
and hem.!: liquid cooling and air cooling. With a liquid cool ani, the heal is removed through 
the usc of internal cooling channels within the engine block., us shown schemati .. :ally in 

221 J 
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Compare the predicted resonant tuning rpm of the Helmholtz resonator with the .~ifllple 
acoustic lUning rpm of Equation 7.3R and al so Ihe experimental results ro r nm ximul11 
volumetric e fficiency plotted in Figure 7-22. A~sume D; is equa l to the inl et pipe diame­
ter. Make a table of th e tuning rpm verSll.~ tuning inlet pipe length for the five cases shown 
in Figure 7-22. 

Assume I, = R3 mlll • .I" = 106 1lI1ll. 0, = 0.05 Ill. ,. = 9, T". = 300 1\. 

7.10 A number of tarn sha l'l s arc :1\'aiJahk fllr an engine . These include 

7.11 

TIMING (DEG ) 

CAM 
10 Ie EO EC UFI 
bE< llh..: hhc alC mill 

Faclory )0 6" 6O 30 9.5 
A 26 fir, (j(j 26 II.'! 
B 22 62 62 22 10.) 

Discuss the effects these different cams might have, including duration and overlap ef­
fec ts. 

1.7 -- 10000 12000 
/ 

, 
I I BOOO 

, I 
4000 \ I t4000 rpm 

1.6 - I I I 
I I I 

I 6000 I 

1.5 I I -, I 
I I \ I 

000 ' 
I \ 4 5'" I I 

2 I \ '" 

'" 
I , I \ I 
I I I 50%\ I I 
I I I I , , , 

1.3 I " 
, , 

, " 55% , , , 
, " , , I 

1.2 , I , , 
1 40%, / 

llc = 30% , \ I I I / , \ I I / / 
\ \ / / / 

1.1 \ \ , -
\ " , --Figure 7-e Simulateu super­

ehllrger pcrformllnce (Sorenson. 

'9841· . 

1.°0_L-'-'_-'-~,J-_-1J'-_L _ _ L-_ _ '-
0.05 0 .10 0 .15 

Mass flow (kgfs) 

A simulated Roots supercharger map is given in Figure 7-e. Match (i.e .. find the re su lt ­
ant pressure ratio) thi s ~\lrcrcharger to a 2.0 liter. <I -stroke engine with tne followi ng \'01-

umetrie effi c ie ncies. 

N (rpm) e,( % ) 

1000 6R 

JO(HI 75 
6000 70 

Find the power required to drive Ihe superc harger at ench condition as well ns the oullc t 
lempcmlure. C hoose II compre~sor speed equa l to twice the engine speed. The prOCCthlfe 
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is ns rollows: 

(nl Assume a pressure mtio. 

(h) Read the compressor efficiency and mass now rate. 

(el Solve for the temperature and density nfler eompres.~ion (adiabatic va lues but not isen­

tropi c values). 
(d) Calculate the engine mass now rate with the density found in part (c) and the known 

vo lumetric efficiency. 

(c) Iterate until the engine m:l.~s now rale and compressor now rate are equal. 

(f) Calculate the compressor power. 

7_ 12 A naturally aspimted four-cylinder, four-stroke ga.~otine engine has Ihe following. speci fi­

calions. 

v,. 
I> 

s 

r 

23J6cm' 

96 mm 

80 mm 

9.5 

\\'" 83 kW nl N = 90 rps 

A turbocharged version of the engine utilizes the compressor mapped in Figure 7-<.1. 
Estimate the brake power of the turbocharged engine al N = 90 rps if the compressor ra­
tio is PlIP

I 
= 1.5. What is the compressor efficiency and speed? Wh:lI is the heal Ir.ms­

fer to the inler-cooler? 

Make the following assumptions. 

• For the naturally aspirated (NA) engine 

Inlet manifold conditions : T, = )1 0 K. P; = 1.0 bar. rb = 1.0 . 

Volumetric efficiency: c,. = 0.84 . 

Mechanical efficiency: "fI.I/ = bmep/(imep).,., = 0.90. 

• For the turbocharged (TC) engine 

Afterconlcd gas temperature: T; = 340 K. 

Flgll n' 7-1..1 COin pres~or map for a 
turhoc h:ugeo engine showing :ldiaoatic 
efficiency liS 11 function or pressure r:uio. 

mas~ nnw rate, nnd compres .~(Jf .~pced 
(Allder~ nll. BeIlSI~~on . • 111<1 Erik.~ s ()n. 
19R.I). Reprinted wilh JlCnlli~sion 0 19H-t 
Society of Automotjve Engineer.~, Illc . 

3.4 

3.2 

3.0 

:f 2.B 

~ 2.6 
.g 
~ 2.4 

• 
~ • 

2.2 

2 .0 

a. 1.8 

1.6 

1.4 

1.2 
/ 

, ->.-~-::: 

0.02 0.06 O.tO 0.t4 0.18 
Atr mass now (kg/5) 

0.22 
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7.11 HOMEWORK 

7.1 Derive an express ion fo r the volum etric efficiency of it supercharged cllgine, IIs ing ,Ill 
analys is similar to the derivation of Eq uation 7.27. 

7.2 If an engine has a bo re or O. 1 m, s troke of 0.08 m, inlet now effective ilre,l of4.0 x JO - .I m~ , 
and inlet tempe r.uure of 320 K, what is the maximum speed it is intcnded 10 be operilled 
while maintaining good volumetric cfficie ncy ? 

7.3 Explain how unburned fuel can appear in Lhe exhaust during the intake and ex ha ust 
s lro kes. 

7.4 A constant-volullle cylinder (sec Figure 7-01) contllin:;: air ut P" = 50 atm. 1;, = 2IJH K. At 
time I = D. a val ve opens nml closes 20 illS later. When the val ve is open, its effective n ow 
area is givcn by 

~ ~ [,in (TN)] 'I' 
AJ. "''' T 

where AI. Mlu = 1.0 Clll~ and T = 20 X IO - J s. Ass uming the heat trans fer coefricienl be· 
tween the gas and the vessel wa ll s is h = 100 W / ml K, find the pressure and tempera­
ture as a function or time duri ng the valve-open period. How much mass escapes the 
cylinder? The air mny be assumed to have constant specific heats with), = 1.4 and 
M ~ 29.0. 

7.5 It was explained in Sl!ction 7.2 that because of the pressure: drop across II va lve, it is ud­
vantageou s to close the intake va lve after bottom dead cen ter. Use the sa me logic to ex· 
plain why exhaus t val ves arc closed after top dead center and what the effec t or e ng ine 
speed is on the res idual fract io n. 

7.6 Suppose an eng ine were constructed with variable valve timing. thus ensuring optimum 
liming at all spceds. Expluin how the volumetric efficiency would depend on spl!el.J for 
wide-open throttle operation with short pipes and Z < 0.6. 
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r-- n • 5cm --j 
1___ __ I /'- III 1.0 aim 

r ~, 
Tc:B~"'" 

Figun: 7'11 

Figure 7-b Vi.l ve throal and slem dimensions. 

7.7 Fi gure 7· b shows an inle t valVe opened to lid, :::: 0.25. If the stem is chm,en to be 
tI, =: O. 15tl, l\lld the throat of the pun is tI, = 0.85d" what would ~ the now I.:udlicient 

based purely on thl! geometrical blockage? 

7.N (II) Calc ulate the ratios of the inlet va lve area tu piston area fo r the three configuratiun!\. 

a, b. c in Figure 7- 11 recommended by Taylor (1985) as being the maximum fca~i · 

bl!! for a Oat cylinder head . 

(b) If the inlet Mach index in eac h casc is held to 2, =- 0.6 and c, =- 400 m/s. fl, = O.J511, 
(7T/4) d ,~ (II, = number o f intakc val ves), Ulcn what is the maximum pis ton speed in 

each casc'! 

7 .9 The inlet air n ow in a si ngle-cyli nder four-stroke engine can be mooeled Ib a Helmho ltz 

resonator wit h an effec tive volume of 

VI r + I 
V~-'--­

I 2 r - I 

The reso nant tuning rpm (NI ) of the inl e t pipe of length L, ami diameter D, i~ prt'iJil.:lcO 

to be 

15 (l"D:)'r. 
N. = -:;c" Lv 

• 1 

Whl!re L, is Ull effective length rrom the inle t v,dve 10 the Iltm05phere and D, is an effec· 

tive diameter that with L, Illalt.: hes thc inlet sys tem vo lume. 
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7.10 

0.10 -
,'{ 

;r,; -y o.oa - 0.0030 _____ -

.! 0.06 _ 0 .0025 / 

Q 0.0020 --------, 
~ 

0.04 -

0.02 -

00 0.2 0.4 0.6 0 .• Flgu~ 7·54 The fuel-air ratio as n 
function of carhuretor demand. Carburotor demand (f),) 

ratio F yields 

By dclinition, the carburetor demand is then 

[( P, ),.H (P, )"' ]'n D=3R6 - - -
c _. po . Po, 

\.0 

(7 .72) 

(7 .7.1) 

A graph of the fuel-air ratio as a function of carburetor demand is shown in 
Figure 7-54 assuming typical vnJucs for gasoline properties and different values of the 
cITectivc nrca r<Hio At/A,.. The Cllrvc.~ arc based on Equation 7.72 for P('U = 0.987 har. 
P, = 749 kglm"'. c .... == J46 mls. and P.,. = 1.17 kg/ m", Note thaI for demands bel ween 20 
and 80%. the fuel-air ratio is a weak function of demand and its value is dependent pri­
m:ully upon the geometric properties of the cnrburelor through the ra!io AJIA". At de­
mands less thnn nbout 20%, the fuel-air mtio would in reality be milch less \him prcdiclcd 
by Equation 7.72 because of surf<lce tension cffects althc nOZ7.le exit. The simple cndm­
relor just described can be expectcd then to operate only ovcr the range 0 .20 < Dr < O.RO. 
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7.9 CARBURETION 

Carburetors aIe used on spark ignition engines to control the fuel now deliverctl to 
an engine so that it is proportional to the air now. As shown in Fig. 7-52 and 7-53 car­
buretors arc used ror both liquid and gaseous ruels . With liquid fucis, they also serve to 
mix the fuel with the air by 1II0mizing Ihe liquid into droplets so that it w ill cvaporatc 
quickly. Liquitl fucl carburetors were usetl on automobiles unlilthe mid-1980s. Current ly, 
they are primarily usetl on small « 25 kW) engines. 

The basic principle behind a liquid fuel carburetor is shown in Figure 7-52. Liquid 
fuel carburetors atomize the fuel by processes re lying on the air speed 'being g realt:r limn 
the fuel speed at the ruel nozzle. The inlet air flows through a venturi nozzle. The pres­
sure difference between the carburetor inlet and the nozzle thront is used to meter the 
fuel to achieve il desired air-fuel ral io. Therefore, the fuel is metered using the .lif now 
as the independent va riable. The llIass !low between (I) and (4) is detemlineu by the 
engine speed and throttle position. The pressure ill (2) anti the fuel -air ratio. 111,1111". arc 

Figun! 7·52 Carburetor 
for mixing liquid fuel s 
with air. 

Venturi ---... 

~ 

" ) 8) -- ------ ---

-----i!--@ 
Fuol 

.J 
Metering orifice 

7.t} Carburcti nn 21.3 

Figure 7-53 CarburctClf fur miAillj; i:a~cous ruels 
with ai r (Counesy hnpcu. Inc.). 

dependent variab les lllUt adjust thcmselves 10 match tJle mass flow m~ = m, + m. Ihal 

the e ngine is demanding . 
Assuming steady ideal gas flow through the carburetor. the air flow is 

. J 2 [(P,), ,, (P,)"·,,,,] 
Ill " = P .... c ... fl., ----=-i' p - p 

y ~ • 
(7 .6HI 

In Equation 7.68, c . ..., is the speed of sound in the atmospheric ai r and A" is the crrecli\'c 
now area at the venturi Ihroal . That flow an:a is less than that of a cin:lc equal 10 Ihc \'en-
1tIri throill diarnder bCl:ausc of blockage by the ruel nozzle and boundary laye r!> along Ihe 

venturi wall s. 
The rue! now is nlOlpu led assuming the ruel is incompressible, in which ca~e 

(7.611 ' 

where C.
I 

and the arca A .. arc the discharge coefficient and the n ow area or the metering 
orifice. respectively. According \() Obert ( 1973). the discharge coefficient of metering o ri­
fi ces used in carburetors is typica lly 0.75: it accounts for boundary laye~ in Ihe ori rlce 

and for the small pressure drop from the oririce to the noule. 
The maximum now rate of air through a carburetor .occurs when the now choke, at 

the ve nturi noule . In this case one has. WitJlllpplication of Equations 7.8 llnd 7.9 

( P,) ~ (2-)"'. 'I 
p.~ , y + ( 

(7.70) 

_ ( __ 2 ___ )h" IV!! l' - I) 

';1 ... ,,,., - p .... c ..... A" l' + I (7 .7(1 

Equat ion 7.71 is userul in sizing a carbu retor venturi: the efrective area A~ is a function 

of the maximum air now rate . 
Let us call the ratio of the air now to the crilical o r choked air now. the carbure­

lor demand D,. It should be clear that 0 < = D, < = I. Assuming l' = IA. which when 
substituted into Equ;ltions 7.68 and 7.71 llnd solved with Equation 7.69 for the rue/-air 

• 

..J. 
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into the engine cylinder. A1'slLming qua~i-steady nnw of ,111 incompres~ ihle fluid. one linds 
lhal the mass of fllel injected is 

1/2 - un I 
11I( = (2p, flP) - A,--

2" N 
0 .(,5) 

Note til at thi s expres~io n is itlentical lo Equation 7.64 exceplth:1I U' is expre.~sed in lerms 
of the crank angle change <.l uring the injectio n dur:!tion. It is clear. in this forlll. Ihat in 
or<.ler 10 hold flO const:!nt as engine speed varies. one !nllst increase or dccrea~l' Ibe fuel 
pressure to ho ld 111/ constant. In faCI. si nce Iypicall y the fuel injeclion pressure b large 
compared to Ihe cy linder pres.~ure . one nllJ.~1 vary the fuel injection pressure PI wi lh the 
square of engine ~pcl'd, 

(7 ,M) 

Herein lies onc hasic problem wilh Irying to build a diesel engillc that will oper:!t e 

over a large speed range: if N"",1N""n = 5. then P" ",,'/P',m,n = 25: rurthennorc, ir at low 
speeds PI"n,n = 5 MPa is needed lu ensure gnarl ntollli7.ation and penetration il1l(1 the co m­
bustion chamber. then p,.lN • == 125 MPa. Pressures s igniricant ly highcr than this l'an be 
dealt w ith but at grent expense. 

There arc also diesel inj ectio n systems thilt usc n positive displacemcnl pump so that 
the mass injected is Ihe independent variable and the ruel pressure adjusts ilself accord­
ingly. These so cillled jerk-pump system,~ utili7.c the principle depictcd in Figure 7-4R, A 
low pressure transrer pump fills the cavity ahead or a pumping plunger. A C'lIn is config­
ured to displace the plunger al the time injection is to oecm. The plunger moves up. shul.~ 
ofr the inlet port, nnd, becnuse the fuel is neilfly in cOInpress ible, il rapidl y incrc:l ses the 
fuel pressure. The rise in fuel pressure crenles a pressure imbalance on Ihe need le ill Ihe 
injector nonie, causing it to open nnd allowing ruel to discharge inlo the eng ine cy linder 
through the nov;le, Once the ruel pressure rilils to some predetennined value. n ~pring 
rorces the needle down shull ing orr the injector. 

The mass of fuel injected is controlled by varying the displacemcnt of the pumping 
plunger. One wny in which Ihis is done is show n in f"igu re 7-49. A heli x is cuI intn Ihe 
pumping plunger that reopens the inlet port at some intemlcdiate po,~ ition in the rlullgcr's 

Figure 7-48 E.~scnti Oll fcatures of J jerk·pump 
fuel injection ,~ystcm, 

Check 
vatve 

Pumping 
plunger 
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Pump barrol 
b~~d=~:Heltll 

Pump plungor 

Zoro delivery Par1lat detlvery Maximum dollvory 

FIJ!u~ 7-49 u.~c. or a heli;ll; CIII inln the pumping plungc:r nf II jc:rk .pump III vllI)' tnc ~rreCII\'~ 

~trokc . The rack rotalc ,~ Ih~ hc:1i;ll; wilh respt'el 10 tJle inlet ptlOi 10 meter Ihe' rud injected 
(Courlcsy Roherl Bosch Corpora tion). 

s lroke. A rack and pinion arrangement varies the crrective stroke by rotating the rlunger 
and thererore Lbe position al which the port will reopcn and thus dropping the fuel pres­

!>IJre . 
An example of an electronically controlled unit fuel injector is shown in Figure 7-511. 

Metcring is initiated by actual ion of a solenoid operated vnlve. Closure of the sulenoid 
valve initiates pressuri7 .. 1tion and fuel injection . The duration or valve closure determines 
Ihe quantity or ruel injection , Figure 7-51 is a plot of needle lif! us ;) funclion of crnnk 
;mgle for an electronic fuel injector. The injector pressure is about 50 MPa ""hen lhe nee­
dle opens. and it increnses to a maximum of nbout R5 MPa just befure the needle closes . 

Flj:lurc 7-50 Die~el electronic unit 
injector (Merrinn. 1994). Reprinted wilh 
pcmlis~ion ID 1994, Society of 
Automotive Engineers. Inc, 
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Figure 7-45 Mass of fud injccted 
us iI function of injector pulse 
duriltion (Dowler. 19MU). 

one has 

40 -

r 30 

• • "5 
~ 

~ 20 .. 
.r 

10 -

24 kg/hlinjeclor 6 kglhlinjoctor 

Port injeclor 

J 

2 3 4 5' 6 7 8 9 10 11 12 
Pulso wld1h (ffiS) 

(7.64) 

and ilt is the open duration of the injection, typically I to 10 ms. 
TIle prediction that lite mass of fuel injected is linearly proportional to Ihe open 

duration is borne out by experiment as evidenced by the results shown in Figure 7-45. 

Diesel Engines 

Willt diesel engines, fuel is sprayed directly into lite cylinders ul the time combuslion is 
intended 10 oecur, Diesel fuel injection systems operate at high pressures. on the order of 
100 MPa, for two reasons: 

1. lhe fucl pressure musl be greater than the compression pressure in order to inject the 
fuel into the cy linder :It lite time combustion is to commenCe; 

2. the fuel velocity relative to the air needs 10 be large so the atomized droplets will be 
small enough for rapid evnporatiol1 and ignition. 

An example of a diesel common· rail sys lem is shown in Figure 7-46. It is called cum­
man mil because one pump is used to deli ver the fuel to all lhe injec tors. The high pres­
sure is genernlet.! mccimnically using a camshaft. When the cam allows the injector plunger 
to rise, fuel enters the orifice at (A). Most of the fuel (80% or so) passes through the drain 
at (C) and returns to the tank. This bypnss flow serves to cool the injector. Some of the 
fuel enters the cnvity ahead of the plunger through the metering orifice (B). The greater 
the pump pressure is, the greater is the mass of fuel that enters the cav ity. When the fucl 
is to be injected, the cam pushes down on the plunger. closing the metering orifice aUlI 
compressing the fuel. causing it 10 di scharge into the engine cylinder. Note Ihat the ollly 
high pressure in the syslem is in the injector at this time; metering and distribulion takes 
place at the low pressure in the comlllon rail. ' 

There Ilre also fuel injection systems that employ a high pressure common mil. 
Figure 7-47 illustrates Ihe differences with respect to u low pressure system. In this case 
the plunger is called a needle valve lind it is lifted rather than forced down. This opens il 
flow path through Ihe nozzle, and the fuel. which is already at a high pressure, discharges 
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Fuel system 
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Injector cycle 
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Figure 7-16 A common rail injection syste m used on dies.cl engines (Reincl1i el III.. 
1(60). Reprintet.! with pc:mli ssion 0 1'160. Socicty of Automotive Enginec:n. Inc. 

Figure 7-47 A high prcssure COIllIIIUIi 
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unstable operatin g poilHS. For stable operation dynami c comprc.~sors opcrate to the right 
of the surge linc . Surge is il self-!'Ousta in ing flow oscillation. When the mass now r:lte is 
reduced at constant pressure ratio. a point arises where .~o mewhere within Ihe inlernal 
boundnry laye rs on the comrressor blades 1I fl ow reversal OCCUfS. If the flow rat e is fur­
ther reduced. then a com pie Ie fevers;!1 occurs which relieves the adverse pre.~sure gradi­
ent. nmt relief means a now re ve rsal is no longer needed and the flow then hegins to 
rc(um to it s initial condition. Whcn the initial condition is reached, Ihc process will re­
peat itself. creating !'Omge. 

On the right side of the dynamic compressor map is a zone where efric iencies fall 
rapidly with incr~asil1g mass now rale . The ga.~ speeus afC quite hi gh in thi s .... one and 
the atlendanl nuid fri ction losses arc increas ing with the square of th e gas speed. In thi s 
region there is al so the c hoke limit which occ ur .~ at;! slightl y different va lue o f "I ldl., fllr 
each tip speed. Chnkinl! occurs whe n :II SOniC poinl within the cOTllpressnr the nnw 

reaches the speeu nf S\Hlnd. It occurs at values of IiI /IIi" Icss than I hecauscli~, is hascI] 
on the compressor wheel diamctc r ralher Ihan on Ihe c ross secI;on whcre choking is 
occurring . The value of lilj,il,., al choking v:trie!i with tip speeu because Ihe location within 
the comprcssor al whit- h choking IlCCurS depends on the stnlcture of the inte rnal bound­
ary Inyers . 

TIle general topic of turoolll;lchincry is addressed in Ihe book by Wilson ( 19M" ). :Ind 
applications to inlemal combustion engines arc treated in the book hy Watson and j;mota 
(1982). Turbomachinery issues relative 10 engincs include: 

Coupling compressor.~ and turbille .~ ami matching them 10 the needs of the reciprocat­
ing engine: 

• Aftercooling o r thc compressed charge: 

Relating sleady· now bench tests to actual periodic flow conditions; and 

Transient response of Ihe whole engine system. 

lllere nrc alt ernati ve devices thai compete with pos iti ve di splacement and dynamic 
turbomachines. Such alternatives include shock wave compressors (Weber, 1995) ,:111 e~ · 

ample of which i.~ a device called Ihe Co mprex in which air is compressed by mealls of 
exhaust pressure wavcs :Ind momcntary direct cnnla ct be twee n th e exhausl strenlll alltl th e 
fresh air (G'lschler. Eih. and Rhodc, 19HJ). 

7.8 FUEL INJECTORS 

Spark Ignition Engines 

A fuel injector is an electrically con trolled valve that sprays fuel into the air flow. Spark 
igniti on engincs li se fuel injectors to spray fuel into the air slream 011 the intake mnnifo lcl 
(throttle body injecti on). inlet port (port fuel injection ), or directly inlo the cy linder (direct 
injeclion). rigure 7-43 shows an example of a system using port fuel injection and fig­
ure 7-44 shows the fuel injecto r in iT di m;1 injeclion engine. With port fuel injection. !he 
fuel is sprayed into th e port anc.1 on to the inle t va lve to cool the v;ll ve and hegin va por­
ization of the fuel . The amount of fuel required can be large enough .~o that the fuc l in ­
jector will sp ray into the port even when the va lve is closed. The fuel pressure depends 
on the 10clItion of the fuel injec tor. 1\ port fuel injector will hJve J fue l preSsure of ahout 
200 kPa, and a direct fuel injector wi ll ha ve a fuel pressure on the order of 5 10 10 MPa. 
since it is injecting directly into thc high pre .~sure cylinder gases. Digitally controlled fuel 
injectors were fir st patented in 1970. and we re IIsed on production vehicles in the Unil ed 
States beginning in 19M2. 

Fi~urt' 7-43 Schem:llic of 
pon fuel injeclion. 

FIJ.!ure 7-44 Schemali c of 
gil ~oline direcl injeclion 
(Tak:lgi cl :II.. 199B). 
Reprinted with pcnni~sion {;I 

lQQR . Society of Aulonmlive 
El1g inccr~. Inc . 

7.1l Fuel Injeclon 207 

Fuollnloelor 

- Intakaftow 

With a pintle fuel inj ector, the mOlion of a pintle n07.7.le Op!=ns lhe valvc. At an ap­
propri:tt e lime in the engine cycle, Ihe engine control computer issue s a square wave pul<.e 
to npen and close the pintle nou.le. The pintle is rapidly lifted arT ils seat hy a solenoid 
and Ihe qunntity of fuel injected increases more or less linearly with the duration of thc 
open period, since the opening and closing times arc much less than the open duration 
time . The variDtion of the open period over the pulse interval is shown for pan and full 
load in Figure 5-25. Assuming quasi-steady flow through the fuel nonle. one obtains fur 

the mass of fu el injec ted in one period 

(7.621 

where AP is the dirTerencc bet wee n the fuel delivery pressure nnd the air press ure up­
stream or the throttle, and AI is the time dependent n07.zle eITective area . In lenns of an 
a\'erage effective now .lTea of the injeclor noule 

- I J" A,= - A, d, 
ar " 

17M) 
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Figure 7-42(1, b Comparativ!! pcrfonllllllt.:c of various positive displacement 
and dynamic compressors (Tay lor, 1985). Copyright Ii:! 1985 MIT Press. 

Figure 7-42c Centrifugal 
cumpressor map (Councsy 
R. Hehman of Schwitu.:rl. 
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interna l combustio n engi nes is gencmlly small enough thai the gas nlDy be a.\sumro IU 

have conslant specific heals. It fo llows then rnal the ideal work. rcquiretJ per unil m uss or 

gas is given by 

h, _, = c, T, [(~)" '" I] (7.61 ) 

In deri ving Equation 7 .61 it was tacitly ass umed thai the change in kinetic energy aero!>!> 
the co mpressor was m:gJigibk compared 10 the change ill enthalpy, an assumpti on u ~u · 
ally va lid ill pmc!ice . 

Experimcllls wilh compressors show Uwl the adiabatic efficiency is dependent primaril y 
upon a pressure ratio. rot;Llional speed, and now rute, expressed as dimensionless variable:. : 

Pd P, 

s/c" 
,i, /Iii " 

Outlet· inlet pressure ratio 

Mach number bi1.~cd on ruLOr lip speed. s "" wD/2 
Ratio of mass now rate to the critical mass now ntc:. &juilulln 7.10. 

Ex perimental data far piston, RoOls, Lyshalm, screw, ce ntrifugal. and u.xial t:ompreli' 
sors :lrc given in Figure 7·42a, b, and c. nle data shown are p lotted on a compre:.sor map, 
in which the adiabatic efficiency is p lo ned as 11 funct ion of flow rule. pressure ruli o, Ilnd 
the lip speed. It call be seen that Ihe vari ous compressors occupy differenl regions of the 

compressor map. 
Dynamic comp ressors have surge and choki ng pcrfomlance li mits. The surge Jimit 

on the left side of the dYnlunic compressor map repre:.enls a boundary between stah le and 
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(al Reciprocating (/J) Roots 

(dl Lysholm scrow 

Figure 7-39 Typcs or pn~ilive di.~rlacclllcnl cnl11rrc .~~or.~. 

tel Sliding vane 

turbocharger was first invented in 190(i. and the appli cations have expanded from milrine 
diesel engines, 10 vehicle diesel engines. and Ihen to spark ignition engines. The poten­
tial increase in overall system dficicncy with a turbocharger can be seen by inspection of 
Figure 7·40. in which a portion of Ihe availab le work obtained from the blowdmvn of the 
exhaust gas can be used to compress the intake gas. 

Thrbochargers arc usually composed of dynamic compressors and turbines. due 10 the 
high rotational speeds. of the order of 100.000 rpm. required for efficient operOltion :I\IYP­
ical internal combustion engine flow r;lIes and pressure ratios. A cross sec tion of a lur· 
bochargcr with a radial compressor and turbine is shown in Figures 7-41a and 7-4 1 b. There 
arc many turbocharger configurations. An intercooler heat exchanger is used with tur­
bochargers and superchargers to cool the intake air and increase its density afll'!r the com­
pression process has r.lised its temperature . A waste gate is used 10 control the elth:H1s! 
gas now rate to the turhinc. TIle waste gate is a butterfly or poppet valve controlled hy 

Figure 7-40 Comp:lri~on or Ie engine cycle 

IUrbine and compre~sor work. 

r, .------_------=~ 

n: blowdown work to turbine 
b: compression wor\t 

5 

---------
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Figure 7-4111 Cutaway photograph or a turbocharger. (CnUr1C~y Pric('Weber.! 

Intake 
lIow 

ConlfUugol 
compressor 

Dlffusor 

Turbine 

Fi~lIrc 7·41b Turboch:lrj!cr (ro~s·scctiol\ IL1ustc:la et 011. . 1995). 

the intake manifold pressure to prevent the turbocharger from compressing the inlake air 
above a set knock or engine stres .~ pres.~ure limit. A turbine can also be mechanically con­
nected to the engine drive sharI. iI configuration called "compounding ." 

The adiabalic efficiency TI, of a compressor is defined as the ideal worL: required 10 

compress the gas over the specified pressure ratio divided by the actual work required to 
compress the gas over the same pressure ratio. The pressure ratio of comprcsso~ used for 
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AI a delivery ralio D, given by 

(7.551 

the cy linder volume :It hottom ccnter is tillcd with pure air (<i), = t', = 1.0), anu if any 
more air is delivered. it is not retained . This occurs at a uelivery rati u g reater than one 
(see curve A in Figure 7-37) and dependelll upon the compression rati o beciluse the de­
livery ratio is de fined in lenns o f the displacement volu me rather than the lJIilx imuIJI cyl in ­
der volume corresponding to bOllom center. 

In the case of short ·ci rcuitin g. the air initially displaces all the gas wi thin the palh of 
the short circ uit :1Ilt! thell simply nows intu and ou t of lhe cylinder along thai path. Thus. 
initially. the sc;IVenging efficiency t', inc reases with delivery ratio as if scavenging were 
perfect. The scave nging ef£icic m:y thcn remains cons tant once Ihc path has bee n displaccd , 
sce curve B in Figure 7-37b. 

For perfec t mixin g. the firs t "ir to co mc in is instantaneously mixed with thc exhaust 
and the !irs t gas ex pel lcd is low in purity, bei ng nearly all res idual gas. Fo r large deli v­
ery mtios. the cas bei llg expelled is now rather pure and Ihe trapping efficiency is thus 
low. The scavenging efficiency as a function of the delivery ratio can be c'(presseLl via a ll 

anal ys is based on the conservation of delivered air. Let m Ol dCIiOle dt:li vered air amI III:, 
denote dcliven.'u air rctained. It fo llows that 

("m:.). . -- = III" .;" - x III "ul "I ". (7.56) 

where the con tro l volume 0' is delincd as the cy lindc r vulume <lnd x Je notes the ll1a.~.~ 

fraclion o f relaincd air tu charge in the cy li lllJer al any tillle . 
Sillt:c 

it follows Ihat 

dill,; 

'" 

III" XIII 

dill tLr 
'\"-+ 111 -

til tit 

(757,,) 

(7.571» 

Assuming [hal Ihc Ill ass flow fil lCS into ilnd ou t of the cyli nder are equal. helH':c dlll/dt = 0, 

one obtains 

ell' 1;',,, - - -- (7.5"1 
( I - x) dl 11/ 

Integrati on of Eq uation 7.58 over the scavcng ing event yields 

( f'i'". ) t' , = I - eXp - --;;d/ = (7.59) 

The lnlpping efficiency r is thcn 

The perfect mixing c urves (C) arc drawn in Figure 7-37 accordingly. 
The measured and predicted scavenging efficiencies using the perfect mi xing mud!: l 

arc compared in Figure 7-38 for il two-stroke motorcycle engine . Thc test engine is loop 
scavenged wi th piston con tro lled induction . The scavenging efficiendes are about 9(J%. 

Fij.:urc 7-38 Cumparison o( 
lI1 t:a~urt:u lHlU prt:Jil:lcu 
~I:OIven!::in!:: crlil:ienl:Y (ur a two· 
~ l ll!l;c muton:yclc ellgine (Blai r 
and As ILe. 1(76). 
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A revit: \V of sCOlvengi nc mudding is given in Sher ( 1990). AdLlitional in(unna liun 
"buut "if Iluw in twtl·slroke engines. includ ing Ihe un slelldy compress ible nil ..... c har;ll' ­
tcris tics of two-stroke engines. i.~ given in the books by Heywood and Sher ( I tNI) J and by 
Ulair ( 11)%). 

7.7 SU I'ER CHAI{GEI{S AND TURUOCHARGEI{S 

The powe r and efficiency of all intc rnal combustion engine can be increased ..... ith the u ~e 

of an air compression de\' ice such as a supcn;harger or turbocharger. Incre;l.~ing the pre~ · 

sure ilml dcnsily of the in let air will allow addit iona l fuel 10 be injected illlo the 1,,·), lindcr. 
illcreasi ng the power produL'ed by the engi ne. Spark ig nilion engines are knot:k limited. 
restric ti ng the allowable compressor press ure increa se. In many ca!o.es, the curnpre~~ i ull 

mtio of a spark ignition engine is reduced 10 mitigate knock when an air ,ompre~~or i~ 

used. Supert:hargers and turboc hargers arc used extensively on a wide r..lIlge of die ~el 

cngines . since they are not knock limit ed. 
As shown in Figure 7 - )1}. superchargers ure classified as compressors that an: me­

I.:h anicall y driven otT of th e eng ille crun kshafl. P. H. Roots first invenled the su pcrl,,' harger 
in I g59, for use in the then-emerging steel industry. Supercharger.. have alsu been UM:d 
in p is ton dri ve n airplane engi nes si ncc about 1910 to compensate fur Ihe decrea!-oe in ai r 
pressure alld dcnsilY wilh OI ltitudc. and to inc rease ,he Oi ghl ceiling. Since il is mechani· 
call y dri vc ll . the rotational speed of a supercharge r is limi ted to about spced.~ of Ihe o r· 
der of lU,OOU rpm. Superchargers arc used in applications in which the increa!.Cd Llen ~ ity 

auLi press ure is dcsirable at a ll engi ne speeds. 
The types of compressors USed on internal combustion engine.'i arc primaril y of Iwo 

types: pos iti ve displacelllcnt and dyna lllic . With a posilive displacement cOll1pre~ ~or. a \' 01 · 

ume uf gas is trapped. and compressed by muvement uf a compres!-.of boundary clemen t. 
Threc Iy pcs of positive di splace lilent compres!>ors are the Rools. valle . and !<.I.:rew cum· 
pressur. ilS shown in Figure 7-)9. The dficiency or positive displaccfllcnt l"nJHpre ~!>() r~ 

varies from about 5U% fo r the Rnuts comprcssor to over 90% for the s~.:n:w cumpn:)o~nr. 

A dynamic compressor h a.~ it rOlalillg element th at adds tangential vclocity to the nuw 
which is converted to pressure in a diffuser. Two types of dynamic compre~)our,; and 
turbines arc radial (centrifugal) and ilxial. 

Turbochargers ilre delined as devices that couple :l cOlllpre.~s()r wilh a turhine uriven 
by the cxh:lllst gases. so tlmt th e prcssure increase is proportiunal to the engine )o pceu . 111e 

J . 
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(Blair "lid Ashe, 1976). Crank angle 

The scavcnging crticicncy is l c~~ than or cqual 10 the purit y, Howcvcr, ns the dirrer­
cnce is u suall y small . the lwo quantit ies are often confused. The residual ma ss rraClitll1 f 
required for thermodynamic analysi .~ is 

J = I - c, (7.'i t ) 

Two-Strolte Scavenging Models 

We will limit Ollr analysis to the simples t of Ci1.~e.~ corresponding to short circui ting , pe r­
fect mi~ing, and pcrfect scavenging. Let us consider first the case of pcrfcct sCilvcng ing, 
Recalllhat no mixing occurs and air si mpl y displaces the exhaust gas to expel it. The tr<lp­

ping and scavcnging efficicncie .~ as fUllctions of the delivery rati o arc given in Figure 7·:n. 
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Tnhle 7-2 Two Stroke Perfnnll<lncc T~mlinology 
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Scavcnging efficiency,~. 
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Omrging e fficiency, t',. 

mass of delivered air per cycle 
D = --

, di~pl ;a c~d volume x ambient density 

mass of delivered air retained r = 
mass or delivered air 

m;1.~S of delivered air retained 
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Figurt 7-3-S Di schllfgt ctldlici~OI of a simple radial port as measured by Benson , see 
Annnnd and Roe (197.1) . tll) Variation wilh port opening III low Mttch number. (hi Varialion 
with Mach number basell on the veloc ity and sound speed al the throat. 

Cnmkcase and inlet pressures ure plaited in Figure 7-35 for n loop scavenged two­
stroke mOlorcycle eng.ine with piston controlled induction. Corresponding cylinder and 
exhaust pressures afe plotted in Figure 7-36. The crankcase pressure increases rairly lin­
early us Ihe pislon moves downwurd until the transfer port is uncovered (TO). Finite 11111· 

plitude pressure waves occur in the intukc ilnd exhuust pipes. The pressure waves ure u 
significant factor in the design of the intuke and exhaust manifolds of two·strok.e engines. 

Table 7-2 gives performance tenninology according to SAE recommended practice. 
This table as given app li es to fuel-injected engines. For fuel-inducted engines, as with u 
throttle-body injector. the word mixture referring to the air·fuel mixture is to be substi· 
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Figure 7-35 Measurell and \:umputed crankGI.J.e .. /Ill inlet pressu~s of II. IWII ­

stroke mOlorcyde engine. 1'" is umbient pressure (Blair UI1lJ Ashe, t976). 
Reprinted wilb pc:nllissiull () 1976. Society uf Automotive Enginecrs. Inc. 

toleLl for air, and mixture L1ensilY at ambient pressure and temperature is 10 be sub»liluted 
for ambient density. SC:lvenging efficiency, charging efficiency. and purity all atc metric» 
of the success in clearing the cylinller of residual gases from the preceding cycle and a» 
such can be mathenmtkally relilled . By defi niti on it follows \hat 

t', = 0, r n .S!) 

With excess air. the purity anl! sC;lvenging efficiency differ beCDuse of "left over air" in 
the residual gas. II can be shown that (Schweitzer, 1949): 

t' , = qp if A S 

r, = ir A > I 

• 

• 
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7.6 AIR FLOW IN TWO·STROKE ENGINES 

Two-Stroke Configurations and Terminology 

The two-stroke engine combines the int ake and co mpression st roke am) the expansion ami 
e~haUSI stroke in order to produce powe r every downw,m) stroke. Two -.~ troke engines ea n 
be ei ther spark or compression ignition . A large number of different two-s troke engine 
configumtions have been desi gned. euc h with different sca venging or air-charging char­
ac teri stics, air fiow paths. :md valve arrangements . A crankcase-scavcnged cngine was di.~ ­

cussed in Chllpter I. Air was inducted into the crankcase, subsequen tly compressed, and 
pumped into the cylinder. Another class of two-stroke engines is the separately scavenged 
engine in which a separate compressor, driven by the crnnk or perhaps iln exhaust turb ine. 

delivers the air. 
1\vo-stroke engi nes :lTe al so cla ssified on the basis of the air path during the COllr.~(' 

of scnveng ing. The configurations include cross, loop and through scaveng ing. Figure 7-.1 2 
illustrates various ways in which cross. loo p. and through scave ng in g C:lll be rea Ii 7.cd . 
Finally. there arc many the differe nt va lve arra nge ments used to open and close port s. ill ­
cl uding piston control. poppel vnlves. rotary valves, or sleeve va lves. Considering the l:lrge 

Cross scavenge 

Through scavenge 
with poppel 

exhaust valves 

Cross scavenge 
with rotary 

exhaust valvo 

o 

Through scavenge 
with sleeve 

exhaust valvos 

Loop scavenge 

o 

o 

Through scavenge 
via opposed 

pistons 

Flgu~ 7-32 Some two-~ trnkc ~c avengillg me lh od~ (Tay lor. 19R5). 
Copyright 0 19R5 MIT rre~~. 
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number of' permutations pos~ih l (' . h;l.~('d on cla!'i~ificatjon of the pumping method. the air 
path. and the v:llving arrangement. it is clear why so many differe nt types of twn-stmKe 
eng ines exi s!. 

The best air path is achieved via through scavengi ng in which air is admitted alone 
end of the cyl inder and exhau.~ t gas is dis,harged at the o ther end . Ideall y. thi s method 
cou ld re.~u lt in perfect scave ng ing in which the incoming lIir displace~ the exhau ~ 1 ga.~ 

with out mixing. 
In crn!'i .~ scavenging. care must be taken 10 avoid what is referred 10 as .'i hon -ci rcuiting . 

Notice in Figure 7-32 thaI wi thout the hump on the piston top the incominl,! air would 
have a tendency to simpl y jJn in and out of the cyli nder wi thout di.'iplacing eJ.hau!. t gas. 
Le .. short-circu it the intake and exhaust process. Insertion o f the hump forces the ga.~ 10 

turn and mix wi th the e~hau.~ t g;l~. thus expelling a mixture of air lind exhau!.!. E >;)X'rirnenlal 
uata .~lIggc .~ t .'i that the be.'it scavenging that can be achieved via the cross·sca\'enl:!in~ method 
occur.~ when there is perfeci mixing in whic h Ihe frc .'i h air introduced success ivel y dilutes 
the re .~idllal exhaust gas . If sunie ie nt air is used. at the end of 5cavenging an :u.:l.'ept<Jblc­
scavcnginl,! e fficiency is then adlic\'ed . 

Inspec ti on o f Figure 7·n reveals Ihal more often than nol. t wo-~trokc e n~ i ne s u'e 
piston-co ntro lled ports ralher than cam-act uated valve.'i to admillhe fresh charge and ex· 

pel the exhaust. Therefore . for two-.~troke fl ow modeling. one mll.~ t specify the dTecti\c 
now Mens of the ports as functi ons of crilnk angle. A steady -fiow :lpparatu~ fu r ueter· 
mi ni ng the effecti ve now are:l of piston-controlled ports is shown in Figure 7 -.n. Nole 
the 5imi larity with the valve now bench app:lr.ttus in Figure 7-2 . Once again. su lulion of 
Equations 7.7 and 7.11 yields the effec ti ve port :lre:! A, from measurements uf Ihe ma~s 

now rate and the pressure rali o. 
Some me:ls ured di sc harge coefficients. u ~ ing the e:\posed geometric port areu as 

the re ference area. for a piston-controlled inl et port arc shown in Fipun: 7· .1.1 . Part {b l of 
Figure 7-)4 shows an important d iffe ren ce between resull.'i obtuined fur poppet "al\'es and 
tho!'ie obtai ned for simple ports. The discharge coefficient increases with Mach numhc::r: 
whe reas. with poppet va lves. it is nearly indepe nde nt of Mach number. As the Reynuld~ 
number is not constan t in Fig ure 7-)4b. the aHobulion of the observed effect s In Mach 
number t:lci tly assumes Ihal there is no dependence upon Reynolds number. 

Laminar flow 

Manomotor for 
lIow moter 

Thormocouplo 

Manomo1or for port 
pressure ratio 

o 

Piston posilion 
scrow 

To atmosphora 

Figure 1-.:\3 Essential feature s of a st cady now bench to measure effecli ve now areas 
:H1d discharge cncrtidcllI s or :I pi~ton controlled port. 
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Figure 7·31 Microshadowgraphs of name propagating toward the viewer showing increased 
wrinkling as engine speed increases. Engi ne rpm is indicated in the upper left comer of each 
photo (Smith. t9H2). 

Thrbulence Models 

Turbulent flow fieILls in engines havc been modeled with il turbulent eddy viscosity I',. 
The re nre a number or IUrbulent eddy viscosity models currently be ing used by enginc 
modelers. The most widely used is the k-£: model. The k-£: model is a two equation model 
based on both a transport equation ror turbulent kinetic energy k, and it transport equa­
tion for the dissipation or turbuit:nl kinetic energy c. The v"rious rorills of the k-c modcl 
assume that the turbulent eddy viscosity depends o n k and £: as shown by the formul.ltioll 
given by Equations 7.49 to 7.51: 

" _uu_, (_au_, + _aU_i) _ E 

'iJ.\j iJXj ch, 

£ au, (au, <)u,) 
C 1'-- - +- -

J I k n.\j a.lj Ilx, 

E' e, ­
• k 

(7.49) 

(7.50) 

(7 .51) 

The constants (flo (fr. ' Cw C1• and C! are empirical constants which ure now lit:fd 
dependent. The k-c model is bascd on a scala r eddy viscosity, so it does not take in to 
account nonisolropic effects o n the turbulence field such as streamline curvature 
resulting from cylinder swirl and tumble. It s trictly is valid only for a fully developed 
turbulent flow field. It should be noted that modeling internal combustion engine 
turbul ence with the k-e model can lead to errors in prediction of the turbulence le ve l 
and the corresponding reaction rate. Use or a compressible renormal i2ed group (RNG) 
k-e model has . been recommended by Han nnd Reitz (1995) ror in·cylinder mixing 

computations. 
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Equations 7.49 to 7.51 are combined with the continuity. momentum, Dnd energ), 
equations to foml a co mplete system for numerical analysis. The k-c: mooel is available: 
in CFD programs such as VECTIS (1999). STAR-CD (1999). FLUENT (1999). and KIVA 
(Amsden, 1997), and other turbulence models may be offered. 

Large t!ddy simulation (LES) is a turbulence modeling procedure in whid the large 
eddies afe computed . alld the smalle!>t eddies are modeled. LES turbulence modeb are 
more cornputationally intensive than k.r; modds. With LES modeling the lime ·dependent 
Navicr Siokes equations arc spatially filtered over the computa tional grid. TIle smalle:-.t 
eddies are more amenable to modeling as they have greater isotropic turbulence charac­
teristics than the larger eddies. The grid cells ca n be much larger than the Kolmogorm' 
length sca le. LES models are available in the CFO computer programs mentioned pre­
viollsly. Galperin and Orszag (1993) give further details about various LL'ipeCIS of LES 
modding. 

Direct numerical s imulation (ONS) is a comple:te lime dependent solutiun of lhe 
Navier-Stokes and continuity equations. Since no turbulence model is used Ilt any length 
scale, the grid must be small enough to resolve the smallest turbulent eddy whose size is 
of the order of the Kolmogorov length scale. 

Turbulence modeling is an active research area . The validation process of turbulence 
models is on-goi ng, and there are significant issues that need to be dewt with. for exam­
ple. specifying the initial condi tions throughout the flow and boundary condilions at the 
valves. In :lddition, the turbulence defined by Equation 7.43 does not recogniz.c: mat II purl 
uf the fluctuation may be due to cycle-to-cycle vllriations in an organiz.ed now that in any 
o ne cycle is different rrom LIte ensemble mean flow. Extensive lists of turbulence modd­
ing rererences can be round in the book by Wilcox (1994). 

EXAMPLE 7-3 

An engine hus a mean piston speed Up of 5.0 mls and a clearance volume height h of 
10 mm. Whal is lite characteristic length L, integral scale I, Tilylor microscale A, and 
Kolmogorov microscnle T/ at Ihe end of compression? Assume the fluid kinematic vis­
cosity at the end of compression is I no x I 0- 1 m~/s and C'I = C, = I, C, ;:; 0.2. 

SOLUTION L ;:; " since the flow is constrained by the clearance volume geometry 

L = 10 mm 

I ~ elL ~ (0.2)(10) ~ 2 mrn 

~ = (.12)112 Re - If"! 
I C

A 
I 

Ilrl I-
Re' - -, II, = - V" = 25 tn/s 

v 2 

(2.5)(2 X 10' .') 
Re- = = 500 

• (100 x 10-') 

A ~ (\5 ),r.(500)<r. (2) ~ 0.30 nllll 

7 = (C'lrl/~ Re- l/.I, 

~ ~ (1)-'" (500)"'!' (2) ~ 0.Dl8 mm 

• • 
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vortices within vortices. It is not !l ll tilthe flnw i .~ :lIl:1I Y7.cd statistically Ih:11 any regular­
ity in thc now field hegins to appear. 

Flows thaI are st:llistical1 y stcndy arc lrentcd using time avcr<l!!ing . F lows tlmt :l(C s ta­
tis tically periodic, as ill the case with intcrmittent internal combustion e ngines, arc trcated 
usi ng enscmhle ;1Vefaging. The cn.~ernhle average ve loci ty is given hy 

- I " 
U(x, 1/) ~ - 2: U(x, n,i) 

/I I ~ I 
(7 A I ) 

where n is the n~mbe r of cycles averaged ;lIld 0 varies from 0 to 4"" fnr :1 four- st roke ell ­
gine and from 0 to 2rr fo r a two-stroke e ngine. The left-hand side o f equation 7.4 1 is read 
as the ensemble avcra~e of the ve loci ty at ro .~ ition x within the flow and at :\ time corre ­
sponding to the crank :lIlgle O. The veloc it y summed on Ihe right-hand .~i de is the velocity 
at position.\" and angle fJ for the j'" cycle . 

To define the instant<tneous turhulence within a cycle, o ne writ es 

U( .• ·, n,i) ~ U (x, 0) ... u'(x, n,i) (7.'12) 

where 11' is the turbulent fluetu;llinn, i.e., the difference between the ense mhle average 
and the insl:lntaneou .~ veloci ty. To quantify the ma gnitude of the turhul ent fluctua lions. a 
rOOI mean sq unre is determined hy ense mble averagi ng 

[ 
I " 1 'I' u,(x, n) ~ - 2: u" (x, n,i) 
" I-I 

l'urbulellt-c c haracteristics of nt\\I,IS in enginc cy limler!-i have bcen l11ea~uretl usi ng hOl h 
hOI -wire anemomet ry and laser Doppler velocimetry Figure 7-30 shows result s oblnincd 
for nows ncar top de'ld center by a nllmber of inves ti ga tors using motored ellgille .~. These 
results cover a range of engine co nfigurations indud in g engines with and wi thollt swirl. 

O ne of the mosl importanl Ctlllc ltl.~ions reacheu 10 date is th:1I the magnitude Hf the 
fluc tua ting compo nen t increases w ith engine speed . Liou. Hall. Sanlavicca, <lIul Bracco 
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(1984) conc lude frorn th e.~e re .~ ults that Ihat the order or mugnitude of the tup t'enlef 
turhul en t veloci ty is one hnlr the mean pi ston speed 

1 -
1/ "'" - U n . .j .j l , 2 ' 

Of course, th ere are differences from eng ine 10 engine at the same piston speed . TIle dir­
fefe nces nre caused partly by differences in the engine design nnd partly beC:IU~C nnw 
cannot be qua ntitati vely charac terized by a me:l.'iUrement o f just one velocity componenl 
at just one point. In the some engine with nnd without swirl, it can he !;.Cen lhnt the tur­
bu lent velocity is increased by sw irling the now. 

To fully characleri7.e a turbu lent now, one needs to also speci ry the silC di s tri bution 
of the random vortices that make up the turbulence. ReS(:archers in this field deal with 
four different sizes: 

I. the clmraclcri stic leng th L of the enclosure that represents the laTl!esl possible eddy siu 
Ihal confining geometry o f the wn ll s will nllow, such ns the cylinder bore or clearance 
heig ht. 

2_ the integ ral scale I. that re pre!;e nlS the largest turbulent vortex !;i7.e, quantified n!; the 
di!;tnnce whefe the correlation between tlte velocities at two points goes tn 7eT\). 

3. the Taylor mi crosca le A. which is usefu l in estimating the menn st rain fate o f the tUf­
bulence. 

4. the Koltnogorov microsca te '1. which is the smallest s ize viscous damping ..... ill allow. 

For a 9 lindrica l combusti on chamber, one should e"'peet ncar top l'elllcr, that the 
characteri.~lic length he ro ughly equal to the clearance height II: whereas ncar bonom Cen­
ter, the charac teristi c le ngth should be roughly equ.d to the bore . With a cylindrical cup 
in the pislo n, ncar lap ccnter the char:le teri sti c length would be roughly the cup diameter. 

Dimensional anolysis o f s imple turbulent flows leads to the follnwing n::lalionship~ 
betwee n the fo ur scales. 

1 = C,L (7.451 

7 = (~:yr. Rei· In 0.46) 

~ = (C ) ~ ' /J R - I/ J 
f " 1', 0..171 

where the COl1stants C,. CA, and C'r arc numbers unique to the now o f inlere .~ t and whme' 
order of IIIag nitude is unity (Reynolds. 1974). The turhulent Reyno'd.~ number Rr, j~ b"l.o;cd 
on Ihe intcgral sca le and the tu rbu lent velocity 

tl,' 
Re, = --;-

Thw; we sec that ir the integral scale cOIn be detennined. so can the other ·'4::1 1c~ . A~ 

the turbulent Reynolds number increOlses. the .~ maller microscales decrease' in ~i /e' lie ­
cording to Eq uati ons 7.4(j :1I1d 7.47. Since the turbulence in ;1Il engine increa~s with pi ~· 

Ion speed ,md the integral scale is independe nt o r engine !ipeed. We ~hnuld eJlipect Ihal a.~ 
engine speed goes up. the microscales of the turbulence will go down . In eumining the 
mi croshadowgr<tphs of name.~ shown in Figu re 7-3 1. one can not help but be impre~"ed 
with thi s prediction. Figure 7-) I clearly shows that the flame wrinkling increa.~e .~ as the' 
engine speed increases . 
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Figure 7-28 ( f/ ) Combustion clullllbcrs:" = 1.271ll/11. 10:1 comprcssion nllio. 75% sllui ~ h 
hip means Ihlll the cross-sectionul Olre;! of the "bowl in piston" is 25 % of Ihe pislon urea, 
(b) Computcd swirl ratio (.mirl rpm/engine rpm) versus crank angle: [500 rpm. war. l(i : I 
AIF ratio. 0% EGR (Bdaire el aI., 1983). Reprinted with pennissioll 0 1983. Socit.'ly uf 
Automotive Engineers. Inc. 

offset. and that th e pon orientation is imponullt only at the larger lifts . Notice tOll thilt 
even at zero offset, the pon is producing swirl becuuse of the hc1h.:al p:lIh upstream of the 
valve. Although the swirl coe rlidetH char>lcterizes the angular momcntum of the nnw by 
a single number. in faci . Illuny different vel oc ity distributiuns within the cy linder (";1l1 y ield 
the same ungu!,lr momentum. 

In operating engines a swirl nl'lu R, = WJ 27TN is used 10 churacle rize the swirl . Thl! 
swirl mtio is defin ed as the mlio o f the solid body ro tational speed of the intake now lu, 

to the engine spced '2rrN. The solid budy rOlational speed is defined 10 have the same .tn­
gu lur momentum as the actual fluw. The swirl ratio in Figme 7-2H vilrics frum zero tu si .... 
times the eng ine speed_ Using a moveable nup in ,Ill intake port, KOIw<lshima et al. ( 191) 1:0 
were ab le to vary the swirl ratio from 3.5 to as high us lO_ 

A bow! wi thin the pis ton crown or cylinder head can be used to amplify swirl dur­
ing the comprcss ion stroke. The swirl is proportionul to the angular momentum. but it is 
also inversely proportiunal to the moment of incrtia . At top center the Illoment of inenia 
goes through a minimum in a manner dependent upon the design of the piston bowl. As 
seen in Figure 7-28. ncar top dead center of comprcss iolllhe swirl increases UIlJ de("(eaSeS 
in u mther sho rl period. The deeper the bowl. UI constant compression r:1Iio. the g reater 
is the change in the mumcnt of inertia and the greater is the swirl ampli fication . 

Incorporation of a bowl illto the piston not on ly umplifies swirl, bu t also illllm:es 
squish. The squi sh now results frum the cup geometry. This can be upprcciated in tenus 
of a rather simple argument bused on Figure 7-29. The dcnsity withill the cy linder al ully 
time is more or less uilifonn (though time dependent) during the compression strokc . Thus. 
llt any in stant, the mass within any uf the zones labeled ( I), ('2), und (3) is pro ponionul 
to the volume in thcse wnes at any time . During compression. zones (I) und (2) ure get ­
ling smaller. whereas £one (3) remains lixed. Thus, during compression. mass must now 
out of zones ( I) .md (2 ), into zone (3). The ve locity o f the gas crossing the cuntrol sur­
face between zones (I) and (2) is ("ailed the squish velocity and zone (l) is ca ll ed the 
squish zone. 

figure 7-2':) S..:hcl1latic of pi~ton MJoish_ 
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Lurgc-scule mixing and tu rbulence genefulion can also be achicved by high prell sure 
fuel inje("(ion. Diesel engines designed without swirl are lemled quiescent aIllI the high 
pressure fuel injection is instead rdied upon to mix the fuel and uir. In this case, the fuel 
ru shes intu Ihe cylinde r dragg ing uir with it, thus creuting air motion to ensun: that fn:!oh 
uir is uvai lable to the fuel abo ut tu be injected. 

Design of the mixing process is u compromise of muny conflic ting demand!. . In..:rca!-cd 
swirl hind ers volumetri c effi ciency and increases convective heat losses_ Increa.'>ed fucl 
injection induced uir moti un re4uires u higher injc("tion pressure. and thus a mUTe r.:u!.t ly 
fue l injel:lioll system _ 

There arc limits to the amount uf swirl that can be uscd effec tively to llIinimiu de­
mands un the fuel injectiun sysle m. Herein lies one of the primary reasons fur huildin!! 
divided ·chOll1lber, or. as they are of len called. indirect- injection engincs: lesll rclianr.:e un 
air motion induced by the fue l injection is required 10 effeci large-Sl·a1e mixing . 

Wilh a prechumber ur swirl chamber. air is forced 10 now into the chamber during 
Ihe compressiun stroke est:.Jblishing three -dimensiuna l air motion und generuting lurt>tJ­
lclll:C. A prechurnber nutural gas engine is shown in Figure 1-24. nle pn:ssure ri se dur­
ing combustion in the prechamber creutes u now OUI of the prechaOlber and back intu Ihe 
cy li nder. The veloc ities of Ihat ba(" know cun be: ralher high. creating lurbulenr.:e at the ex­
pense of an allendunt head luss. Flow pussagc:s are of len contained within the pillIOn lOp 
to organize Ihe back now intn the ("ylinder 10 creute lurge-scule mixing of the ("ulllbu~tion 
products und 'he cy linder 'Iir. 

7.5 TUIUlULENT FLOW 

Churaclcrizution or 1\u-bulcncc 

Turbulcnt flow CUll be envisioned as a meun fluid flow upon which are suPC:ri lllflOlICd vor· 
tit"es uf dirferent sizes randomly dispersed in lhe now. The vonices begin 10 appear above 
criticul v;llues, about D UO, o f the me:1Il now Reynolds number. 

C7Alh 

For e.\illllpJc . an engine with a bore o f D. I 11\ and mean piston speed of 10 mI.~ will ha .... e 
a cylinde r Reynulds number uf ;Ipproximutdy 50.000. so the now field in the J.:ylindcr 
will be turbulent. The turbulent von ices huve finite lifetimes and llppeur to be born at 
randall] tilllc .~ _ The ;Ixes o f Ihe \'unke.~ ul so ass ume r.lIldum orien taliun .~. There art' even 

• • 
• • 
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Flgu~ 7·2'1d COlllplIl:ltinnOl' modd of ileli , ;!1 inlet pOft.~ 

(Bianchi ct ,,1., 1999). Reprint ed with penn; :<-s;on © 1999. 
Society of Autnl11oli \"e Engineer:<-, Inc. 

The induc lion swirl is gc ncra lcd eilher by tange ntiall y direc ti ng. the no", inln the 

cylinder u.~ing dire!: tc t! por1S nr hy prc .~ wirlil1g the incoming now hy li se o f a heli cal pori. 

Helical port.~ arc gen cmlly more compact than directed ports. They nrc capOibl e of 

producing more swirl than di rected poriS OI t low lifts, but a rc inrerior at higher !ifls. Either 

des ign crcales swirl :It the e xpen se o f volumetric e ffi c iency. In try in g 10 optimize th l.' POft 
de s ign for both gont! swirl and voluilletric crfi c icncy. current high swirl port s ;lre in part 

both direc ted and hel ic al. A numer ical grid of a cylinder w ilh helic:l1 intake porls is show n 

in Fi gure 7-:~4d. 
Some par.1lllctcr.~ to conside r in the de .~ign of a port for swirl afe shown in Pigure 7·25. 

TI,cse are Ihe radius o f the val ve Il ffset R, and Ihe orienta tion ang le 11'. Developmcnt wurk . 
like thai for maximi zing the discharge coe ffici ent. i .~ typicnlly done nn ;t .~t c Oldy - now he nch . 
One way in which the !';\\·irl prodllced can be mC;l.~lIfed is shown in Figure 7·2fi . A hOll eycOll1h 

Slructure of low ma .... !i. sllpported by " low· rrictio n aif bearing str.Jightens the now. TIle change 
in angulnr momentttm or the now appl ies a torque 10 Ole honeycomh, which j .~ measlITcd by 

recording the fmt:c rcqllirt"d to restrain il. 'flle swirl i.~ proportional In Ihal torque . 

FIJ!II~ 7·25 SkCldl of an intOlkc 11011 ~hn ..... illl! the definit io n of 
the !iwirl raramelcrs H. anti n fU7bn. Il IlTE!naHe. ilnd Morel. 

1911 .' ). Reprinted with pl. .. rlll i.~~ in ll 0 11)1\.'- Society pf 
Automotive Engilll."l."fS. In c. 
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Figure 7·26 S lelldy .~I"te flow and ~wirl system (Ud:an 
el 1I1.. (983 ). 

The crllcie ncy of the port as a swirl produce r is characleriud by a swirl coefficient 

C, defined as 
C, == -r/ (ril U b/2) 

where 

'r == torqlle applied 10 honeycomb 

,it = mass Oow rate 

U = di sc harge vel oc ity or gas 

b = cylinder bore 

(7 .J9) 

The swirl coefficient is equal 10 nne fOf the limiting ca. .. c where the inlet now enters lan­
gentially al the cylinder wall. Sume results obtained using hardware that allowed varia­
tio n in the vnlve offset and port orientati on are given in Figure 7·27 . FOf this cxperiment 

the swirl coefficient varies in magnitude from 0 to 0.), it inc reases with the valve lirt or 

Fi~ur(' 7·27 Effect or ink t pnn 
micnlat inll an gle on ~wirl 
cncffi cient OIt ~e\'eral lion· 

d i l1lcn ~ i!lna l '-Ol Ive lirl ~ (I/t /). 
Pre .~~ lI re differential sct ill 
2 . .'i kPa (U7.k'lIl et a!.. II/HJ ). 

c, 

0 .2 

0 . 1 

0.17 

O.tl 

, 
Nomlnnt I 

poIIIl!on I , , 
IUJ_0056 

o L L.._...L_--'-_--L-1---' _ _ 
-90 -60 -30 0 30 60 90 

Port orientation lIng!u, n 
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the flow to tfilck the gas speed. As thesc p:u1iclcs pass (hruu~ h the prube volumc made by 
the intersecting laser beams. they sCllller r:u.l ialion in all directions. 111e Duppb c ITcc.:1 shins 
the. frequt=ncy of the scallered li ght. ·llie. frequency shift is proportiollal tu the partid e. veloc­
ity. 'Ille electro ni cs of t.he LDV system fi lter and process the sigllal tll detect the frequcncy 
shifts. Both the mean and turbulent vcloci ty componc nts arc mcasured . By moving thc probe 
volume. the ve loc ilY C,In be measured at different points within the cylinder. 

Particle image velocime try (PI V) systems measure vdocity by determining poulicle 
displacement over time using a doubl e pulsed laser tec hnique. A pulsed laser light sheet 
illuminates a plane in the flow. and the pos itions of particles in that plane arc n.:cordcd 
by .1 video CUllIer<l . A fraction of II second I:ller. anotlier hlser pulse illumimlle:; the :;umc. plane. 
c reating 1I second image. ImaFes on the two planes arc analyzed us ing cross-correlation 
techniques \0 comrute the velocity fi eld . Addition,l) informatioll about PIV and othcr lase r 
ba!:ied measurement tedllliques is givcn in Adrilln (1991 ). 

Swirl, Squish, and Thmble 

Three parameters thnt nrc used to dUlfilctcrize the large -!:ica)e iluid motion in the cylinde r 
are swirl, squish. :lnd tumble. This type of mi xing is called large-scale mi xing since the 
characteristic length of the fluid motion is on the order of the combustion chamber di­
ameter, whereas the small scale vortices due to turbulence are much smaller. Tumble is 
tbe vortex mol ion induced by the inlet va lve. Swirl refers to a rotational flow within the 
cylinder about its axis . Squi sh is a radial now occuri ng at the end of compress ion in which 
the compressed gilses flow into iI cup located within the piston or cylinder heud . A CFD 
grid for a four V<.Jlve SI engine is given in Figure 7-24a. and <.J close up cU(:l way of the 
port and valve region is shown in Figure 7-24b. TIle CFD now results at 120" atdc dur­
ing the intake stroke arc shown in Figu re 7-14c. The tumble downstream of the inwke 
valve is indicated by the vortex motion. 

TRANSIENT IN-CYLINDER ANAl YStS OF A 4-VAlVE SI ENGINE 
t 20 Degrees ATDC During thO Intake SHoke 

FlgUrT 1-240 CFD grid fllr 
in-cylinder flow uf a four 
cylinder 5 1 engine (Cnuncsy 
Ad'lpeO) . 

Figure 7-2-tb Close U]I 

of CFD grid [Courtesy 
Ad'I!,W) . 

Flgul'C 1-2·k CFD nnw 
rc .~ul t s (Cuunc:sy Ad;I!KO). 
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TRASNSIENT IN·CYLINDER ANALYSIS OF A 4·VAlVE SI ENGINE 
120 Degrees ATDC During the Inteke Stroke 

TRANSIENT tN·CYLINDER ANALYSIS OF A 4·VALVE St ENGINE 
120 Degroes ATOC During the InLDko Stroko 

Swirl is one of lhe principal means til ensure rapid mixing betwcen fuel and air in 
direct-injected diesel engine .~. ami is u!ocd in gasoli ne eng ines tu promote r.lp id combus­
tion. The swirl level ,It the end of the compress ion process is cJepcnt1ent upun the swirl 
ge nerated during the intake process and how much it is amplified during the cumprcs.,ion 
pruCC!:is. In direct-injected diesel engines. ;IS fuel i .~ injccted. tIle swirl com'cl'b it a ...... ay 
from the fuel injcclor making fresh air available fur the fuel about tn be injccted. 

• 
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RIGHT·HAND EXHAUST MANIFOLD AND CATYUST 
Case 2; Runner 2 open. Velocity "" 4 mls. olher runners closed. 
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Figure 7-20h eFD rc .~ults rm exhaust manirold now (Courtc.~y AdOlpCO). 
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speed: 1-0 compu tation (nmcui ct OIl .. 199·1). 
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volumetric efficiency 
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Engine spoed. rpm 

wave~, so the coefficient)' of the acnu .~tic equations arc empirically detenninw from e x· 
perimcnt, :I~ di~cusscd hy Winterbooe and Pearson (1 999) . A repre~nta t ive BCOU~l ic equa­
tion relating enginc rpm, Nt. 10 a Hmed intake ru oner leogth, Lt, is 

Nt = 7.5 c,/L, 17.3KI 

whcre c" is the speed of sound and L, is the tuned intake runner length. 

7.4 FLUID FLOW IN TH E CYLINDER 

Measurement Techniques 

Using lasers. il has become possihle 10 measure IUC;11 ;lIld instantaneous ve loci ty, tem ­
perature. nnd some species concentra tions within the cy linder withou t in~nion IIf inlro · 
sivc probes. Research engines ami lesl rigs arc bui ll with optical acce."s for the laser as 
onc of the primary design features. 

Figure 7-23 show.~ an arrangement for mea.o;uring velocity using a laser Doppler 
vclodl11Clry (LDV) mc'1.~ tJ rcll1cnl technique. The arrangemen t shown is a steady now lest rig . 
Thc beam from an argon inn laser is split into two beams that are then focused 10 a sm.all 
volul11c within the now. Small particles, about 0.5 j.1m in diameter, are delibcr.lIdy added ttl 

F iJ!lI rc 7-23 La.~c r 

Duppler veiucimctry 
steady nnw lc~t rig 

1 KajiyamOl el OIl.. 19f14). 

Reprinted with 
pcrrllis .~ i{)n !D 19K·I . 
Society of Autol11ntil'c 
Engineer ... , Inc. 
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Figure 7-IKb CFD rCMII! for in l ;I~"': 

manifold fl ow (Courte sy Adapco). 

V6 Manifold (sarnm Mesh) 

z 

~ 
X Y 

PADSTAA 3.10 

VELOCITY MAGNITUDE 
MIS 
ITEA ::: 688 
LOCAL MX '" 5 1.59 
LOCAL MN ::: 0 .7094-E ·0 '1 

51 .59 
47 .91 
44.22 
40.54 
36.B5 
3J.17 
29 .48 
25.60 
22 .11 
1 BA:! 

'.': .. 14.74 
11 .06 
7.370 
3.665 
0.7248E-0·) 

thrl!c-dimensiona l press ure proJiles ill the exhaust port of Figure 7- )<),1 arc co mpared ve r­
sus crnnk angle in Figure 7- 19h. The change in :mlplitudc is signilic'Ult . as the peak pres­
sure is predicted to be about 1.6 bar. corresponding to c hoked n ow co nditions. and the 
minimum pressure is predicted to be. abuu t 0.5 bar. Tht: CFD grid for th e exhaust mani ­
fold shown in Figure 7-20a is for a three cylinder engine with a closely,-coupled catal ytic 
convertt:r. The computed vclocities with tht: middle cylinder exhaust vu lvc UpCI! arc shuWI! 
in Figurc 7-2Gb. 

The volumetric efliciency uf the four cy linder eng ine uf Figures 7- 17 aud 7- 1901 is 
plo tted as a fum:tio ll Ilf engine speed in figure 7-2 1. The compress ible now ..:reatcs three 

Figure 7-191) Dynamic 
three-dimensional 
computations: exhaust 
mnnifold computational 
domain (Borelli 0:1 al .. 199·1). (u) 
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1000:a l lIlil xim:! in vo lulIletric ef!iciclH:Y. with the large !.t vulumelric efliciem:y located al 
about 14.1100 rpm for thi s pa rlicu lar cngi ne . 

The crfec t of inlet r\lllner length un the vulu metric cflicienc:y uf a radng en gine i~ 

plutted as a function uf cll gi lle speed in Figu re 7-22. As the engi ne speed gue~ tu leru. 
the vu lu lIletric efliciency gues to abllut O.M. and with no int:tke pipe ur runner. the vu lu­
metric eftidency Cullows a shallllw curve wilh a maximum at about 0.9, consi), tent with 
the ;Hla lys i .~ uf Sectiun 7.2. TIle runner length fur maximulIl vulumetri c efficiency j ... 

inversely proporti onal 10 the engine speed . 
The sensitivit y of the volume tric eflicic:ncy IU runner length and engine speed ha~ 

been a cha llenge to engine design cngincers . By choosing an intake runner or a gi\·en 
length, the vo lumetri c d licie llcy can be inc reased for a panicular engine !lopced. but it 
drops nCf ll111n: sharply at uther speeds. A lixet.l length venical intake runner is Jc ... irdblc 
in e ngincs wi th thruttle! body injectors or carburetors to minimize wall welling alld mald­
istribu tiun ur the fud air mixtu re. With port fuel injecti on it is possib lc to U!.C a variable 
runner lengt h, and production c lI!;inc~ w ith variable illlake runne r l en~lh an: now hcl'umin~ 
CUlmnOIi in \'chicles. 

Acuu~tic analytical lIIot.!els of inle!t and cAhausl now have alsu ~en dc \"cluped . "i11e 
acuu~lic analyses aSS Unle thaI v,tlve opening and elm-ing produces illfinitc~illl ;d pressure 

Figu~ 7-20u CFD grit.! for 
cxhau .~ 1 manifold flow 
(CuUrle~y AJapm). 

• 
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Figure 7·16h Imake Ill"nifold prc:o;sure profile and frequency a' high 
(~peed (appro,;. 6000 rpm) (Silvestri. Morel. "nd Costello, 1994). 

fonn afC: 
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F ~ [A(fI~~~ Pl] 
pAUli 

'P ~ [T ... V 4,,: + I' M 1 
0.< 

q .• V 4rrA 

(7 . .15) 

(7 .J6) 

(7 . .17) 

where p is the nuid density, A is the cross sectional area of the duct, U is the nuid ve· 
locity, P is the pressure, £ is the total specific energy. H is the total specific enthal py. T~ 
is the wall shear slIess. and q ... is the wall beat nux. Physical effecl.~ such as wal l fri ction. 
heat transfer, area changes. branches. and be nds lhal occur in actual manifolds arc 
accounted for in Equations 7.)4 through 7.37. 

Computa ti onal nllid dynamics codes arc presently used for the design of intake :tnd 
exhaust plenums. runlle rs. and pons, and to assess the effect of design changc.~ nn the 
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now patterns and the volumetric efficiency. There arc a number of ga:- dynamic:- programs 
tlml numcri c .. lly solvc the compressible conserv;lIion equal ions to predict intake: and n· 
hallSt system flow over an cngine: cycle. An eXlensivcly used 1·0 ga:- dynamics program 
is WAVE (1999). 

The specific boundary condition geomelry of the int .. ke and exhausl pons is fequirt'l1 
for so lution of Equations 7.34 through 7.37. A representative thrt'e·dimensional intake 
port geomctry divided into cOl1lput:ttional mesh elements is shown in Figun= 7·17. The 
modeling includes Ihc intake m'lOifold . the inlake ports, valves. and cylinder vo lume. TIle 
compuled 1·0 pressu re profiles for an intake geometry si milar to Figure 7·17 are com· 
pared to measurements in Figures 7·16a and 7·16b. Note [he agn=emenl with n=spect In 
amplilUde, frequency, and harmonic content. The CFD grid 'for a three cylinder engine 
intake manifold is shown in Figure 7·18a. and the computed velocities with the middle 
cylinder open are shown in Figure 7· 18b. 

A CFD grid for an exhaust manifold is show n in Figure 7·1901. The assembly in Fig.· 
ure 7· 19a inc ludes four e;(haust pipes. a collector. and a cata lytic converter. The one· nnd 

FI~lIrt' 7·181! CFD grid fo r 
intake m:mifnld now (C()Ul1e.~y 
Adarcn). 
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Figure 7·1 4 COlllpnrison of residunl gas fmetion for fuel-air 
cycles with the idea l four-stroke inle! process with measured 
yalues (LiYengood. Taylor. and Wu. 1958). 

Now consider the exhaust process. At any instant, the energy equa ti on can be written 
as 

. tlV (dT dill) dm - Q,-P- =c . ",-+ - 1' - - c T 
tit I tit dt dl f' 

(7.32) 

Combined wi!..h the equation of state anti int egrated. we have 

11/,,, (P.)'" V,,, (['" Q, ) J= - = - -cxp -ell 
IIlr" p. .. Vr .. '" PV 

(7.J3) 

Integration is carried only to the time when the intake valve open¥ because during over· 
lap it is assumed thut the gases arc pushed into the intake m:lfIifoi~ only to return later. 
Notice lIlat heat loss increases lIle residual frac tion and is imponant fierc because the ex­
haust gases are considewbly hOlier than the cylinder walls . This is the mai n reason for 
the discrepancy between fuel-air cycle ca lculations with ideal intake and exhaust and the 
eltperiments noted in Figure 7-14. 

7.3 INTAKE AND EXHAUST FLOW 

In engines, the configuration of the inlet and e~haus l flow networks employed plays all 

important role in detennining the volumetric efficiency and residual fraction. Intake 111:111 -

ifolds (see Figu.re 7· 15) consisting of pl enums and pipes are usually requ ired to deliver 
the inlet air charge from some pre paration device such as an air cleaner or compresso r. 
and exhaust manifolds arc used to duc t the elthausl gases 10 a point of expUlsion . oflen 
far removed frqm lhe engine . In multicylinder engines, manifolds are used so cy linders 
can share the same compressor. murner. lind catalytic convener. 

llH~ now in the inlet and exhaust manifolds is unsteady due to the peri odic piston lIml 
valve motion. The opening and closing of the intake and elthuust valves or pons c reale li ­

nite amplitude compress ion and rarefacti on pressure waves that propagate al sonie ve loc­
ity t.hrough t.he intake and exhaust airflow. Mellsured and computed pressure lind freq uency 
profiles in an intake manifold are shown in Figure 7·16a in an engine operating at a low 
speed (- 3000 rpm), and in Figure 7-16b at a higher speed ( - 6000 rpm). Note that as 
the engine speed increases, the frequency and llmplitude of the pressure wOlves incrcilsc. 

Inlet and elthauSI manifolds ,Ire sized or "tuned" to use the pressure waves 10 opti· 
mize the volumetric efficiency at a chosen engine speed. A tuned intake man ifold will 
have a locally higher pressure when the intake valve is open, increasing the charge den· 
sity. A tuned exhaust manifold will have a locally lower pressure when the exhaust v:dvc 
is open, increasing the exhaust ou tnow. 
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Figure 7-15 AutolTlutive engine intake maniruld photograph. (Counesy BnxliJ. . 1m:.) 
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figure 7· 16n Intake manifold pre::.sure profi le: lind frequency 011 low 
speed (approx. )000 rpm ) (Silve l> tri. Morel. nnd Costello. 1994). 
Repri nted with permission Q) 11J1J.t. Society of Automotive: 
Engint!ers. Inc. 

The behavior of the pressure waves is modeled using lhe equations of compressible 
gas dynamics. The governing equations for the intake and edlaust flow Il.rt' the ulIsteDdy 
m:lss. momentum, and energy cunservation equations. which for one dimension in \'e"ur 
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TIl(: firs t integral on Ihe right-hand side is assumed to be zero since duri,ng overlap the 
enthalpy Oow into the cylinder from the exhaust port is halanced by the enth;\lpy Onw 
from the cylinder to the intake manifold . (We arc neglecting the small dec rease in tCIIl­
pcrnlUre that occurs between the exhaust coming in and going out. because of heat loss 
while in the intake port or pipe.) The second integral is equal to the amount of enthalpy 
that Oowed into the cy linder from the exhaust port durin g the overlap pcriod sincc wc 
nssume that tJlis gas returns prior to the s tart of induction, Hence, 

PkVj~ - PI,Y;" = (y - 1)[ - rrpdV -I- J"'(n'lcr7),,, ,r/f 
,,, I .. 

+ CrT1(,"ir,,,t/1 + ( rQd,] 

Let us introduce the n1a.~s inducted 

III, = r;,,;, in til 

17.24) 

(7.25) 

and the mass of exhallst that nows into the cylinder from the exhallst sys tem during overlap 

I"· III,,, = '" lir",. til (7 .26) 

We then hnve for the vohunclric efficiency 

e == ~ = I 1';,." ;,. - P;"",,, + ~ Ii' PdV _ ~--.fL _ T. ... ~ (7.27) 
t· PYJ Y 1';\',1 Y I .. P'-Vri Y PjV.I Ti "YJ 

Both heat transfer [0 the gas and gas exchange during overlap decrease the volumetric 
efficiency. 

Now let LIS consider the limiting case in which lhe pislOn .~peed is !>mall, Ur -)0 O. In 
this case there !>hould be no prcs!>ure drop aeros!> the valves at closure, therefore 

Ur -)0 0:::::> Pi!! = P, and ?ir == Pi 

Equation 7.27 then becomes 

e = Vi~ - V;" _ !(p, _ 
,. V,I Y P

j 

For engines with :l short stroke to Jnd ratio. the cylinder volume is given by 

V r - I 
-= I + --( I -cosO) 
V" 2 

where 0 is the crank angle measurcll from top lie ad cc nter. Fina ll y, we ciln write 

C,. == 
cos 0", - cos 0" 

2 

y - 1 Q 
---- --

Y PjV,1 

" 1 
I' l l' - 1 [ 

y(, - )) 

T, .. 111",. 

T, P, \',/ 

,- 1 
+-- ( 1 

2 
- cos 0,,,)] 

(7.28) 

(7.29) 

(7.JO) 

17.3) ) 

Data arc available for three geometrically simil"r engine.~ in which the valve overlap 
is small and the cy linders arc not mtl(.: h wanner thall the inlet air; the overlap and heat lo .~.~ 

l 
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Fl~tJre 7-13 Volumelric efficiency vcr.;U!'I mean pi!'llon speed or Ihe Mrr 
genmelrically ~imilar engine.'; under !'Iimi tar o}X'r:lling cOlldilion.'~; 
r:: 5.74, '" = LID, P, = 0.95 bar. P, ::: 1.08 bat. T. "" )39 K. 
Tr ::: )56 K. optimum ~rark ad\'ance (Taylor. 1985). Copyright 0 1985 
MIT Press. 
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terms arc negligible in this case. Figure 7- 13 presents the volumetric efficiency of those 
engines as a function of piston speed. Using the specified valve timings. compression nnio. 
exhaust to intake pressure ralio, and II specific heat ratio or y == 1.4, Equation 7.3 I rredi,t .~ 
th:\1 C,. -J. 0.78 as Ur --Jo O. The prediction is seen to be quile good and similar agreement 
wou lll be realized for different prc!>surc ratios. 

Our analysis shows that opening and closing valves at angles other than top and bot­
tom center hurts the volumetric efficiency as the piston speed -+ O. Why then are valves 
opened earlier and closed laler than the ideal case? In addition to the finite valve open­
ing times discussed above, one needs to also consider lhat this analysis is only valid in 
the limit of zero piston speed. 

For a finite piston speed Ulere will be a pn:ssu re drop across the valves. the most im­
po rtant of which is al the intake v;) lv(' at c losing . In the limiting ca."e, air is pu~hed oul 
of the cy linder a~ the pi ston moves up during Ihe lime from bottom dead cenler to inlet 
valve clmure. However, at :I finite engine speed , the cylinder pn:ssun: at bonnm center 
will be less Ihan the inlet pressure because of the pressun: drop across Ihe val\'(: a!'l the 
charge was entering. Hence, as Ihe pislon begins Ihe compression stIOke. mixture can con­
tinue to now into the cy linder until the pressure rises because of the filling and t1K- up­
ward mov ing piston. The now will reverse itself when the two pn:~~ures art: equal . and 
then now back into the intake system until valve closure. 

The volumelric efficiency increases with piston speed until a point i, reactx.-d when: 
the nnw reversal starts at intake valve closure. For speeds beyond Ihal point. volumetric 
efficiency will drop because the valve will close during a time in which mixture is still 
flowing in the engine. TIle trend of vo lumetric efficiency with speed di.'OCusscd here is 
shown very clearly in Figure 7-13. 
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following expression. 

pmcp ~ (P, - P,) - ( I.4P,- 2.6P,)Z" (7.20) 

As Z -J- O. the pmcp goes to the ideal case of p~ - Pi. 

Valve Timing 

Intake and exhaust valve lifls llre plotted as a function of crank angle in Figures 1-13 and 
7-12. in order to cnsure Ihat a valve is fully open during a stroke for good volumetric ef­
ficiency, the valves llre open for longer than 180 degrees. The exhaust valve will open be­
fore bottom dead center and close after top dead center. Likewise. the intake valve will 
open before top deud center and close afler bottom dead center. 

There is a valvc overlap period at top dead ccOler where the e:r.:haust and intakc v.dves 
are bOLh open. This creutes a number of flow effects. With a spark ignition engine at part 
throtlle. there will be back flow of the exhaust into the inlet manifold since the exhaust 
pressure is greater than the throttled intake pressure. This will reduce the part load per­
fommnce since the volume available to the intake charge is less, reducing the volumetric 
efficiency. Rough idle Cilll also res~lt due to unstable combustion. On the other hand. si nce 
this dilution will 'reduce Ibe peak c~mbustion temperatures, the NOx pollution level s will 
also be reduced. 

At wide open thrall Ie . with both valves open, there will be some shortcircuiting of 
the inlet charge directly to the exhaust. since in this case, the intake pressure is greater 
than the exhaust pressure. This will reduce the full load performance, since a fraction of 
the fuel is not burning in Ihe cylinder. 

Typical valve timing angles for a conventional and 11 high perfomlance automutic 
spark engine are given in Table 7-1. The high perfomlUnce engine operates at much higher 
piston speeds at wide open throttle, with power and volumetric efficiency as the impor­
tant factors, whereas the conventional engine operates at lower rpm. with idle and part 
load performance of imponance. 111erefore, the high performance intake valve opens about 
25 0 before the conventional intake valve. and closes aboul JO° after the conventional in­
take valve. As lhe engine design speed increases. to maintain a ma:r.:imum valve opening 
during the intake and exhaust strokes. the intake and exhaust valves are open for a longer 
duration. from about 230 0 

10 about 285°. Early opening of the exhaust valve will reduce 
the expansion ratio. but will also reduce the exhaust stroke pumping work. 

Figure '·12 Exhaust and intake valve 
profiles (Olsen el al .. 1998). Reprinted 
with pennission " 1998. Sociely of 
Automotive Engineers, Inc. 
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Tahle 7·J Valve Timing Anglc:s 

Open Close Duralion 

Intake Conventional 5° before Idc 45" nfter We 230· 

High perfunmuu:e 3U' before tde 75" after bde 21W 

EllhauSI ConveJUionui 45" before bde 10° Ilfter Ide 235" 

High performance 70' before hde 35" nfter tde 1M5" 

To mini miLe engine siLe and produce a given torque versus speed curve (with lorque 
proportional 10 the volullIetric efficiency at fixed thermal efficiency~, it is clearly desir­
able to be able to vary valve timing with engine speed. Variable valve liming (VVT) is l& 

tcchnique that can address the problem of obtaining optimal engine perfonnunce over a 
range of ihrottle and engine speed. Variable valve liming allows the int..ak.e and exhaust 
valves to ope n and close at varying angles, depending on the speed and load conditions. 
At idle. wilh a nearly closed throttle, the intake and exhausl valve oveclap is minimized 
to reduce exhaust back flow. At low speed, the intake valves are closed earlier lo increase 
volumetric effic iency and torque. At high speed. with an open throtlle. the intake valves 
arc closed later 10 increasc volumctric efficiency and power. 

There have been a number uf VVT mechanisms built and commercializ.ed. As one , 
miglu c:r.:pcct the mechanics uf a VVT device are compiex. Hydraulic mechanisms . dual 
lob camshafts with followers have been developed, and electromagnetic and electrohy­
draulic actuators which repluce the camshaft can also be used. 

Effect of Valve Timing on Volumetric Efficiency and Residual FrnctJon 

The tirsl law of thermodynamics 'lpplied 10 an open system doing boundary work is 

A£ = - f P,IV + f (/il ,~hm - I;!,,~,h, ... ,) tit + f Odt 

For an ideal gas with constant specific heat, it can be shown that 

1 
t1E ~ C,. u(",1) ~ -- U(PV) 

y-I 

0.211 

(7.22) 

Let us assume that during overlap, exhaust gas flows into the intake manifold Ilnd laler 
an equal amount flows out. The flow into the cylinder is then composed of residual cx­
llUu st gas Ilntil the total residuals pushed into the intake manifold relurn to the cylinder. 
It follows that for the intake process 

r [(';,e,.1)." - (';",.7)".,1<1, ~ r [ 1 + f[ 1 + r [ 1 
'" '" rr " 

(7.23) 

The integrand is the same in all integrals amI is abbreviated on Ihe righi-hand ~ide by 
brackets 10 save space. The time nutation is: 

;0 = intake valve opens 

ic = intake valve closes 

ec = exhaust valve cluses 

is = intake of fresh mixture starts 

J 
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Figure 7-10 Volum~tric 
effici ~ncy versu~ inlet valve 
Mach index in th~ n::gillle when=: 
choking occum nl the i nl~t valve 
(Livengood and Slanill.. 19·1) . 
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Experimental results are available fo r an engine in which (0;,. - O;,, )/rr = 1.3 and thus 
c,. = 0.75/2. They arC given in Fig ure 7· I O. Equation 7. 15 is an uppe r bound for the vol­
umetric efficiency va lid for large Z. II shou ld be noted Ihat the Mach index is no t a pa­
rameler that characteri7.cs an actual ga.~ .~ pced; rather. it characterizes what the average 
gas speed through the inlet va lve woul d have to be to realize complete filling of the cylin­
der at thaI partic ular piston speed . The Mach number for that averagc inlet gas speed 
would be 2/0.58 for y = 1.4. 

The results in Figure 7-7 show that fo r good volumetric efficiency one should keep 
the Maeh inde x down to less than ,lboul Z = 0.6. Based on Ihe analyses that led to Equ· 
<Hion 7.17. we ca n interpret this to mean that lhe ave rage ga,.; ,.;peed through the inlet valve 
should be les,.; than the sonic vel ocity, .~o that the intake flow is not choked. Hence, inl et 
valves can be sized on the basis of the maximum piston speed for which the engine is de· 
signed; c hoose Z = 0.6 OIt Ihi s speed and it follows that the average effective area Ai of 
the inlake (j = i) valves is 

( intake ) (7. IR) 

Likewise for c rficien t exp Ul sion of the exhau st gas . the avemge effective area A,., of the 
exhaust U -= e) valves shou ld be such that their Mach index is less tha n about 0.6, in 
which case. relative to inlilkc conditions 

~ ~ ~ ~ (!')'" 
Ai r,. T, 

(7.19) 

As show n in Equati on 7.1 9, a sma ller exhaust valve diameter and lift (1 - d/4) can be 
used because thc speed of sound is higher in the exhaust gases than in the inlet gas flow. 
Current practice dictates that the ex haust 10 intake valve arc:! ratio is on the order of 70 
to 80%. 

\ 

O.03b 
(all) 

0.t2b 

c.::rb 
~ \EJ 
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7.2 Val ve Flow 17. 

FI~urc 7·11 Valve diameter ralin~ for a n"l cy1i nu~r head Ib: bore. In: inlake, Ex: exhau .~t). 

In m:lny sit untions it turns out that the intake valves are sized as large as pos!iibJe 
while being consistent with Equation 7.19. This is because there is only so much room 
available for valves and it may not be possible 10 satisfy Equation 7.18. thereby compro­
mising the maximum speed of the eng ine. TIle use of mUltiple valves increases the val ve 
area per unit pis ton area, and hence the speed at which the engine power becomes flow 
limi ted. Heads are often wedge-s haped or domed to increase the valve area 10 piston area. 
so that intake valve areas to piston area ratios o f up to 0.5 can be obtained. Typical valve 
di;lmeter ratios for two, three, and four valves per cyli nder are given for a flat cylinder 
he:ld in Figure 7·11. 

EXAMPLE 7-2 , 
What is the int ake va lve area A, and the ratio of the intake valve area to pi ston :Irea re o 
quired for a Mach Index of 0 .6 for an engine with a maximum speed of 8000 rpm. bon: 
and stroke uf 0 .1 m. and inlet air tempe rature o f 330 K'! Assume')' = 1.4, R = 287 J/kg K. 
and an average flow coefficien t C, = 0.35. 

SOLUTION 
Ii 

1.3 b~ ....!. 
c, 

c, ~ (yRT,,) '" = (1.4 . 287 . ))0) '" ~ )64 mls 

U,. = 2 • 5 . N = 2 • O. I . ROOO/60 = 26 nt/.~ 
Ai = ( 1.3)(O.lf 2tl/.1fi4 "" 9.J X IO - ~ m ! 

A,. = Ajel = 2.65 X 10 ' .1 m~ 
A,. A,. 2.65 X 10 -.1 

A,. = ~ h2 = ~ (0.1 f = 0.34 

In a fou r-stroke engine. the pUlIIping work is defined as the work required In pu~h 
ou t the exhaust gas and to pull in the fresh charge. It is eva luated from a pressure·vulume 
diagram from bo llom cen ter at the .~t art of the e:t.hau.~1 slroke to bottom center at the emJ 
o f the inducti on stroke . The idea l modd, valid for e ngines o perated al low Mach indices. 
predicts thai the pmep is th e difference between the exhaus t pressure and the inlet pres· 
sure . At higher speeds. the pressure difference across the valves 3t closi ng redu ces or in­
creases the pumping depending on whether o r not the engine is supercharged. Dat:\ givcn 
by Taylor (19R5) for an engi ne w ith short intake ;lIlll c:t. haust pipes arc correlated tly the 
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Figure 7·8 Pallems of now 
through a sharp-comercd 
poppet CAbaust valve 
(Annand imd Roc . 1914)_ 

EXAMPLE 7·1 

li~ 
(,,) low lilt 

~ 
I 

(h) High lilt 

What is the maximum fl ow rale through an exhaust valve. if the valve throat area is 
2.7 X 10- 3 m2, the valve CI is 0.6 and the cylinder pressu re and temperature are 500 kPa 
and 1000 K7 Assume edwust system pressure is 105 kPa. 'Y = 1.35, and R = 287 11kg K. 

SOLUTION First compute the pressure ratio and 
detennine if the flow is choked 

compare it to the critical pressure rati o to 

'4 
PUll 500 
-- ~ - ~ 4.76 
p"".... 105 

Therefore the flow is choked, and P"I P,. = 1.86. 

Second, use the choked now eq ual ion (Equati on 7.10) 10 compute the now rate : 

Valve Performance 

( 

2 )IY; IY2iy - I) 

Iii = PI! CI A,. C" - - -
r + 1 

• 500 X 10·\ 1 

p" ~ PjR7" ~ 287. 1000 ~ 1.74 kg/m 

';, = (1.74)(0.6)(2.7 X 10 ".1)(1.35.287· 1000)1t' ( _ 2_)' J<> 
2.35 

1.02 kgis 

An IUrJngement found COllvenient for determining the effect of vnlves a ll engine volu ­
metric efficiency is shown in Figure 7-9. 11le intake Ilnd exhaust pipe runners nrc short 
and the plenums are large (on the o rder of 100 times the enginl! displacement). With large 
plenums, intake and exhaust press ure fluctuatiuns are reduced in masnitude and the pres· 
sure drops in the intake and exhaust system arc primarily at the intake and exhaust valves. 
The pressure in the intake and exhaust ports may be assumed to be equal to the pressure 
in the intake and exhaust plenums, respectively. The mass inducted during tt~c valve opcn 

\ 
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I' lgure 7-9 Sillgle-cylimlcr cngine cquippcd wilh large ~ur1.!e IlInk!. lind 5hon inlet and 
e,\hausl pipes (Taylor. 1985). Copyright ID 1985 MIT Prc~s . 

pcriud is 

- 1 f"". - 1 f"" [2 ((1',)", (1',.)'" IV,)]'" III , - - /lidO - - A pl.' --- - - - dO 
W II,,, W II ,,, J Y - I p.. P" 

0 .12) 

where: 0". is the crank ;lIlglc at which the intake valve opens and 0" is the nogle 1It which 
it closes. TIle terms A,. p. c, P,/ P,,, and y depend on whether flow is into the cylinder or 
out oc.thc cylinder. Let us normalil.e Equation 7.12 by the aver.lgc effective intake flow 
area. A/. 

A, = _ _ 1- f.
lI

"·A
l

dO = CIA,. 
0" - 0", ~ .. , 

0.13) 

the intake plenum den si ty. p,. and sound speed, c,. The tenn (:/ is the avcroge flow coef· 
ficielH. We then have for the volumetric efficiency 

<, ~ ~ ~ A,c. f ""~~!:.[....3.....((~)'" _ (~)"'IV')l'r.dO 0 .14) 
p,V" wVJ ",,, A, p, t', y - I P" P" 

Note that in the absence of reverse flow during induction pi p" = cle, = 1.0; the Icnns 
are included us shown 10 cover the Illore general casc in which reverse now oc,"urs. A 
marc rigorous analysis would includc thc effect of engine speed. 

Ll! t us consider the limiting case in which thl! fluw is always choked and intu the 
cylinder. The pressure rati o givcn by Equation 7.9 is independent of crunk angle. so 

_ (....3.....)1" I~h - I) AI ( ~ _ 
' .. - + 1 V (/I... " •.• ) y W.l 

(7 .151 

Introdudng y = 1.4 <llllilhe inlet Madl indcx. Z Jdillcd by Taylor (1985) 1lS 

17.16) 
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Figure 7-3 Essential 
features of a steady 
now bench 10 measure 
effective now areas ,md 
discharge coemcien! ~ of 
a valve. 
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Figure 7-5 TIle e ffect of 
Reynolds number and valve lift 
on the discharge coefficient of a 
sharp cornered inlet valve 
(Annand and Roe. 1974). 
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---- ~ '----~ '--~ ~ 
High lift free "-
Jet formed Intermediate lilt Low 11ft }ot nus aap 
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Figure 7-6 F[ow patlcrns through a sharp·cornered inlet valve (Annand and 
Rne, [97,1). 

If the j e t is attached, then the discharge coefficient decrea~es slightly with increasing 

Reynolds number since the viscous effects in the jct dccrease. At high lifts. the fluid in­
ertia prevents the flow from turning along the valve seat, so the now breaks away, foml­

ing a free jet. The now area of a free jet is more or less independent of viscosity, thus the 
now coefficient at high lifts is independent of Reynolds number . 

The di.~charge coefficient is not as strong a function of lift as is the flow coefficient 
since they have different reference areas. The discharge coefficient. Cd. decn::a.o;es slightly 
with lift since the jet fills less of the reference curtain area as it transforms from an 
<lunched jet to a separated free jet. 

Di scharge coefficient results for exhaust valves arc shown in Figure 7-7. The exhau.~t 
flow patterns drawn in Figure 7-8 are basically unchanged as the exhaust valve opens, so 

the now coefficient i.~ a weak function of the exhaust valve lift. Separation of the exhau .~l 

jet from the valve scat at high lift will C<lU.~e the now coefficient to decrease slightly at 
high lifts. It should he noted that the now bench pressure: drops are: of the order of 5 kPa. 
whereas the actual pressure drops across exhaust valves are about two orders of magni­
tude larger, since the I.:ylinder pressure al the exhausl valve opening is of the order of 
500 kPa. 
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Figure 7-7 Discharge coefficient v;,riation wilh IiftJdiameler 
ralio for :l sharp·cornered poppet exhaust valve with 45° scat 
angle (Annand and Roc. 1974). 
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The isentropic clluation relating the valvc pressure ami density to the upstrCilnl stagnation 
pressure and densit), is 

( I' )'" 
fJ , = p" P:: (7.4) 

and the ideal gas equation at stagnation cOlH.li1ions is 

P" = p"RT" (7.5) 

The stagnation sound speed c,. is 

CO' = (yRT,,) '" (7.6) 

Substituting Equations 7.2-7.6 into Equation 7.1 we obtain 

[ 
2 ((1',.),,, (1',.)", "')] '" /' CAr - - _.- --

., , '" l' - I P" P" 
(7.7) 

For inlake now inlo the cy linder, the stagnation conditions refer 10 conditions in the inlilkc 
pon upstream or the vDlve. For exhaust now out of the cylinder. the s\l.Ignillion conditions 
rerer 10 conditions in the cylinder. 

Choked now occurs at a valve throat if the ratio of the upstream pressure 10 duwn ­
stream pressure exceeds a critical v.tlue . The critical pressure ratio is 

(~) = (~)''' - ') 
p~" .. n ,t -

(7 .H) 

For l' = 1.35 the critical pressure rilti o is 1.86. If the now is choked, the pressure at the 
throat is 

(7 .9) 

NOle Ihat for choked now, the valve sta lic pressure P,. depends only on the upstream stag · 
nation pressure P" and is independent or the dowllstrellln pressure. The choked now ratc 
dI u is 

( 

? )t1' 1~(1 - 1 ) 

/;' ,., = p"C,A,c" l' ~ I (7. lO) 

For nonchoked now into the cylinder, it may generally be assumed thai the throat 
press ure is equal 10 the cylinder pressure. If the kinetic energy in the cylinder is relatively 
negligibl e. one need nOI distingui sh between static and stagnation cylinder pressure. 
However, for exhaust now from the cy linder in none hoked situations. one equates the 
throat pressure to the exhaust pon sta tic pressure and this may differ sign ific'lIltly frolll 
the exhaust port stagnation pressure. 

Equation 7.2 assumes isentropic flow from an upstream reservoir to a minimulll valve 
throat area, A, ... In the idealized model of a puppet valve shown in Figure 7·1. two mini­
mum area A,. pOSSibilities arc evident: th e valve curtuin area A, = 1TdJ or the pon areil 
Al = 7rd!/4. For low lift the minimum area is the valve cunaill aren, and for larger lifts 
the minimum area is the villve seut area . In this idea lized model. the geometric effects or 
the valve stem and valve seat angle are neglected. These considenSlions are addressed in 
Homework Problem 7.7. TIlere is little reason to open a valve much beyond lId - 1/4, 
since the flow area at such lifts would be limited by the port size. For intake ports, the 
mll)timum lid is about OA. accounting for the flow coefficient of the port. 

\ 

Figun: 7· 1 h.1ealized 
mudd of val..,e now 
arcas. 

Figure 7·2 Valve now eoc:fficiem versus lift. 
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,1..-. As show n in Figure 7·2. the nuw coenicicnt is the r.ltio of an efTective flo ..... area. A/. 

tu .1 representati ve area. A, .. The represcnwti vc va lve area can be defined using eit~er ~e 
va lvt cunain area or the seat area. If the valve scat area is chosen the now coeffiCient IS 

denoted as C
J

• as indicated by Equation 7 . 11~. allll if ~he valve curtain area. i:. .u!>etJ. the 
now coefficient is called a di sc harge coeffiClenl and IS denoted as C~. as IIldlealed by 

Equation 7.11 b: 

rr , 
A, = CIA,. = C/4 ci (7 . lla) 

A, = CdA , = C,/TTdl (7.) )b) 

Flow !.:oefficients arc measured using steady Ilow benches like thnl illu!>lrated in 
Figure 7·3. The now rate and prcssure drop across the valve are measured for a. num· 
ber of different valve lifts and press ure ratios. Equation 7.7 is then solved for the flo ..... 
cuefficiellt ror a particular choice o f represellwt ivc valve area . Considerations (or u~ 
in engine simulation arl! givc .. in Blair and Drouin (1996). 

SUllie experimental resu lts obtuined using nu ..... benches are given in Figure 7-1. 
Figure 7-4 is a typical plO! uf Cj versus lirt. The flow coefficient CJ incr~ases mono~o. 
nically frolll zero with lift sin!.:c the effective flow area through the valve IIlcretlses With 
lift . whilc the reprcscnt :l tivc va lve area 7f(/~/.f is a constant. The maximum value of C/ 

is seen to bl! about 11.6. 
The discharge coe ffic ient Cd is piQUed versus Reynolds number in Figure 7-5 ilnd 

versus lift in Figure 7·6. TIle dependence of the discharge coefficient CJ on ReynoldS 
number cnn be understood in \enns of the now pauems shown in Figure 7-6. AI low lifts 
the inlct jet is attached to both the valve and the scat, and Ihus nffecled by viscous shear. 

• 
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6.2 Racing mechanic.~ will {lflen motlify an engine by increasing the bearing clearance.~ above 
the manuracturer specifications. This call incrca .~e the power of an en,;ine. With reference 
to Equation 6- 10. dis:: u~!' why [he pnwer is increa!'ed. and Ihl! tradeofr.~ thaI should he 
considered in choosing :l cl earance. 

63 How is the rmer computed from the data in Figure 6-9? 

6.4 It has been obsefved that the oil film thickness a ll the cylinder wnlJ tends to be greater at 
lower loads. Relate this observa tio n 10 the fmep versus load curves in Figure 6 - 1. 

6.5 How do the piston and ring friction depend on the mas.~ of the piston? 

6.6 Explain the zcro crossings in Figure 6-12. Why is there not a lero crossing during the ex· 
pansion stroke in IlfI:~ ran ge 0 < 0 < I RO? 

6.7 Ir one cyli nder or a multicyl inder spark ignition engine is motored by disconnecting the 
spark plug, it has been ohserved Ihat the motored cylinder pressure increases wit h load. 
Discllss why thi s is to be expected. 

6.8 For the pi ston specifications given ill Tnble 6-1. nt wha t engine speed wi lil he pis Ion skir1 
friction be equal to the pi ston gas and ring friction? 

6.9 Whal arc the pumping. accessory. valve train. piston. :md crankshaft fmeps for" six-cylinder 
engine at 3000 rpm and \VOT wi th 0.1-111 hore ;md stroke. and compre!'i!'i;oll ratio of I I " 
The number of cr;\Ilksbaft bearings is seven. AS!'iulT1e tbe other engine spec ifi cation s arc 
as give n in Table 6-1. 

6.10 Compute Ihe fmep components (pumping. acce!'i!'iory. valve train. pislon. and crankshaft) 
for the engine speci fied in Table 6-1. bUI throttled to 50 kPa inlet pressure. Plot the rc­
!'iu its versus engine speed from 1000 10 6000 rpm. 

6.11 Compare the Patton valve train fmer with the Bi.~tlOp va lve train fmep ror the engi ne spec­
ified in Table 6~ I at N = 2500 rpm. 

\ 

Chapter 7 

Air, Fuel, and Exhaust Flow 

7.1 INTRODUCTION 

In Ihis chapter we examine the now of the air. fuel. and exhaust through internal com­
bustion engines . So far we have restricted our ;llIcntion to the ideal four-stroke modellhal 
assumes constant pressure intake and exhausl nows. The ideal rour-strokc modcl i!'i qual­
itatively useful bu t quantitutivcly lacking. since no account is made o( such imponant (Ole­

tor.~ :lffecting the intake and exhaust flow and pressure as unsteady and compressible flow 
phenomena. wall friction. heal tmllder. afca changes. br.lllches. and b<=nds. Thc airflow 
in two-stroke engines is nlso examined in this chapter. A model is presented (Of two-stroke 
engine scavenging. including pnrameters such as the delivcry mtio and the residual (rac­
tion. Finally. the basic principle.~ of fuel -injection systems and carburetors arc laid out. 
providing an introduction to the vOlrious means employed to deliver fuel to the combus­
tion chmnbcr. 

7.2 VALVE FLOW 

Valve Flow and Discharge Coefficients 

': 

TIle nlO.~t significant airflow restriction in an internal combustion engine is the flow through 
the intake and exhaust va lves. Typically the minimum cross sectional area in the intake 
and exhaust system occurs at the valve. In accounting (or the pressure drop across the in­
"Ike and exhaust valves considerable success has been realized by modeling the gas now 
through the valves as one~dimensional quasi-steady compressible now. 

nle actual ma.~s now rate. IiI. and the isentropic mass now rate. IiI". through a valve 
arc given by 

,i, = C,';' .. 
Iii" = p,.A,.V" 

(7 . 1) 

(7.21 

where C/ is a valve flow coefficient. Vi, is the reference isentropic velocity. OInd A, and 
p,. arc: the cross !iectionul ar!'!a lind nllid density ,It the valve. re!ipectively. The isentrop ic 
\'e loci ly V" depends o n the pressu re ralio and is calcu lated front the isentropic relation 
for a now in a converging no1.7.1c emptying into a large volume: 

[ 
Y p •• ( (P'.)"·"')]'/! U - 2 - - - 1 - -

.. y - 1 P.. Po 

where 

P" = upsteam total or stngnation pressure 

P,. = valve s tnt ic pressure 

p" = upstream totn! Of stagnation density 

(7 . )1 

16J 

( : 
, 
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Figure 6-29 Friction 
mean effective pn::ssure 
(fmep) \·crSU5 engine 

speed for Example 6.1. 
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TIle fmep componcll1s arc plutlcll as a function of engine speed in Figure 6-29. The 
friction from !he pis Ion rings and sk irt is the largest component. As the e ngine speell in­
creases from 1000 \0 6000 rpm, the lotal fmep increases nonlinearly from about 100 kPa 
to 260 kPa, with the pUlllping friction contributing the largest increase. 

A quadralic com:huion of the loull fmep as a function of engine speed for the engine 
of Table 6.1 is 

rmop, •• = " + b (I~O) + c (I~)' (6.47) 

The curvefil coefficients afe: a = 94.8, b = 2.3, and c = 4.0. 
The relative contributions of the component fmeps: crankshaft, piston, valve train, 

accessory, and pumping mcan effective pressures for !he engine of Table 6·1 an: plaited in 
Figure 6·30. For wide open lhrottle conditions at low engine speeds, the overall cngine fmcp 

Figure 6·30 
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is primari ly l.1ue to piston and valve trJin fricLion. As the engine speed increases. the pmep 

fraclion increases to about 35%, and Ule vulve train fmep (mclion decreases from 35~ 10 
J 0%. The effect of thronling on flllep is examined in homework Problcm 6· 10. 
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6.12 HOMEWORK 
6.1 Oil companies are advertising "slipp~ry oils," i.e ., non -Newlonian, t.hat if usctJ in your 

ilutomobile will slightly rcduc~ the ruel consumplion . The implictltion is thut when the 
slippery oil is comparetJ to convenlional oil of equal viscosity, the slippery oi l wil l have 
it reduced friction coefficiellt. How is this possible'! 
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The accessory mean l,tTectivc pressure from Bishop (1964) is 

( 
N )'1' 

nmcp = 2.ti9 I{X}O (6.'16) 

For the engine specified in Tahle 6 · ', with N = 3000 rpm, the accessory mean ef­
fective pressure from the Patton co rreluti on is 20.2 kPil, and the Bishop accessory mean 
effective pressure is 14 .0 kPa. Even though the Pallon and Bishop corre lations have cJif­
fcrent engine speecJ scali ng. they both predict that the slope of the ilmep curve wi ll decrea se 

with incrensing engine speed. 

6.10 OVERALL ENGINE FRICTION MEAN EFFECTIVE PRESSURE 

The preceding component ana lyses can be combined to foml an overall engine fmep model. 
The component equations arc summari7.cd in Table 6·4, ond have been used \0 develop a 
fmep model thai is included in the text web page. It should be noted that the coefficients 
used in lhe fmep model arc likely to depend on oi l properties. SLlch as the viscm;ity. Ihat 
have not been explicitly included in [he analysis. 

E~LE 6.1 Engine friction mean ellec/il'l! prl!.f.fllre 

What arc the crankshaft. pislon. va lve [rain, pumping. and accessory fmeps for the fOIlf­
cylinder engine speci fied in Table 6-1. if it is ope rated al wide open throttlc (WOT) al 
speeds varying from 1000 to 6000 rpm '! 

SOLUTION TIle web page: contains an i1pplel en lit led Friction Mean EJJl!criw: Pre.mm:. which 
cnn be u$ed to compute engine component fmep . The input parameters for a SOHC 
four-cy linder in-line: engine: with Iwo inlake: and Iwo e:xhaust valves per cyli nder arc 
given in Table 6-1. Note thai a wide open throllie condition is onc in which the int ;lke 
pressure is the same as the atmospheric pressure . The input parameters are entered 
into the applet as shown in Figure 6-28. The calculation results arc also $hown in 

Figure 6· 28. 

Tobie 6-4 Fmep componc n! eq llali on~ 

Component Suhcomponcnt Equation 

CrankshOlft M:lin hearing~ (6. 14) 

Seals (6.17) 

C(1I11ll.'cting rou hl.'ilrings (6.15) 

Pi~ton Skirt (6.24) 

Ring .~ (6.26) 

Ga~ pres~urc: (6.27) 

Valve Itain Ca",~hilfl bearilll.!~ (6.28) 

Flat or roller foll owl.'r T:lhle 6-3 

o.~ciUating hyurot!ynall1 ic Tahle 6-3 

o.~ci l1at;ng milled Table (j·3 

Pumping Intake manifold (6.38) 

Init't valves (6.39) 

E.thalls[ val\'e~ (6.42) 

Exh'lU.q s),stem (6.43) 

Accessory (6.45). (6.46) 
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6.8 

where D". is the int.Lte .... illvc head diameter ami D"., b, and l· have uni!.'; uf nllll . For current 
SOHC valve tr..tin systems. Lee et al. (1999) recommend a value of 246 for thl! leLlding coef­
ficient in Equation 6.37. an imJicalion t1mt current technology has reduced the valve train fric­
tion. TIle Bishop correlation takes into aCCOUll1 the decrease of the friclion coenicknt in lhe 
mixed lubricalion regi me wi th eng ine speed, and is inversciy proportiOimllo li}e pistoll siroke. 

PUMPING MEAN EFFECTIVE PRESSURE 

The pumping mean effect ive pressure is the sum of the pressure drops across nuw restric­
tions during Lhe intake and exhaust strokes. It is a mcasurc of Lhe work required to llIove 
the fuel-air mixture into ;Hld out of an engine . 11le now restrictions are located in the intake 
system. the intake valves, the exhaust val ves . and the exhaust system. The intake system 
clements include the air filter, inlilke manifo ld, and throllie valve. The exhaust system n~)W 
restrictions incl uJe the e:dmust manifold , catalytic converter, mumer, and tail pipe . 

The pressure drop in Ihe int'lke manifold 6P,", is 

6P"" = P~ - Pi (6.38) 

where Pi is Lhe imake manifold pressure and P" is the atmospheric pressure. TIle pressure 
drop <.Icross tlle inJeI valves scales with the density. mass flow rale, and the open valve area 

, 1(';')' I1P". - pU' - - --
P 11" . ...1" . 

(6.39) 

where II". is tlle number of intake valves per cylinder. The mass flow rate scales with the 
volumetric efficiency, which in tum is proponionaito the intake/atmospheric pressure ratio 

(6.40) 

Neglecting the density change across the valves. tlle inlet valve pressure drop there­
fore scales as the square of Ihe mean piston speed 

(
P, U"b')' 

Ill'". = C·, -; ---, 

I" fI". D". 
(6.41 ) 

where D;,. is the intake valve diameter. S imilaril y, the exhaust valve pressure drop 61',.,. 
scaling is 

(
p U b' )' 

6P r'. = c,. --.l.. --'--, 
P" lI". D".-

(6.42) 

where D". is the exhaust valve diameter, and " •• is the number of exhaust valves per CII­

gine. TIle constant of proportionality detennined by Millington and Hartles (1968) for 
small high-speed diesel engines is c,. = 4 . 12 X JO- l kPa-s1Im~. 

TIle exhaust system pressure drop 6pr. also scales with lhe square ofLhe nHISS flow mte 

,;,' (P, - )' I1P - - - -U 
... P •. , P" I' 

(
P . _ )' 

= kr' -;- VI' 
I" 

(6.·13) 

If Lhe exhaliSI system pressure drop is assumed to be 40 kPa ill .1 piston speed of 15 fB/s al 
wide open throttle conditions, then the proportionality constant Cr , equals 0.178 kPa s~/m l 
(Patton el al.. 1989). 

\ 
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Thc total plllep is 

plllep uP,,;, + 6P" + ~Pr. + ill'" 

6.9 ACCESSORY FRICTION 

nle m:c.:essory mean cffe(.:tive pressure (amep) is the sum of the remainiug cr.l.Ilk,a:.e lrir.:tion 
tenl\S Olher thall the journal bearing , piston and rin gs, and valve trolin lo~ses . It includes the 
oil pump (Figure 6-26) , water pump (Figure 6-27), and nonchargins alternatur fri'tion . If 
these terms :tre assllllleJ 10 be proportioual to engine Jisplacemenl, then by refen:nce to 
Equ ation 6.6, the mep of the accc~)orie s is a function of engine speelJ unly. 

Pallon et ill. (l9K9) suggesl an ilr.:CCSSOry mean effective pressore IIf Lhe (om\ 

alllep = III ;. (l1(1~) + (I'(I~)Y 
where (/1 = 6.23 kPil 

(11 := 5.22 kPu-lllin/ rcv 

a\ = -0.1 79 kPa_lllin1/ rev1 

Figure 6-26 Automotive engine oil pump. 

(Courtesy Mdling Engine Parts.) 

, 

J 

Figure 6-27 Automotive water pump. (Counesy 

Ainc:o; Products.) 

(6 .. 51 

• • 
• 
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Figure 6·24 Rocker 
nnn~ on cylinder heild. 
(Counc:o;y lesc! 
Vah"clr<lin 

CornroIlCl1t.~ . ) 

Fi~urt' (j·25 Eng ine poppe I \':llvcs. (Courtesy 
Wesco Valve & MllnufaClUrill[! COl1lp:lIl)'. :I 

wholly owned :'>lIb:o;idiary of SafelY SC:l1 Pi ~lnn 
Ring Company.} 

where fl. ,. is the nllmber of camshaft hearings, assumed cquililo the prmlut:t of the 1111111 

ber of camshahs .mclthc number nf main hearings. PallO" ci OIl. (19R9) Sl lggcst a val !!"" 
of Cr =: 2.44 X 10

1 
kPa·mm

1
-minlrc" as the proportionality con.~ lanl. plus all addilion;!. 

value of 4. J 2 kPa 10 account for the camshaft sea ls. 

For scaling purpose.c;. the normal fo rce in the va lve mcchani.~m compo ncnls slII.:h a" 
followers , rocker amls. \'al\'(' lift crs. :uuJ va lves is as.~t1mcd to he proportinnOlllo the prod 
uCt of tbe crrectivc valve rrain m:rss :md acceleration. The valve Irain effectivc 1l1:1 SS I:. 
proportional 10 valve area, which i .~ in lurn proportional 10 th e cy linder crns .~ scc litl1r:r' 
area. TIlercfore the nomra l force scales as the square pf Ihe cylimJcr bore. 

A Oat follower Cff) is assum ed to operare in the mixed lubrication regime, and car 
be sca led with a friction coerricient inverse ly proportional to engine speed . 

( 
1000)' F, - I F" - I + N Ir 

The fmep .~cales :rs 

fllll'P" - (I {fl .:\{} ' 

where 11,. is the tol al number of valves, and elf is the Oat fn llower cne flicie lli. 

A roller fo llower (rn o perates in the rolli ng contact friction regime and is scalt'd 
with a fri c ti on coefficient proportional to engine speed. Patton et :II. ( 19R9) reeOfl1merH : 

\ 

6.7 VIII\"(' Train Fricrltln ISS 

the following fmep sca ling, 

F, - IF, - Nh' (6. ) I) 

II ,.N lI ,N 
fmep,,- -- == crr - -

II, .f II , .f 

where <'/ is th e roller follower cocnicienl. 
The oscillating hydrodynamic (oil) friction in the IHters and valve guides scalI:'> wilil 

square root of the Stribeck variable, in which the rc!OIt ivc veloc it y is proponiunaJ to thC' 
maximum va lve lift L,. and the engine speed N. TIle fmep scaling i .~ 

F, - JF" - (L,. NF,,)Ir.. - (I., NIJ~)l ": 16 . .13) 
" L)r.. N1(J. 

fmep"" - -,-" -,-"-;-­
",. bs 

'1 , L,~r. NIt: 
= C,,~-----

fi r b.r 

wbere C,,~ is the osc ill.HillS hydrodynamic coe fficient. 
The oscillating mix ed (om) lubrication in the valve slem and lip can he Sl.::!leu with 

a friction coefficien t propnnionallo valve lift, and invC'rsely prnportinnallu engine l1f'C"C'd . 

( 10m) , 
Ff - JF" - 1 + N Jr 16.351 

( 10(0) ro, L. ( I ()(XI) ro, f., 
[mep",!! - I + - - - - == COl'"~ I + - - ---:--

N ~s N I~l 
(ti .JfJ) 

where C"", is the oscillating mixed coeffieienl. 
The coefficients for the valve train friction tenns are given in TOIhie 6-3 rur the four 

types of valve train mechanisms. In Table 6·3, the coeffic ients for the n:u folluwer, the 
roller fo llowe r. oscillating hydrodynamic. and osc ill;Jlin(:. mixed rri ctinn have the unil.~ of 
k('a -lI1m, kPa -mm-min/rev, kPa-(mm-minlrev)I r.., and kPOl, respectively. 

lJishop ( 1964) has recommended a simpler nvefOlll expre.~s ion for valvC' train rrit-tion 

( 
·IN )ro"U,:" 

fmcp'~h . ,,~," =: 393 :\0 - 1000 ~ 16 . .17) 

Tnhle 6-3 CnerTicients rur va lve Irain rric tion ICnllS (PaUlin ci al., 19R9) 

Rnller Osrill;l1itl/! 
Flal Follower H)"urnoyn:unir O~·illalin)! 

FllllnwCf 
'" C, "," MnC'u 

(",, (kPa-ITlilI' (kPa· llIt11- ,-
Configuration Type (kPiI -mlll) min/rev) min/revt'/: rlPa] 

Single overheild Type I 200 0 .0076 0.5 10.7 

cam (SOHCI 

Double Type I IJ3 0.0050 0.5 10.7 
overhC':rd calll 
(DOHC) 

Si ng le overhcilu Type 11 (;10 f1 .I1227 0 .2 -'2 .K 
CilT11 {SOHel 

Single overhead Type III 400 0.0151 fl .:'i 21...l 
C,lIll (SOHe) 

Cam in block Type IV 4(Xl 0.0151 0.5 .l 2.1 
(CIBI 
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Table 6-1 RI!IHl!sl!llt:! ti ve Enginc Par'lIlII.:lcrs for EXillUpk 6. 1 

Bore (mm) 

S lwkc (mm) 

Number uf CyhnJers 

Cumpression R,lIio 

Atmospheric Pn:s~ure (kPa) 

Im:lke Pressure (kPa) 

Exh,lU st Pressure: (!;'Pa) 

Intake Valves/CylinJer 

ExlwLlst V'llves/CylilllJcr 

Imake Val\·\." Di:ullcle:r (111111) 

E.\hauSI V;Livc Di ,Hllclcr (m ill ) 

Miuimurn Valve Lift (mm) 

NlIIllhcr of Cranksha ft Bearings 

Crankshafl Dearin g Dia . (nun ) 

Crankshafl Bearing Length (IIlm ) 

Number uf Connecting Rod Bearings 

'6 

'0 
" 
9 

10 1 

101 

103 

2 

2 

J:'i 
J I 

" 
5 

56 
21 

" Cnnnecting Rud Bearing Dia . (rum) ·18 

COHllccting Rod Bearillg LengtJI (HIIII) ,12 

Number of CUlishafts 

Table 6-1. 11le skin rind rod bearing fllleps increase. linearly with cngine spceiJ, wh ile Ihe 
pislon ring fmep decreases with engine spceiJ . At low speeds. most of Ihc fric tion is Jue 
10 the pislon rings, and al higher speeds. the majorilY of Ihc friction is fWlll lhe pislon skin. 

6.7 VALVE TRAIN FRICTION 

The valve train frictiml results from thc camshaft, calli follower, :lIIJ valve compunents. 
Common valve train designs arc listed in Table 6-2. The designs li s teJ in Table 6-2 in­
clude overhead cam (OHC), and cam-in-block (CIS) with push roJs. Either nal (ff) or 
roller (if) cam followers arc used. A scheoullic of Ihest! valve train designs is given ill 
Figure 6-21. Figure 6·22 is a photograph o f a cn mslmft for a type V push rod VB engine 
showing the shape and orientation of the cumshaft Jobes. A type V rocker ann with a roller 
follower is shown in Figure 6-23 and rocker amIS mounted on a cylinJef head arc shown 
in Figure 6-24 . Figure 6-25 is a photograph of engine poppet va lves. 

TIII= valve train frictional losses are due to the following; hylirodynamic frktion ill 
the camshaft bearing, mhed lubrication ill the nat followers, rolling contact friction in the 
roller followers, and bOlh mixed :tnd hydrodynamic friction due to the osc illating 1II0lion 
of the lifters and valves. 

Tobie 6-2 

Ty~ I 
1Ype II 
1Ype III 
1YpeV 

Vulve tfnin Iypc:s 

OHC 
OHC 
OHC 
cm 

Direct OIctinglOat or roller fo llower 
EnJ pivot md~rlJl:ll or culler follower 

Center pivut wderlOat or roller follower 

Rocker anl1lnnt or roller follower 

\ 

Type II -
OHC ond pivot rocker 

Type III " 
OHC conto r pivot rockor 

Typo V -
Push led 

Typo I" 
OHC diract activo 

E 
~ 
~ 

~ 
~ 

10 

• 

Sensitlvily 10 speed, netlorquo 
mechanical valyo ooar, 65 dog C 

-=. 
2 • 

o 1000 JOOO 5000 
Englno speed (rpm) 

Figure 6-21 Various v;th'c train dc:sign ... (Roscnberg, 1982) . Reprinted with pcnl\j~~ion 0 JI)K2 . 
Srn:iC:ly 0{ Autumotive Engillecr~, In c. 

Figure 6-22 Pooioll of a Vii cu~ille c:umhart. 
(Cotlnc:sy COMP Cams .) 

FJ~ure 6-23 Type V 
pu~h ruJ ruckcr linn 
wilh rullcr follower. 
(Councsy lescJ 
VaJvclr;dn 

CUlliponcn ts.) 

The hytlrodynamic frict ion in the camshaft is simi lar 10 that of the main and c:on ­
neeti ng rod bcarings. If the C'Htlshaft bearing diameter aniJ length arc assumeJ tn he 

conSlanl amI nol a function of ell!,;inc ~il'.c , the (mep ~cilles a~ 

. NfI,,!,~ 
Icmp, ~." - --,- == c, , 

II, b-s 11, Irs 
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10.00 .-- ---,-----.----,-- - --1 

~ 

Figure 6-19 Effecl llf load 
nnd ~pced 011 the minimum 
oi l film Ihickne~~. (Allell. 
Dudley, Middletown. lind 
Pankn. 1976). 
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Model s Ihat include both bou ndary and hydrodynamic lubrication :Ire ;!v:1ilahle rOlf 
"nalysis of the piston ring pack. The modcl.s also ,!ccount for piston tilt, blow-by and iiI­
ler-ring pressures, ring and piston curvOiture. ring tension. and surface roughnes!l. The /I'. 
suhs of the mode ling predict the oil fi lm thi ckness and pres!lure distribution ror ('ach rill ':, 

Some calculated oil film thicknesses for il particular engine arc shown in Fi!!lIre 6- 1 i . 

In the graph, lhe minimulll o il thi ckness is plaited for different speeds and 10;HIs. The ,',' . 
suits nrc similar in sh'lpe for nil condi tions and nrc fair ly insensitive to speed and 10;1';. 
SurfOlee roughness in engine!l is such Ihat for film thicknesses less than abou t :\ micHlI", 
melalto metnl contnct can he eltpecled to occur. The re.~uJt.~ in Figure 6- 19 .~ how Ih ;.1 
metal to metal contact ca n be expected to occ ur at top and bottom dead cente r for ;d 
~pceds and loads. The resu lt s nlso show that :11 high land, meta l to metal cont:lcl C:ln occpr 
for most, if not all, of the power stroke. 

Friction correliltion.~ for piston and ring friction have been developed which !:lke hol ' l 

the boundary lubrication and the hydrodynamic friction regimes into accOlIlI1. The h)· 
drodynamic friction component depends on the contact area. Setting L, ;IS the :\vr.mgc pi ~­
ton skirt and ring contact length , and c as an average skirt clearance, the friction forcr, 
FI , of the pi s ton skirt scales as 

dll VI' 
FI = Ap. - -I, L, p.-

dy c 
(tl.2 2 J 

and for II( pistons, the pi ston skirt fmep scales as 

F,I/ (J.U'rf}L,V,,) VI! 
fmep,~.., - ---, - , 

II, NlrJ CII, NIl".f 

L, VI' 
- I'-Tc 

It is reasonahle to i1~!HlIlle that the piston skirt length ami the clearance scnle <.Iirecl l:· 
with the bore _ i .e. , L, - h, and c - II . The skirt len gth scnling is based all geometrit· 'l 

similnrity, and the clenrance scaling is based on themml expansion com;idcrat~ons. ThereforI' . 

\ 
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Ihe piston skirt hydrodynamic fmep sca les as 

J: VI' 
fmep,hltl - p. b 

'r 

(6,24) 

Pallon et al. (1989) .~uggest a proportionnlity constant C,., = 294 kPa-mm-s/m iar the 
piston hydrodynamic friction, again including the oi l properti es in the proportionality constant. 

The friction force of the piston rings has IwO components, one rc:sulling from the ring 
tension and the other component from the gas pressure loading. The compoocnt of piston 
fricti on due to ring tension in the milted lubrication regime will have n friction coeffic ient in· 
versely proportionni to the engine speed. Pall on et al. ( 1989) recommend It scal ing for pis­
ton-ring friction which bridges the boundary and hydrodynamic iubricntion regimes given by 

Ff - fF.-(1 + Ir;;) (6.25) 

The piston ring fmep scaling is 

( 10(0)-
n, I + Ii'" U, ( 1(00) I 

fmep'in,. - --'---:-::,--'-- = c I + -- -
tI,.NhJ.r P' N b! 

(6,26) 

The proportionali ty constant recommended by Patton ct al. (1989) is cl'r = 4.06 X I O'~ 
kPOl· mm 1

. 

A corre lation for the component of piston friction due to lhe gas pressun: loading rec­

ommended by Bishop ( 1964) is 

P, (1 .. \ .\-K.ii,J 
fmepp, l,oaol = ("~-IO.088 r + O. IHZ r } 

P" 
(6,27) 

where P; is the intake manifokl pressure, Pa is the atmospheric pressure, r is the compres· 
!lion ratio, c

t 
"" 6.89, and K = 2.38 X 10 -] s/m. The correlat ion includes the effect of com­

pression ralio, and a decrense in the friction coefficient in the milted lubrication regime. 
The relative magnitudes of the three piston friction terms. skirt, ring tension . and gas 

pressure, are shown in Figure 6-20 for the 86·mm bore nnd stroke engine specified in 

I OOr----,----~---,----,_---. 

10 

OL-~~ __ ~~~=-~~ __ = 
1000 2000 3000 4000 SOOO 6000 FI~\lre 6-20 Cumponent s or 

piston fric tion . Engine speed (rpm) 
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Figure 6-16 Piston and ring friction. V" = 4.57 IIlls, bmep = 5.78 bar, 
T, = 356 K, T,"I "" 356 K (Leary and Jovcllanos, 1944). 

• The friction force is nonz.ero at the lOp and boltom dead centers, due to the Iype of 
friction research engine. which had a spring loaded cylinder head for measurement uf 
the rutial friction force. 

• The fmep due to pistun and ring friction is on the order of 30 kPa fur this engine. 

Support for Taylor's hypOlhesis that metllllic contact occurs in the vicinity of lOp dead 
center comes from measurements of the oil film in running engines. Measurements of the 
oil film thickness have been perrormed using electrical resistance and capacitilnce tech­
niques. The electrical resistance between a piston ring ilnd the cylinder in a running en­
gine is shown in Figure 6-17. The results show that resistance is low in the vicinity of top 
and bottom dead center, 4IS one would expect, ir there is metallic contact. The electrical 
resistance is higher at the middle or each stroke where piston speed is high and hydro­
dynamic lubrication is expected. Similar results have been reported by Arcoumanis et aL 
(1998) using a laser-imluced fluorescence system. Therdore, it has generally been con­
cluded that a boundary lubrication regime exists at the ends of the stroke where the pis­
ton speed is low, and hydrodynamic lubrication exists in the middle of ea~h stroke where 
the piston speed is higher. 

Figure 6-18 illustrates some concepts llsed for a theoretical analysis of ring frictiun. 
There is an oil layer separating the ring rrom the cylinder wall whose thickness, 0, is both 
time and spatially dependent. The oil pressure P,,; I is also time and spatially depcndent. 
Since the bore is much larger than the oil film thickness, a one-dimensional approxima­
tion can be used. In the situation shown, the coordinate system is defined so that the ring 
is stationary and the cylinder wall is moving with the instantaneous piston speed, VI" 

\ 
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. . r Thick 011 film, causing high resistance h
Aing.to.boro contact, causing low resistance 

Inllnlte -1-
resistance --..,--, ,... r .---- .~ .--

•• ' _ • '---' J 
Zero resistance, , ) 

TOG marker • ~ 

Ignition marker ---- ( ,---
1 3 2 1 

1000 rpm-closed throttle 

Inrinite 
resistance --, ,---- .,---, .-..... --... 

Zero resistance :==='~=~=-===~.~='='====~-='-~:'=.='='==~-=='===='=-"~~ TOC marker 
Ignllion marker ~ 

I ( 3 4 2 If 
1000 rpm-wide open Ihrollle 

Figure 6-17 Typical oil film cleclricLi res is lance resull in ga~()line engine (McGeehan. 197KI 
Reprinted with permission 10 1'l78. Sot:ielY of Autoll1otive Engineen;. Inc. 

Hydrodynamic lubrication 

Figure 6-18 Es.~ cntial featurc!-i Ilf a 
hytirutlYIUHlIic analysis of ring friclion . 
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For the case in which the oil lilm is much thinncr Ihan the ring width. that is 

O(X,f) « L r6.IX) 

the Navier-Stukes equations for the oil motion rcducc tLl :.t Reynolds eyu'llion, whirh i!-i 

d [ ,dIC .. , 1 dli dli - Ii - = 6p.V - + l2.p.­
dx dx (L( dt 

r6. IY) 

The boundary cont..!itio/ls to be applied to the Reynolds equution in the case illu~tr:lted 
by Figure 6- I 7 are 

1: .. ,(0, f) = ~ .. " (f) 

1: .. , (L, f) = fl ... (f) 
16 . .20) 

(6 . .21) 

where P"'I'(r) ant..! P~il) arc periodic rU/ll:tions known either rrom direct ll1easuremcnt~ or 
rrom a combustion model completc with a blow-by model. Numerical solution or the 
Reynolds equation yields the oil lilrn thickness o(x, t) and Ihe oil pressure P,,,dx, t) .,uch 
thut the bound:.try conditions are salisliet..!. 
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Figure 6-13 C ommon tyre~ of pi ston ring ~ . (0) Upper and lower compression rillg!\, 
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FI~u~ 6-14 Pi ~ to" fon:e balance. 

Figure 6·15 Pi.~ton .>;idc 
IhnJ~1 lond and Ihe ~witeh 
of ring·bore contact sides 
(ling and Mayer, 1974). 
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The rriction due to Ihe piston-ring assembly has been directly mC;l.~ured in OJ rrictiun 
research engine . Typical results arc shown in Figure 6-16. TI1C rollowing features .~houltl 

be noted (Taylor. 1985): 

• Friction rorces are comparable on the compression and elthnust strokes . 

• Friction rorces occurring during expansion are ilbout twice as large as thoS( occurring 
during any other stroke. 

• Friction rorces tend 10 be high just aner top and bottom deud center, which Taylor 
hypolhesi7,cd was due to mela11ic contact between the rings and the cylintler ...... 01 11. 

I! 
iI , 1 , , 
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Figure 6-11 Piston lind 
connecting rod. 
(COU!1esy Mahle. Inc.) 

and the ring pack with the cylinder bore. The cylinder bore is rougher Ulan a joumal bearing 
hore since the cylinder bore must retain some oil during operation. The piston ring pack 
has three main functions. The rings seal the combustion chamber, cOlltrolthe lubri1.:atinn 
oil flow. and transfer heat from the piston to the cylinder. In order to preserve a seal against 
the cylinder bore, each ring has some amount of radial tension. Current ring pack uesigns 
generally use three pislon rings; two compression rings and ill1 oil control ring. 

Common types of piston rings are shown in Figure 6-13. Various cross sections arc 
available, such as rectangular, crown or barrel face, taper. ilnd Dykes. The top compres­
sion ring can have a bevel on the upper inside edge of the ring can have a bevel on the 
bottom inside edge to produce a "rostive twist," and a scal on the bOllom edge of the ring. 
TIle second ring can have it bevel on the bottom inside edge to produce a "reverse twist," 
which will help scrape oil off the cylinder wall. Tltc oil control ring typically has two nar­
row rails and an expander, which wipes off excess oil from the cylimler liner. 

Ring materials include cast iron, ductile (nodular) iron, and stainless steel. A ring 
pack will often have a ductile iron top ring, a cu.s! iron second ring, and a .stainless steel 
oil ring. Coating.s available for ring face.s are molybdenum and chrome. The space between 
the side of the ring and the groove is called the side cle,mlllce, and the space between the 

\ 

Fi!;urc 6-12 Piston assembly schematic for a 
compression ignition t:ngine (MelTiun, [1J1J4). 
Reprinted with permis~ion \D ]1J9-1. Socicty of 
AulOlIlotive Engincers, Inc. 
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bUl::k of the ring and the groove is termed, not unexpectedly. the buck rleamm.:e. TIle bark 
clearance is minimized in high perfonnance engines to increase the scaling effcrtivcness. 
The side and back dearanccs alluw the pn!ssure in the piston groove to follow the cylinder 
pressure, so as the cylinder pressure increases. the increasing groove pressure pre~ses the 
compression rings /lIore firmly against thc cylinder wall, increasing the scaling . Piston 
rings are split, forming an end gap, so that they can be slipped onto the piston and also 
accommodate thermal expansion of the piston ring. Engine power is sensitive tu the si/..c 
uf the end gap, so Ule elH.I gap is minimized in high performance engines. 

The piston skin is designed to meet the side thrust forces originating from the rotation 
of the connecting rod. The side thrust force on the piston skin depends on the crank ilngle. 
cylinder pressure, piston speetl, acceleration, and connectir-g rod geometry. In addition, 
the wrist pins arc offsct slightly to retluce the side thrust force. Offsetting the wrist pins 
will also reduce piston noise. Figure 6-14 illustrJ.tcs a force balance applied 10 the piston. 

Results of piston force b:llance calculations for 11 partiCUlar engine arc given in Fig­
ure 6-15. The computation requires d:l1a from the P- V diagram. the rna!>s and moment or 
inenia of the piston and connecting rod. and Ule engine speed. TIle largest side thrust forces 
occur during the expansion stroke when the cylinder pressures are largest. 11lc side thrust 
force changes direction as the piston passes through top and bonom center since the con­
necting rod changes sides. As a consequence, the "left" side of the clockwise rotating en­
gine is subjected to larger forces than the "right" side. In this case, the left side is referred 
to as the major thrust side whercas the right side is called the minor thrust side. Since the 
friction work is the product of the friction force nnd piston velocity. the friction work will 
be Ihe largest during the middle or Ihe stroke where the piston velocity is greatest. 

..). 
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Equation 6. 12 is know ll as Pet ro ff \ equation . The fri cti on coefficient in the model is 

f~ 2 ~ ",(PN)D, 
PDL P c 

(1i . 13) 

In the hydrodymlmi c regime. the Petroff now model predicts that the friction co­
efficient increases linearly with the S tribeck vari:lble, and the s lope is dependent on the 
ratio of the bearing diameter to cle'lr:lllce . The fricti o n of re al bearings approache.~ the 
Petroff value:ll high ",dues of the Stribeck variable. IJ.N/P. More rigorous :malyses in­
clude the bearing 100ld ,md eccentricit y. but the re~;ults still retain the scaling of the 

Petroff equation. 
The fricti o n l\1e,lI1 crfecti ve pressure of n journlll be:lring array with " 1f hearings, 

such as the crankshaft main bearings or the connecting rod bearings. scales linearl y 
with engine speed. aS~lIt11ing c()n.~tant bearing clearance and oil vi scosity, as shown in 

Equation 6.14 : 

(6 .14) 

Patton el al. (1989) suggest a propnnionnlity constant C" = 3.03 x 10 -~ (kPa-minirev­

mm) for spark ignition engines . The oil properties arc included in the const.mt, CIt· 

Bishop (1964 ) recommends a s imilar fmep equation, which al so scales as ND~. for 
both spark igniti on and compression ignition engines . The crankshaft and connecting rod 

\ 

6.6 Piston "nl.l Ring Friclltln 14J 

bearing friction are both included in the Bishop correlation: 

rmcp" .,;" , - 41.37 KG)( 1~) (6 .151 

where 

K = D! L + ~ + o ! L ..!.. ( 
D' L ) 

mh m Il tTl '" ," b' 16. 16) 

and D mlt is the main bearing diameter. L",,, is the total main bearing 1en};lh per numhcr nf 
cylinders. D, ,, is the connecting rod bearing diameter. L,,, is the rod hearing length. til i .. 
the number of pistons per rod bearing . D,,, is the accessory or halancing shaft bearing di· 
ameter. and L,,, is the lotallength of all accessory shaft bearings per nl/mOer nf cylinder ... 
Typical values of K are 0. 14 for spark ignition engines and 0.29 for di c .. el engine ... a." the 
Inrger journal bearings in diesel engines will have a grealer fmep relative to spark igni­
tion engines. 

The crankshaft bearing seal s operate in a bo unda ry lubric.:ati on rc~irne. since: the ~ab 
directly contact the crankshaft surface. As the normal force. which i ~ the ~eallip lllad. i .. 
constant, the friction force will be constant, and the friction mean ctTcclive: pre:ssure of 
the crankshaft bearing seal will be independent of e:nFine speed . and will scale as 

ND" D" fmep,u l. - - -,- = C', - -,- (6.17) 
"rNb S II , b's 

Patton et al. (1989) suggesl a proportionality constant {', = 1.22 X IO\kPa-mm:. 

6.6 PISTON AND RING FRICTION 

A spark ignition engine piston head is shown in Figure 6-10. A pi ston and conneclinl! 
rod arc shown in Figure 6-11. A schematic of n die sel piston 'assemhly is give:n in Fig­
ure 6-12. The friction of the pi ston and rin gs results from contact between the piston ~k.in 

Figure 6-10 Pi.~lon 

head for B spark ignition 
engine. (Courtesy 
Mahlc. Inc.) 
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Figun: 6·6 Engine crankshafts 
(Courlcsy Norlon Manufacturing.). 

Figun! 6·7 lWo-dilllcnsiu nal joumOlllicaring 
geometry. 

regime. The shafl pumps the oi l around the annulus. If the bearing is not sealed. oil wi ll 
leak out lit the ends. so oil is pumped al relatively low pressures through inlcmal pa!'i!'iilges 

to the bearing rumulus. 
The loads on the bearings vary sign ificantly with crank angle. the connecting rod geom· 

etry. and the co~bustion gas pressure. as shown in Figure 6·8. To meet the bearing loads. 
crankshaft main · bearings for automotive spark ignition engines nre typically sized to be 
about 65% of the cylinder bore, and connecting rod bearings an: sized to be about 55% of 
the cylinder bore. Bearing lengths are sized :It 35 to 40% of the cylinder bore. 

\ 

Figure 6·8 Bcaring load dii1gram. 
PolOIr diagram showing the 
magnitude of the resultant force on 
the crankpin of the Allisun V·J710 
engine lind ils direction with 
respect 10 the cngi ne allis. Engine 
speed = )000 rpm. illlep ;; 16 . .5 
har (B urwell. 1949). 
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Journ,ll bearings are rel'llively so h to allow foreign particles 10 be embedded withoul 
damag ing the journal, and have a low melting point to reduce the risk of seizure. Materials 
used in joumal bearings in internal combustion engines are composed of bnbbil. which is 
an :llIoy of lead (Pb), tin (Sn). antimony (Sb). and copper (Cu) electroplated onlo a steel 
substrate and various aluminum alloys. Typical babbitlhicknesscs vary from 10-100 j.lm, 
with the major component either lead or lin. A reprcsenlaLive lead·based babbit is com· 
posed of approximately 89% Pb, 9% Sn, und 2% Cu. 

A minimum oil film thickness is required to mainlain hydrodynamic lubric:niun as 
Ilperation in the mixed or houndary lubrication regime increases engine wear. nliJi thick­
ness is about 2~m. The oil rilm thidncss can be determined by resistance and capaci­
l'lnce measurcments (T!'icregounis c[ al.. 199B). A plol of oil film thickness is shuwn in 
Figure 6-9 for a six-cylinder engine. Note that the minimum film thickness of abuut 2J.1.m 
uccurs during Ihe power stroke of the I.:)'linder nC:lrest the bearing. 

In audilion to the crankshaft anu t:Onnec ling rod journal bearings. there are journal 
bearings on the camsha ft rotating al une half the engine spe~. Also the piston pin un the 
cUllnecting rod oscillales back and fOilh without completing a revolution. 

To first order, the now in a joumal bearing can be modeled as Couelle now with dy­
namic viscosity ~ in which the veloc ity gradienl for a no·Joad condition in a bearing of 
di:unelcr 0". lenglh L,,, .100 :ulIlular dearance c is give n by 

till 
" , - := TTDJ,N/c 
" 

The lIo· load friction furce. F" in the bearing is there fo re 

du 
F, = lip. ._. = (iT DhLh) p.TTDhN/c 

dr 

= ,,~~DiLhN/c 

(6.11) 

(6.12) 
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friction. It was concluded that the diffe rence between curve A and curve C is due to 
pumping losse.~ . and a nom.ero imep during motoring. As disassembly proceeds. it he­
comes c1enr that pistons ,md rings arc re.~ponsible for about one half to three fourths of 
the friction. The last cur\·c. H. s how.~ the friction due to spinning only the cr;mkshaf1. 

6.4 FRICTION COEFFICIENT 

The friction coefficient uefined in Equation 6.9, is the ratio of the shear or tangcntiill 
slre5S to the nomlal strc.~ .~ or pressure acting on a surface. The friction coefficient i.~ a 
function of the type of lubrication between two surface.~. Generally speaking, there arc 
three friction regime.~: hydrodynamic. mixed, and boundary friction. 

The three friction regimes arc shown on a Stribeck diagrtlm in Figure 6-4. The Striheck 
diagram plots the friction codficient as a function of a dimensionless Stribcck variable 
JLN/P, where JL is the luhricant dynamic viscosity, N is the relative rotational speed he­
tween surfaces. and P is a nonnal stress. 

In hydrodynamic friction, the surfaces arc completely separatcd by a liquid film. The 
liquid is pres5uri7.ed to keep the surfaces separated. This is a preferred mode of operation 
since mechanical wear is 1l1inimi7.ed. The shear stress is entirely due to the lubricant vi.~­
cosity. Therefore. the fri ction coefficient f is 

F( 
r ~ - ~ 
. F" 

'!!. = !!:.. dll 
P P dy 

16.9) 

Crankshafl.~, connecting rods. and pi.~ton rings arc designed to operate in the hydrody· 
namic regime as milch as possible. 

As the lubricant rres.~ llre is increased or the speed decreased . thc oil film thins out 
to the point where its thickness is comparable to the size of the surfilce irregularities. 
This is the mixed lubrication regime. The liquid film no longer separates the surface ~ . 

and inlennillent rnet;lI to lIletal contact occ urs. causing an increase in the friction coef­
ficient. The friction coerficienl is a combination of hydrodynamic :md mewl to metal 
contnct friction. 

With further incrc'l.~e in load or decrease in speed, the boundary layer regime is renched. 
Boundary lubrication occurs nt either end of the piston stroke when the piston velocity ap­
proachc.~ lero, in relatively slow moving valve train componcnts, and during engine stmi-up 
and shut down. In boundary lubrication. oil film patches separate the sliding surfnces where 

Figure 64 Striheck diOlgr<llll show ing 
regimes of friction <l1Il1 orders of 
magnitude of the coefficient of friction. 
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Figure 6-5 Met<ll to metat contOlct in houndary lubrication 
(Rosenberg. 19R2). Reprinteu with permission <D 19R2. 
Society of Automotive Engineers. Inc:. 
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the thickness is just n few molecular diameters of the lubricant as shown in Figure 6-5. 10e 
force required to cause tangential motion in boundary lubrication is approximately the are:J 

of contact times the shear strength of the adsorbed oil layer, 0;, . It is import:mt to know how 
the lubricant can be adsorbed by the surfaces, how rough the s~rfaces nrc, and whether or 
not the surface molecules Ulemselves are prone to adhering to one another. The real area of 
contact depends primarily on the applied load, Ule yield strength, and the asperities of the 
softer material. The yield stress. u"" of Ule softer material balances the applied load. so that 
as Ule load increases, there is a proportional increase in the area of contact. 

The coefficient of friction in the boundary layer regime is 

(6.iO) 

which is independent of the engine design and operating parameters such a.~ engine speed. 
The friction depends on the properties of the lubricant except the viscosity. and the propeJ1jes 
of thc sliding surfaces, such a.~ the roughness, plasticity, shear strength. and hardness. 
Minimum friction is obtained by usc of a low shear strength oil and hard surfaces. Additives 
arc added to lubricating oils which preferentially adsorb to bearing surfaces and luwer the 
coefficient of friction. TIle properties of lubricating oils arc discussed in Chapler 10. 

In the following sections. Sections 6.5 through 6.9, friction correlations are devel· 
nped from scaling analy.~is, and correlated with experimental data for 2 L four-cylinder 
.~park ignition automotive clas.~ engines. 

6.5 JOURNAL BEARINGS 

The journal bearings used in an internal combustiun engine include the main crank.~haft 
bearings. connecting rod hearings. and accessory hearings and seals. A cr.tnk.~haft with main 
ami connecting rod journal bearing shafts is shown in Figure 6-6. Note the lubrication port.o; 
on the shafts ,md lhe difTerent main and connecting rod bearing diameter.; . A journal hearing 
is .~hO\vn schematically in Figure 6-7. The jounml bearing is cylindrical. with as smooth a 
finish <IS po.~sible. The journal beming operates in the hydrodynamic friction regime during 
110rmal operation. During startup and shutdown, the friction regimes are mi~ed and bound­
nry friction due to the low bearing speed. TIle difference in the diameters of the inner shaft 
and the outer hearing create a thin anrHllus through which the lubricant nows. AI rest the 
.~haft .~ils ill contact with the hollnrn or the bearing. As the shaft begins to rolnLe. its center­
line shifts eccentrically in the bearing maintaining metal to metal contact with the bearing. 
As the cn}!ine speed increases. the hearing will "aquaplane" and enter the hydrodynamic 
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which will increase! the viscosity ;Hld thus th~ hydrodynamic friction of the lubricating film, 
but also incrt:ase the clearances which lowt:rs lhe friction. Sinct: the combustion pressurt: un 
the piston rings is mULh greater for the lired case. the ring friLtion for the! fired case! wil! be 
greater than the lllolllrL'd Lase. Similarly. Ihe bearing loads will be greater for the fired Lasc. 
The Looler e .\llall.~t got' r,lr the 11J1Itnring case will have a greater density. producing a larger 
motored plllep. Finally. h:mpcr..lture gradients within the! engine arc much less in the motored 
engine than in the ftred ellgine . To obtain approximately the same ht:at loss. oil and coolant 
temperatures should be matched between the motored and fired engines. 

Compari sons between motoring and firing friction are given in Figure 6- 1 for a diesel 
engine, and Figure 6-2 for a spark ignition engine. The tOlal fmep is of the order of I bar 
for both engines. The results illustrate the differences between II fired and il motored test. 
In both figures, the frklion for lTIulOreLl :lml fired cases is determined by integruting the 
pressure-volume diagram to obtain Ihe imep and subtracting the measured bmep as p!!r 
Equ;lIion 6-1 . Therefor!! the motored frit.:tion labeled in Figures 6- I and 6-2 is the mo­
lored fmcp , nOI the millep. which is obtained from dynamometer measuremen ts alone. 

The diesel e ngine tested in Figure 6·1 is a six-cyli nder. in-line eng ine. As the piston 
speed is increased from 4 to 12 mIs, the fmep increases nearly linearly. with no signifi ­
cant variation with load. The! mOlored fmep is s li ghlly greater than the fired fmep. n con­
sequence of cooler wa ll Icmperatures i\ll(.l higher oil viscosity during motoring. Since the 
airnow in a diesel engine is unlhrolllcd. thc pumping friction is not a function of the luad. 

The spark ignition engine of Figure 6-2 is a four-cylinder, in-line engine with a 12; I 
compression rali o. The mechanic:1I frictiun (mfmep) und pumping (pilleI') arc plolted 
versus load for a cnnsta nt mean pi s ton speed of 6.1 m/s. As the thraltle of the spark 
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Figure 6-1 Friclion of a 
diesel engine; enginc 
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powered (Brown, 1973). 
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o 197). Society of 
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ignitiull engine is opened 10 tIlec\ an incrcaSl.!d luad, the plllep decreases for bulh lht' 

lircd and motored cases. Huwcver, thl.! !ircd mechanical friction increases with loud due 
tll tile iru.:reased gas pressure, while tlic motored mechanical friction is unchanged. 
Cunsequelltl)', fur this engine. the total lired frictiun is greater than the motored 10t:.)1 
friction. Nule thai Equiiliun o.H b a r:llhe r crude ilpproximation at high load~ (or thi!. 
spark ig niti on engine . 

The most imponalll advllllwge of a motoring lesl is !..hal Ihe engine can be panially 
disassembled, which precludes firing. and molored to siudy the distribution of fri cliun 
nmong the various pans. Figure 6-3 is typical of the rcs ulLS thaI can be obtained by lhis 
method. In this experiment by Brown ( 1973 ). a diesel engine was systematically disas­
se mbled. and the resulting fmep measured. Tu measure the pumping loss. the first items 
removed were the manifolds and turbocharger. Next the valves were removed and the 

camshafts disconnecled. The rcsuham curve C is nearly identical to curve J, which is the 
mcchanical friclion. determined fur a motored engine. The small difference is cau~ed b)' 
a change in the gas load, which wi thout valvt!s is nonexistent. Curve K is the fmep uf Ihe 
lircd engine and. as illustrated , Ihere is a small difference between fired and lllolOrt'd 

Figu£'C 6-3 MUlOred frictiHn 
(1Il1llepl during disassembly 
of u diesel engine (Brown. 
1973). Reprinted with 
permissiun () 197). So ... iet)' 
of Automotive Engineers, In .... 
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Chapter 6 

Friction 

6.1 INTRODUCTION· 

In this chapter we will c:\aminc the frictional processes in intcnmi combustion engines. The 
friction forcc. .. in engines arc a consequence of hydrodynamic :;trcssc:; in oil IiIOls and mClal 
10 metal contact. Since frictionall05scs arc a significant (mel ion of the power produced in an 
internal combustion engine. minimiz:lIion of friction bas been n major considcmtion in ell­
gine design and operation. Engines arc ]ubricnted to reduce friction and prevent engine fail ­
ure. TIle friction energy is eventually removed as waste heat by the engine cooling system. 

The frictional processes in an internal combustion engine can be categori7.ed inlo three 
main components: (\) the mechanical frictioll, (2) the pumping work, Ilnd (3) the acces­
sory work. The mechanical friction includes the friction of internal moving parts sllch as 
the crankshaft. piston, rings, and valve train. The pumping work is the net work dOlle dur­
ing the intake and exhaust strokes. The accessory work is the work required for nreration 
of accessories sllch as the oil pump. fuel pump, alternator, and a fnn. 

We will usc scaling arguments tn develnp relations for the dependence of the various 
modes of friction work 011 overall engine parameters such as the bore. stroke. nnt! engine 
speed, then construct nn overall engine friction model. The coemcienl.~ for the sc:tling re­
lations arc obwined from experimental data and implicitly include lubrication oil proper­
ties such as \·iscosity. 

6.2 FRICTION MEAN EFFECTIVE PRESSURE 
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TIle engine friction reduces the indicated work of an engine. and is the difference between 
the indicated work and the brake work. It is useful to normali7.e the engine friction into 
a mean effective pressure (mep) fonn, as shown in Equation 6.1. so that the performance 
of engines of different displacement can be directly compared. 

fmer = imep - bmep (6.11 

The indicated mean effective pressure (imep) is the net work per unit displacement 
volume done by the gas during compression and expansion. and the brake mean effective 
pressure (bmep) is the external shaft work per unit displacement volume done hy the cn­
gine. With this definition. the pumping losses during the intake and cxhaust strokes arc 
considered to be part of the overall engine friction. It is customary to also include the 
work to run auxiliary components with the mechanical friction when the friction mean ef­
fective pressure is defined as in Eqllation 6. I. Accordingly. the friction mean effective 
pressure (fmep) is sum of the mechanical friction (mfmep). pumping (pmep). and acces­
sory Camep) mean effective pressure. 

fmep = mfmer + rmer + amep 

If a supercharger is connected to the engine crankshaft then 

fmep = imep - bmep ~ cmep 

The term cmep is the work per llnit volume to power the supercharger compre.~sor. 

«i.J) 
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The dependence of the mecJmnical friction mean effective pres ... ure on the friction 
force. Fr. and other engine parameters depends on the friction regime and the lubrication 
surface geometry. such as sliding or rotating surfaces. The friction force. F" i ... the prod­
lIct of the friction coefficient J :lnd the normal force F". and the friction power 1', is the 
product of the friction force F/ and a chafilcleri.~tic velocity U: 

Therefore the mechanical friction mean effective pressure scales as 

PI F,U FlU 
mfmep - - - - -- - ._-,-

NV" NV" II, Nb-5 

(6.4) 

(6.5) 

(fi.6) 

where N i.~ the engine speed, It;, i.~ the displ'lcement volume. b is the cylinder bore, s is 
the piston stroke, and 11, . is the numher of cylinders. 

MEASUREMENTS OF THE FRICTION 
MEAN EFFECTIVE PRESSURE 

There are a number of measuremellt mcthods med to detemline the friction mean effective 
pressure. The most direct method is to usc Equation 6.1. The indicated mean effective pre!<o­
.~ure is computed from cylinder pressure measurements during compression and e~pan~ion, 
and the brake mean effective pressure is detennined from dynamometer measuremel11 .~. Surh 
measurements arc discussed in Chapter 5. 

A more commonly uscd method that docs not require the measurement of cylinder 
pressure'is motoring the engine without combustion. This method mea.~ures the motoring 
mean effective pressure (mmep), defined as the work per unit displacement volume re­
quired to rotate an engine operated without combustion . A direct current electric cradle 
type dynamometer is an appropriate apparatlls for such a me:lsuremenl. The dynamome­
ter is mounted on bearings ilnd is restrained from rotation by only a strut connected to a 
load beam. Whether the dynamometer is absorbing or providing power. a torque is ap­
plied to the dynamometer. The work done in rotating the crankshaft through one revolu­
tion is 21T"T. !-lence for two- and four-stroke engines. respectively 

21T"T 
mep = 

~, 
(I wo stroke) 

(fi.71 

4rrr 
(four stroke) mep = 

~, 

Equation 0.7 is valid whether or not the engine is firing. Allhough the sign of T changes. 
we think of bmep and mmep as positive numbers. Practical applicOltion comes from the 
observation that under controlled conditions 

filler =- Illmep !fl.H) 

Therefore. motoring te.~ts arc useful bccall.~e it is much easier to measure nllnep than fmer. 
Hence, most friction studies, for ex.Hnple, see Vagi et al. {1991 l. have been perfonnet..! by 
application of Equation 6.R. 

The motored friction and the fired friction arc not the same since the themlOdynamic 
statc of the engine is different in each Cil.~C. TIle motored friction cnn be more or les~ or 
greater than the fired friction, depending on the relative magnitudes of the variou~ ftirtion 
components. The piston and cylinder hore tempcr.ttufCs are lower for the motored state. 
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Figure 5-27 Effect of altitude on IInlhfllukLl engine performOlnce 
at constant fud-air ra lio and coolant temperatu re. 
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HOMEWORK 

With rcferclI<.:e tu Sectiull 5..4. the t!x haUSi composition of a lest engi ne is as follows : 

CO, 11.5 % NO = ) 10 pplll 

HP 7. 11 1,if, NO~ 20 pplll 

FinJ the fu ll uw ing; 

N, 77.99% 

O! J . 19% 
CO = 0.06% 

H ! = (Ul I % 

CH~ 350 ppm 

CJH K 225 ppm 

C }Hn = 475 ppm 

(u) Wct co nce ntratioll in ppm of He :mJ NO, as wou ld be indi calcd by hcated J"'Ill C ion­

iZilt iull illlJ CilClIlilulIlin t!sct!llcC .. .lctt!ctu rs, respecti vely. (A!>sumc thc flO re)opunJ)o to 

all <.:arbull atoms equ:tl Jy. ) 

(b) Dry cOIll""entrations uf CO!, O! ill pen.;ent. and CO in ppm .. 

(cl Fuel-air e qui valence ratio if the hydrogen to carbon ratio of the fuel is I..J. 

Explain how Eq uation 5.22 CQ uld he used to measure the residual fr.lction. 

A Jiesd eng ine operate d 011 C HHn produced exhaust gas of the following dry t.:umposi­
tion: 

co, 6 .. 22% 

O~ J 2.20% 

CO ::: 0.02-1% 

N, ~ SUI % 

NO, ::: 400 ppm 

HC = 200 ppm C 
(a) Explain how the lIlethod of hyJro<.:aroon measurement <.:an yield a s ituation w herein 

the SUIll or the exh,lust constituen ts addS up to s li ghtl y g reater than 100% .. 
(b) A I what equivalence rat io was the c ng ine opcr.!ted·! Ho w would the an swer dirrer ir 

a il e neglected the cOlrbon monox idc :!nd hyd rocarbo ns'! 

Manurat.:turt!rs of lam inar air· nu w Jl\t!tt!rs lyph.::lily provide a <.:alibratiu r\ curve or the ful ­

lowing fo rm : 

V'II' = vu lumetric nuw rate a t .,til uJard temperature and pressure 

.6. P = pressure drop at.:ross tht! mcter 

(a) Usc tJimc ns iomd analysis to s how how lhe constants C J and ('1 would t.:hange for meas· 

urcmellls madc at cond itions other than s tandard temperJ IUre and pressure CSTP) .. 

(b) How <': ;111 o ne dt!tenninc the mass n ow rate in (a) rather Ihan the volumetric n uw rJte'! 

5,5 Assuming olle·dimen.~ ion al, iselllropic stcady n ow of an ideal gas with constant :.pct.:ifit.: 

heats, derive un ex pression for the constilnt C of tIl e critical flow nozzle in Figure 5-7 .. 

The cillibr:tti o n constant depenrJ s 0 11 tht! nozz le throill area A, the gas constant R, anti the 

ratiu uf spct.:iljt,; heats y. Yuu lIlay assume Ihe ups tream area is large enough lhal meas · 

ured })I' 1'1 arc s tagnation prupc nics .. 

5.6 Rt!plol Figure 4-22 as In P VCf)oQS In V. E..~lil1l:tte the polytropic eAponent fI - -d In VI" 
In P in the lllidJle of both expa nsioll anJ compression. How should these exponents relate 
to the spet.: iliL" hem ralio ? 
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The engine con trol .~ystems operate w ith both ope n and dosed loop control. Some of 
the critical sensors. such ;IS the oxygen sensor, operate properly only wh en tin engine hns 
W:lrmcrl up. Whe n an engine is ( (lid. it operates o n an open loop control without input 
(rom the o~Yf!cn sensor. The fuel nnw ralc is computed from the air mass now fate and 
the requirement that the engine maintain a stoichiometric air-fuel ralio. 

When the en!;inc ha ... wnrmcd up. it ."witchcs [0 closed loop, ;'lntl uses the oxygen sell­

sor data to compule the required fuel flow rntc. If the oxygen sensor indicates a rich mix­
ture ((/1 > I). the pulse width of the fuel injector :le lllator signal iii reduced to decrease 
the cqui,,;lIcncc ratio. After a lime la~ . prim:lrily lhe time required for the leaner fuel -nir 
mixture to now from the injector to the my~en scnsor located in the exhaust system. the 
ox ygen sensor will indic ate a k:1Il m ixturc (r" < I ). In response. the controller will 
increase the injcctinn pulse width tll enrich the mixture . With thi.~ type of closed loop 
control. known a .~ a limit cycle. till' air-fuclllli.'(ture conti rwally osci11:lt c .~ ahoul .~tnkhi() ­

metric conditinns. with a lime aVl'I':lgl' valuc of c/I = I . 
There <Ire two types of contrul sys tems used lin en g ines: memory based systems ami 

ad<lptive systems. Memory systems s tore the optimum vnlues of contro l vnrinbles such OI S 

spark timing ;lIlt! fuel injector pul se wiLllh for a range of engine opernling conditions in 
a table. The optimum \'alue.~ include both efficiency and emis.~ions cOTl siderntioTls . foor a 
given engine load (i .e .. manifold air rres .~ure) and enginc specd. the engine contro l COIll­

puter wil l "look up" the. optimum timing and then chnnge the spark timing to that opti­
mum value. Engine maps obtnined fro m tests described enrlier in this c h:lpter nre used 10 

locate the optimum vailles. Memory based control systems have the disadvnntnge of not 
:Jccounting for pan to pnrt vnriatio n in engine components , the effect of deposits, and fuel 
property changes , Also, the oplima detemlinetl from mnpping measurements on :I le.<;1 
engine arc not exactly the same from engine to engine. 

Adaptive system .~ determine :m operating point from real time measurement of en ­
gine variables and .~ lIb .~equent correction of the look-up tables. The subsystems thnt ha ve 
used ndaptive control arc the exhaust s;.as recirculation. evaporative emissions, idle air con­
trol, and air-fuel mtio control. Varions cnlibratio ns need to be periodically reset due to 
wear. aging. and replacement o f I.:Olllpo nent s, such as fuel injectors or sensors. 

Subsystems that alternate helwee n opell and cl o.~ed loop control, .~ll c h as the :lir+fur.:/ 
ratio, will perfoml periodic adaptive.' cnrrec:\ion.~. If a system is in cJo.~ed loop control, it 
can compare the closed loop viii lies with the open loop values, If there is a significant 
change. the open loop tahle values arc correcled. The corrections to the look-up tables arc 
al so obtained by d riving the vehicle through specified drivi ng cycles. Iypically stop-;uul-g.n 
traffic with intermitt ent idle periods. During the driving cycle, the control system appl ie .~ 

very small penurbations to the pararneter.~. such as the ignition timing. and measure .~ the 
response in other parameters, such a .~ the fuel now, Optimum vnlues are then stored in 
the various tabl es ~ uc h as Ihe igniti on-timing table . The Iype of memory used for OJdap­
ti ve memory reprogramming is a nonvolatile electrically erasable programmable read on ly 
memory (EEPROM). 

The U.S. Environmental Prot cc tion Ag.ency has mamlnted the usc o r o n-board di;!>!­
no .~ti cs (OBD) nn pa.~s el1ger cars and ligbt and heavy duty trucks built aft er I 99·\. Thc.~e 

regulation.~ arc de signed to detect e l11i.~sinl1s - related malfunctions. The diagnmtic systern 
uses variolls methods to cOlllluunic:He di:rgnnstic infomtatinfl to ope rators. If n f:wlt is de ­
tected, sllch as :I f:mlt y sensor, a f:lll it cude corresponding to the fnull is stored . One type 
of diagnostic system nashes the "c heck engi ne" lightll sing a vnrintion o f the Morse code 
signaling system. Allernati vely, .. computer or some similar Iype o f di gital analy sis top I 
can be connected to the communications port of the dia gnostic .~ys(em . 

5.10 
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If a sensor fails. the engine control system is able to maintain engine operOJtion. It 
.~ubs(itutes a fixed value fo r the sensor input. sends out a fault code, and continues to 
monitor Ihe incorrect sensor input. If the sensor returns to normlll limits, the: e:ngine conlrol 
sys tem will then return to processi ng the sensor data. 

SOllie automotive engine control systems disable: OJ number of fud inje:ctors if a cylin­
der hC:ld sen .~or indicates that the engine is overheating. perhaps from a loss of coo lant. 
Varyin~ ;1IId al ternating the numbe r of disabled fuel injectors controls the e:ngine temper· 
ature. Whe n a fuel injector is disabled, its cylinder work...; as a convective heal e:u:h:mger 
s ince air now into and out of the cylinder continues to take place . and no combustion is 
occurring in the cy linder. One cnnsequence of Ihis strategy is Ihatthe engine will produce 
proponionally less power with disabled fuel injec tors. Fud injector di sabling is also used 
if an engine or vehicle over-speetl condition is detected. Once the speed is reduced. the 
cnginc relUrn .~ to nannal opef.rling mode . 

The sensor informatio n s torcd hy the engine contwl unit c;ln also he sent "'ia teleme­
try or wireless Internet to a hos t computer, Racing teams usc this technique to de:ool! and 
fine -tUlle hi gh penonnance r;lI:e cars . Many trucking firms are: tracking thc= performance 
or their truck engines in thi s manner. In the ncar future, wireless communication tech­
nologies will be used by engine and vehicle manufacturer.; not only for routine engine 
dii1gnmti cs but also to collect information about long-ternl engine performance and 
relinbility. 

EFFECT OF AMBIENT PRESSURE 
AND TEMPERATURE 

Engines are de.~igncd to operate over large ranges of ilmbient temperature. pressure. and 
humidity. Engine tests are corrected for the effects of ambielll pressure and temperature 
usin g the idea l gas compress ihle now equation, discussed in Chapter 7, 

. P" { 2y [(P)'" (P)· ;']}' r. 
fII" = A,'n (H.T.,)' /~:y-=--J P" - P" '-'- (5.25, 

If PIP" i.~ a .~s umed to remain constant, then the mass now rate through the engine vanes 

as 

iiI" - p.J(T,,)'n (5.26, 

For a constant fuel~air ratio. thi .~ implies that 

hrnepm "" P", ('!!:. )'t> 
blllep" P" T ... 

15.27) 

where the sllbscript1lt tlen()tc .~ the Illeasured conditions and the subscript 0 denotes .~t.an ­

danl atmosphe re conditions at sea level. 
For example. as nn aircraft nie.~ from sea level to an elevnlion of 6000 m, the den­

sity of the s tandard atmosphere decre:l);es by 50% from -1.22 kglm' to 0.66 kglm I . The: 
blllep perfomlance of a number of aircraft engines wi th altitude is shown in Figure: 5-27. 
As a result of the: density decrease. there is a 60% decrease in bmep at 6000 m relative: 
to sea level. Equation 5,27 correlnte:s the experimental data very well, 3S shown in Fig­
ure 5-27. 
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Figure 5-25 Fuel injector 
control voltage. (,;) Part 
load. (b) Full load. 
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loaded diaphragm valve . The EGR valve is nonnally closed. When EGR is needed, the 
engine control ;ystem ellergizes a solenoid valve to supply vacuum to the diaphragm 
valve. The diaphragm valve opens to allow exhaust gases to now directly into the intake 
manifold. 

The fuel metering of a fuel injector is performed by 'l solenoid operated plunger 
'luached to a needle valve. The plunger is nonmlily closed, so that when the solenoid 
is not energized, no fuel can now through the fuel injector. When the engine control 
unit energizes the solenoid, the valve is lifted and allows fuel to now through the in­
jector nozzle int~ the intake port. The fuel pressure is regulated, so the amount of fuel 
injected is proportionailo the lime thilt the valve is open. The fuel injector control volt­
age is pulse width modUlated, ilS shown in Figure 5-25. The width oJ the solenoid 
voltage pulse depends on the engine load, and the frequency is proportional to engine 
speed. The pulse width and frequency arc determined by the engine control system. as 
discussed next. 

5.9 ENGINE CONTROL SYSTEMS 

The function of an engine control system is not only to maintain a stable operating con­
dition, but also td maximize the thermal efficiency and minimize the toxic emissions from 
the engine. These funclions are carried out by a computerized engine control system, 
shown schematically for a laboratory test engine in Figure 5-26. 

Engine control systems used in vehicles are composed of sensors, microprocessors, 
and actuators. The sensors measure temperatures, pressures, flow raleS, and concentm­
tions at various locations throughout the engine. The sensor information is provided to 
the engine control microprocessors to characterize the inslllntaneous !hennodynamic state 
of !he engine. Using various control algorithms. the engine control computer will usc JlC­

tuutors to change the operating state of the engine as needed. For u spark ignition engine, 
the major contro( variables are the spark timing, valve timing, exhaust gus recirculation, 
and fuel injector f)ow. For a compression ignition engine, the major control variable is the 
fuel injector flow. 
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Figure 5-24 Oxygen .~e l1~()r voltage ver~u~ 
equivalence ratio. 
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a~ indicated in Figure 5-24. A contrnl set point voltnge of nhout 0.5 V is used to ma in­
tain sloichiomelric conditions. If Ihe sensor vollnge is below the set point voltage . the ex­
haust is considered by the conuol syste m tn be lean ... nd vice versa. 

The behavior of the oxygen sensor is temperature dependent. a.~ the electrolyte needs 
10 be above 280Ge for proper operation. A heating clectrm.lc is 50metimc.~ embedded in 
the sensor to rapidly bring it up to operating temperature. 

Crank Angle 

The crankshaft position can be detemlineu from measurements made in a !lumber of 10-
caLions on the mechanical drive train. for e:o:amplc. on the crnnkshaft. camshaft. or dis­
tribulor shaft. Nonconlncting met hods arc used. which arc usually electrical. bu t optical 
methods hnvc ... 11'0 been dev ised. A Hall effeci sensor is commonly used on the camshaft 
or distribulor shafl. The Hall eITecl. discovered by Hall in 1879. is due to electromagnetic 
forces acLing on electrons in metals and semiconductors. If a current is passed through a 
semiconductor that is placed near a magnet. a voltnge is developed across the semicon­
ductor perpendicular to the d irection of current now V and perpendicular to the direction 
of magnetic n uX. ii. The voltage results from the Lorentz force (8 X V) acting on the 
electrons in the semiconductor. The voltage is proportiona l to the magnetic flux.. so that 
if the magnetic nuX. is c hanged . the voltage will change. 

There are a number of H .. 11 efTect sensor configurations. With a shielded field sen­
sor. tabs are placed on a rotating disc . mounted on the distributor shafl. and the Hall sensor 
and magnet are placed on opposite sides of the tab. Each time the lab passes between the 
magnet and the Hall se nsor. the m<1gnetic reluctance of the tab will decrease the magnetic 
nux intensity at the sensor, which cau.~es <1 corresponding deerense in the sen.~or Hall 
voltage. TIle voltnge is independent of engine speed, so the Ha ll effect sensor can be used 
even if the engine is not nlllning. 

Engine Speed 

The engine speed can he detennined using the same sensing techniques lIsed 10 measure 
the crankshaft position. The engine speed is fou nd by measuring the frequency at which 
a tab passes by the position sensor. Many engines use a notch in the nywheel and a mag­
netic reluct .. nce sensor. The sensor is an electromagnet whose induced voltage varies with 
the change in the magnetic nux.. A'ro the notc h in the flywhee l passes by the sensor, the 

\ 
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induced voltage will first decrease. then increase. If the engine is not running. there will 
be no change in the magnetic nu:o:, and the magnetic re luctance sensor will nol produce 

any voltage. 

Thro ttl e Pos ition 

The throttle position is measured by a variable resistor or pote ntiometer anached 10 the 
ax.is of the se nsor butterfly throll ie valve. As the thral1lc roLntes. the internal resistance of 
the sensor is changed proportional to the throttle angle change: 

Manifold nnd Ambient Pressure 

The manifnld absolute pressure is used by the engine control syslem as an indkatiun ur 
engine load. Higher mnnifold pressures correspond 10 higher loads sinl:c the thruttle is 
opened with increasi ng load . The manifold air pressure is mea~ured by the di .~p l acemenl 

of a diaphragm which i!i dene(ted by m:mifold pressure. The re are several types of di· 
;-aphragm !iensors. A common olle is the si licon difTused strain gauge sensor. This senMJr 
is;-a thin square silicon diaphrilgm wi th sensing resistors at each edge. One side of Ihe di · 
aphragm is scaled under vacuum. and Ihe other side is ex.posed to the manifold pres..ure . 
The resislors nre piezoresistive. so that their res istivity is proportional to the strain uf the 
diaphragm. A Wheatstone bridge circuit is used to convert the resistance change to a voll ­
age signal. The pressure fluctuations from the finite opening 'and closi ng of the intake 
valves arc fi ltered out with a small di3metcr vacuum hose. so that the ti me-aver.tge pres­

sure is measured. 

Inlet A ir and Coolant Tempera ture 

The inlet air temperature and coo lant tempcmture arc measured with thcnnislofS. nle ther· 
mistors arc mounted in a hou.~ ing placed in the fluid stream. The coolant temper.llure is 
used 10 indicate engine warm-up and overheat ing stales. 

Intake Air Flow 

Knock 

The inlet air mass now rate is measured by a constant temperature hot fi lm anemometer. 
The principle of operation is very eleg:ml. A sma ll resistive wire or ri lm placed in the ai r 
now is healed by an electric current. T he curre nt required to maintain the film at a con­
stant temperature above the ambient is proporti onal to the mass now mtc of the air. The 
sen.~or is placed at one leg of a Wheatstone bridge circuit so that the proper curren t is sent 
through the sensor to tlmintain il constant sensor temperature. 

The onse t of knock is detected by a knock detector. The methods used to detec l l.:nock 
include piezoelectric and magnetostri ctive lechniqucs. If a knock signal is sent In the 
cngine control unit. the timing wi ll he retarded unti l the knock ceases. 

Actuators 

The engine actuato rs control the exhaust gas recirculation (EOR). the fuel me lering. and 
the ignition timing. T he ex.hauSI gas recirculation ac lu:l1or is 3 vacuum opera ted spri ng 
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Figure 5-22 Schematic plan view or rour roller type chassis dynamometer. (a) Rollers. 
(b) nywheel SCi. k) r.:lulchahlc chain dri ve. ( tI) d.L. machine. and (e) eddy curre~t brake. 
(Pl int ilnd Milnyr. 1999.) 

hi gh way engines is the EPA Transielll Test Procedure and EPA S moke Test Procedure. 
For loco moti ves. the tCSI procedurc is Ihe Federal Locomotive S leady-S I:ue Tes!. 1\vu 
United S imes d ri ving schedules are shown in Figure 5-23. 
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Figure 5-23 (II) Federal Tesl Procedurc LA4 driving schedule. (b) U506 
driving schedule. (Kwiln et al., 1997.) Reprinled wilh permission. 0 1997 
Soch:ty of Aulllllmlive Engincers. Inc. 
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S.H ENGINE SENSORS AND ACTUATORS IN VEHICLES 

• • • III aUl umobile and IrucJ.. cng illc1r.. thcrc is ;1 IIced 10 provide real lime infunnaliun aboul 
Iht! cllt;ine s la te 10 an cn gine r.:untru l sySIt!I1I . ;lI1d invcrsely. the contrl ll system need s to 
be able lu ch ange the Ilpcratin~ 1r. tate uf Iht! ell~i ne . Fur example. to meet ellli1r.1r.iun reo • 
qui relllcnt s. tht! fud~a if ratio nceds 10 be mca sured ami controlled to fellla in wi thin a very • 
narrow range . VOIrious scnsors anJ actuaturs are used fur this purpose . 

The measured par:ullctcrs in all autumub ile engine include 

E.'l; hausl gas oxygen r.:onct!ntrati ll l1 

Crank angle 

Engine spccd 

Thrullle pllsilion 

ManifolJ and ambient pressurc 

Inle t air and coolant tcmpcraturt: 

Intake air now 

Knock 

The opt!ration of sensors Ihal mCOIsurc the abuve parilll1Clers is described below. In devel­
upment for usc in produl.: tion vehides arc se nsors for >ldditional cn gine parameters. These 
include >Ill oplir.:al com bustion se nsor 10 detect Ihe peak combustiun pressUl·~ . i.e .. peaL: 
lorque. S imilarly. a cranksha ft turque se nsor is a lso under develuplllent. TIlesc Iwo .'>C"n~ors 

C,III be usetlto maintain the e n~int! al ma.'( imum b rake torque condilion.'i. In the emission s 
mea il vc: hide NO , se nsor is bdng devd oped 10 ullow all eng ine 10 be uperated with dOM:d 

loop conlrol uf Ihe NO, levels. 

ExlHlust Gus Oxygen Concentration 

The ex hau st gas oxygen co ncentrati o n is mcasured with an oxygen sensor. The oxy· 
gen sensu r is used to control the air-fucl ratio, s ince the operation of a three-way r.:l1t· 

al yst requires thai the air-fucl ratio be maintained within about I % of stoichiometric . 
The sensor is constructed ou t o f a thimble -shaped so lid zirconium uxide (ZrO ,) elec ­
trolyte s tabilil'.ed with yllriu lll m,idc (Y ~O.). The development of the zirconia sen~ur is 
detailed in Hamann cl al. ( 1l)77) . The interior and ex terior surface s of the c1ectrulyte 
arc l.:o;lIed w ith porous plati num to form interior and elUerior eleclIodes. Electrochemical 
reaction s on the electrodes prodm.:e ncgatively charged O}tyge ll ions. which thell pro· 
dUl.:e it vultage across tht: ekclroly te. The voltage produced depends on the oxyge n ion 
nuw rale. which in turn i!i pruporliona l lU the oxyge n partia l pressure at the elec lrooes. 
as illl.Jic;lIcJ by Equation 5.2-1 . The symbo l F is the Faraday constant equal Iu 
9 .6-19 X 101 C / kmol. The oxyge n parl ial press ure for iI lean (c/J = 0.8) mixture i~ about 
0 .0-1 bilr. 

RT (Po, ..... ) 
Vu= - In ----

4F Po, (.h~u.' 
(5 .24) 

The voltage ou tput is hig hl y nonlinear a t stoichiome tric conditions. with n large change 
in the voltage between rich and lean condi tio ns. If the exhilusl mixture is rich. wilh a lack 

of O!, oxygen ions will flow from the air s ide e lec trode across the electrolyte to the exh.tlu~l 

s ide. If Ihe mixture is lean. with excess oxygen, oxygen ions also form at the exhaust gas 

e leclrode. and migration of oxygcl1 ions across the eler.:trode drops. For rich conditions. 
a voltage of about SOO mV is fonllcd, ilild for lean conditions aboul 50 mV is pruc..luced, 
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versus cylinder volume. 
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The instantaneous heat release, see Figure 5-19, is deduced from the cylinder pres­
sure measurements through the use of the differential energy equation, Equation 2.30. 
rearranged in this chapter as Equation 5.23 , where dQ ... a ll is the heat transfer to the wall. 

dQ J dP Y d\1 dQ .. " 
-- ~----V- + ---- p-- +----
dO ,, - 1 dO 1' - 1 dO dO 

(5.23) 

The integral of the instantaneom; heat rclca!;e provides the burn fraction curve, shown 
in Figure 5-20. TIle average gas temperature can be computed from the measured pres!;urc 

FJgure 5-19 Instantaneous 
heat release versus crank 
angle. 
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and the ideal gas equation, Equation 5.22. The temperature shown in Figurt' 5·21 is an av­
erage or the burned and unburned gas temperatures. The mixture mass m is evaluated rrom 
the conditions at a convenient reference. such as intake valve closing. 

5.7 VEHICLE EMISSIONS TESTING 

For emissions testing or engines in vehicles. a chassis dynamometer is used. TI1C chassis 
dynamometer is used to put vehicles through a driving cycle, with the advantage of not 
having to instrument a moving vehicle. Chassis dynamometers were first devcloped (or 
locomotives, and more recently (or road vehicles. TIle U.S. Environmental Pnlleclion 
Agency requires chassis dynamometer testing of many classes of vehicular engincs (or 
emissions purposes. The word "homologation" is used to describe this certification prucc~s. 

The chassi s dynamometer is composed of a series of rollers. nywheels. and dy· 
Ilillnometers, as shown in Figure 5-22. The vehicle to be tested is driven onto the lOp of 
the chassis dynamometer and its dri\'c tires rotate between two rollers that are mcchani · 
cally connected to flywheels. and electric dynamometers. The rolling inertia o( the vchi· 
c1e is simulated with rotating nywheels and electronic inertia. A cooling fan is needcd to 
prevent the vehicle from ovcrheating. 

The United State.~, Ihe European Community, and Jap:tn have developed their own 
driving cycles tlmt simulate a variety of driving conditions for various classes of vehicles. 

The United States driving cycle for passenger cars and light duty trucks is the Federal 
Test Procedure (FTP). The tcst procedure for heavy duty (gross vehicle weight> R500 Ills.) 
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Figure 5-14 Quartz 
piezoelectric pressure 
transducers. (0) Counesy 
of Kistler Instrument 
Corp. (b) Counes), of 
AVL Corp. 
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welded) 
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Receptacle 
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Quantitative use o f piezoelectric transducers is nontrivia l. Care and methodica l procedure 
is required. The reader who is us ing these transducers is advised to also consult SAE pa· 

pers by Brown ( 1967), Lancas ter, Krieger, and Licnesch (1975), and Randolph (1990) . A 
typical system for measuring cylinder pressure as a fun ction of cylinder vol ume is shown 
in Figure 5-15. A crank angle encoder is used to establish the top deud center position 
and the phasing of cylinder pressure to crank angle. 

\ 
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Figure 5-15 Typical pressure mca~ uremclll .~ystelll. 

PC-basc:.u combustion ana lysis hardware and so fl ware nrc avai lable to acquire and 
analyze the pressure data . TIl(: hardware: consislS of hi gh speed AID data acquisilion sys­
tems and tkdicated d igital signal processor.;. The soflwnrc performs statistical and thermo­
dynamic analysis of the pressure data in real time . To study the effect of cycle to cycle vari­
ation, the una lysis can be pcrfomlcd on an individuul cycle and ulse on an ensemble avemge 
of mUIlY cycles. Measurements of cylinder pressure can be used to determine not only the 
location of peak pressure, but also the instantaneous heal release. bum fraction, and g~ k:m­

per .. uure . Foster (1985) rev iews various mode ls used to analyz.e the pressun: data. 
Rcprescmat ivc pressure versus crank angle: data is plotted in Figure 5-16. Using the 

known slider-crank geometry. the pressure data can be planed IlS II function of cylinder 
vo lume:. see Figure 5-17. and in the fonn log P versus log V, see Figure 5-lIt The 
nonreacling portions of the compression and expansion strokes UTe modeled us polytropic 
prol;csscs where pyn = constant. The: polytropic exponent" cun be fount.! from the ~Iopc= 
of the: curve: o n the log P ve rsus log Y pIal. The intake llnd exhaust pumping loop char­
ac te ri stics and the pressure se nsor Om:tuations are much man: evident when the prcssure 

data is ploue:d on logarithmic coordinates. 
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Figure 5· 16 Typical mellsured r.: ylinller pres .~urc versus crank. angle. 
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There is no c han!!-e in the function since the we i Water term ( I - Yl) factors oul. The 
water concentration is founll from a hydrogen atom balance. However. lhat L10es not solve 
the pro.btem completely hccausc it introduces two new unkn owns: YI'>' the hydrogen COil­

centratlon; and <:. th e hydrogen to carbon ratio of the exhaust hydrocarbons. 
Spindt (1965) has !"!lund by experime nt that it is sal i .~faclory 101lssurn e 

(5. 1 KI 

~ubstitution of these rel:lIi ons hips into the hydrogen balance gives. after much manipula ­
tion 

y~ = 

I f3 U f1 - - (v +)') 2 n . 1 • . \ 

l + - -'-
3.5 y~ 

(5. 19) 

In. ex periments. th.e r~eastlred fuel-air rati os and those determined frorn exhaust gas 
analYSIS agree 10 wllhm :... 2%. For grea ter accuracy, Lynch et ai. (1997) recommend that 
the NO concentration be measu red and also included in the analysis. 

5.5 RESIDUAL FRACTION 

The residual fraction c:ln he determined directl y by usc of a sampling valve to withu raw 
ga~es from the compre.ssioll stroke for analysis wilh the same instmments a lready dc­
senbed . The mole fractIOn of carbon di ox ide in Ihose g;lses is 

)'eo, = y, Yeo, (5.20) 

where y, is the residua l mole fraction and J~o is the c::arbon dioxide mole frac tioll in the 
e"haust gases. The resiuua l mass fraction is. by Equations 5.20 and 3.53 

(5.2 1 ) 

The molecular weights of the resid ual gas M " and fuel-air mixture M' arc known because 
their com~ositions arc known and Equation 3. 14 can be applied. 

A typical sampling va lvc is show n in Figurc 5-13. The scat (2) has th reads thai arc 
sc~ew~d into a recc.i:ing hole that provides access to the combusti on chamhe r. In this ap­
ph~alion . the ~al ve IS mOllnted in the cylinder head, anu when it is opcncd. gases in the 
cyllO~er arc wllhdrawn. nl.C poppet vatue (1) is opened by a tri gger sig nal correspond ing 
~o a given crank angle ;md IS open fn r I to 2 illS. II i.~ electTOIl1:lgnetical1y opened by pass ­
Ing 2 to 5 amps of current through a enil ( 19). 1\ spring ( 10) closes the va lve when the 
current stops. A c;lp;u::it :lnce type of val ve Illotion detector (24 . 25) is incorporated into 
the valve. and the sampled ga~es now out the port (4) . By opening Ihe val ve ill Ihe same 
ilngle in ~ucce~sive cycles. it is po.~s i ble to have il .~ tead y flow of gas for del ive ry In Ihe 
exhaust gas analYler.~. 

It is also possible, though cenainly more difficult. to de te mline the residual frac ti on 
by mcasu.ring the temperature at some angle duri ng the compression stroke and appl ying 
the equation of ~Ia l e 

PV = mRT (5.22) 
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Figure 5-13 Typical .~ampling va lue. (C(lune.~y of Tsukasa SaUer. Lid .) 

5.6 PRESSURE-VOLUME MEASUREMENT 
AND COMBUSTION ANALYSIS 

A number of methods have been useu to measure press ure as a function of cylinuer vol­
ume. We wi ll restrict ou r attention to pie7.oclectri c transducers. since they nrc Ihe method 
preferred by most engine laboratories. 

The pi ezoe lectri c effect is the generation of an e lectric charge on a solid by a change 
in pressure . Consider thai a crystalline solid is made up of positive and negative charges 
di strihuted (IVe r a space in n lattice structure. If the ui stribution of charges is nonsym­
metrical. stress ing the crystal will di stort the lallice and displace posi tive charges relative 
to negati ve charges. A surface that was electrically neutral may ~come positive or neg­
ali ve . Substances stich a.~ tabl e salt (NaC!) have a symmetrical di stri bution of ch:lrges and 
therefore stresses do not lend to pie7.0ciectricity. 

There arc two primary piezoelectric effecLS: ( I) th e transversal effect in which charges 
on the x-planes of the crystal result from forces actin g upon the y-planc:. and (2) tlie Ion · 
gitudi nal effect in which charges on the x- planes of the crystal result from fort: c:s acting 
upon the x-plane. In Figure 5.14(a). an example of the transversal effect. the quarv. i!> cut 
as a cy linder with two I RW or thre e l2W sectors. TIle potential difference between the 
outer and inlier cu rved !> urfaccs of the cy linder is a me:lsure of the gas prc: s!Ourc: . In 
Figure 5. 14(h). an example of the longitUdinal effeCl.lhe quart7. is cut inlo a numher of 
wa fer.~ e lectrica lly connected in parallel. The potential difference is measured between 

the plane surf:! ces. 
Piezoe lectric transducers can be obtained with intemal coolant passages anu with a 

tcmpemturc compensator. Note that a rise in temperature will cause the housing to eJ;­
pand and thereby relieve the precompressed crystals from load . Pie7.oelectric lr.:tnM.lueers 
can nl~o he obtained with name shields to reduce flnme impingement errors. Such errors 
<Ire also reduced by coating the diaphragm with a silicone rubber 10 act as a heal shield . 
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Oxygen 

Both paramagnetic ant..! polarognlphic analyzers arc in common usc for measuring ox:y­
gcn concentration, In the laller, a Tc!lon® membrane separates the sample gas s tream frum 
a sensor thai consis ts of a gold c'lthodc and a s ilver anode immersed in potassium chlo, 
ride gel. The rale ilt which oxyge u diffu ses Ihrough the me mbrane is proportional to its 
partial pressure in the s,n11e stream, At tht! cathode. the foll owing reil!.:tion takes plac!! 

and at the <llIode 

There is a current now hecause electrons arc produced at Ihe anode lIml cOllsumed at Ihe 
cathode , Because the oxygen cOllct! ntr;l tion in the gel is smu ll, this nuw is proportiUllll1 
10 the oxygen concen tr:Jtion in the sample, 

Particulates 

TIlerc arc a number of techniques used to characterize and measure particulate cmissiolls, 
These include light absorpuon, filter discoloration. and measurement of the 10lal mass of par­
ticulates Irtlppcd on a filter paper, The exhaust particle size distribution can be measured us­
ing aerosol instruments such as lhe scanning mobility particle sizer (Wang and Flagan. 1990). 

TIle absorption-Iype smoke meler uses th e prinCiple of lighl absorption by particles, 
A pump is used to draw undiluted exhaust gas into a measuring chamber lhal has a light 
source alone end :lnd a phOlodiode at the opposite end, TIle atte nuation o f the beam of 
light by !.he exhaust is proportional 10 the particle concentration. The filter-type smuke 
meier draws a metered amount of cxhauSl gases througb a filter paper. Tht! blackening of 
the filter pilper is I;ompared againsl a "Badlarllch grey scale," 

Standards, such as SAE J 1280, thai employ direci mass measun:melll. also speci fy 
the use of a dilUlion tunnel in order to s imulate the exhaust conditions ncar a vehicle . The 
particulates leaving the exhaust pipe arc at a reLatively high temperature .lIId concCntfil­
tion in Lhe outlet ex:hausl flow. These gilses cool during the mixing process wilh the 
atmosphere. and the associnled condensation and agglomeration processes will change lhe 
structure and densi ty of the particulates in the exhaust gases . Dilulion tunnels are used 10 
standardize this near field « 3m) mi xing process. 

A dilution tunnel is shown in Figure 5-12. The tunnel is typically 0.3 m in diameter. 
Sy fl owing dilution air at a cons tan t speed. typicnlly 10 mls. through a converging-

Dltulion 
alrliltar 

Mixing ring 

t 

Blower 

Figure 5-12 Exhaust gus dilution tunnd (SAE J [280 Dynnmic Dilution System 
B). Reprinted with pennission. ~ 1992 Soddy of Automotive Engineers. Inc. 

\ 

di verging nozzle. lht! Velliun effect C' 1Il be used to remove exhaust gas from the ex:hausl 
pipe. Mini-dilution tunnels wilh a 25-mm diameter have also .been dev,eloped, Dowllstrea~ 
of the n01.;de lhe exhaust is well mixed wilh the dilution air. The diluted exhaust, gas IS 

sampled and drawn through TcflonCll-coalcd glass fiber paper fillers . The total parllculate 
mass is trarped by Ihe filte r found by the increase in weight of the samp.le filter. 

The carbon diu xiue conct!nlration can be measured in both the engme cxhau .~t and 
lhe uilutt!d sa mple in order to compute the dilution ralio. the mlio of dilute mixture flow 
rate 10 exhaust gas flow ralc. The dilution ralio is Iypically ,Iboul 10: I . 

Fuel-air E(IUivalcncc Ratio 

To solve for the fuel-air eq uivalence ralio from ex:haust gas analysis we ess~ ntia~ly invCrl 
lht! analysis that led tu Tuble 3-4. but use a slightly uiffcrent sct of approXimatIons, Lei 

liS vHile the combustio n reaction us 

(5.)}1 

where 
, ~ {3/a (5.1~1 

In thi s equal ion CH;(g) rt!presents the gaseous hydrocarbons that u fl,ame ioni7-'1tion de­
tector records. The parameler z is the average hydrogen 10 carbon mtlo of th~ hyd~~­
bans and is unknown . In engi nes that runction properly. the exhaust gas cO~lams ncglig~, 
ble hydrocarbons, as far as atom balancing is concerned. They are included In the analys~s 
because they urc importunt in engines that misfire . A carbon and oxygen balance on thiS 

equation leads to an equation for the equivalence ratio 

( 
1{3 I~) 

2 I + '4 ;; - 2: ~ b', + y, + y,) 

"'~ 2YI -I- Y1 -I- 2y~ -I- y, 
(5.151 

Notice thai if we hau an instrument 10 measure the mole fmeti on of water ~\'! ) in ~e 
exhaust gas (generally we do not), Ihen the equi valence ralio could be deleml~nc.d w~th 
no further analysis or approximations. A complication arises in that mOSI cnllsslon, I~ ­
slruments do not function if water condenses in them. A common way to hun.dle thiS IS 

to condense the waler from the sample prior to delivery 10 the instruments. With no wa­
ter vapor in lhe sample. we tht!n say the concentration is "dry." 115 opposed, to "wet." The 
dry concentration depends on the amount of water cond.ensed out: Denoung a d-: c~n. 
centrati on with a superscript zero. we cun relate !.he dry concentratIOn of uny S[K'cles I 10 

the wet concentrillion by 

(5.16) 

Of course lhere is no physical significance 10 "dry water" (i = 2). It is mathemati­
cally conven ient, howe ver, to .\ipeilk o f dry waler defined by Equation 5.16, In tcrms of 

dry conccntnllions, the equivalence ralio is 

( 
1 {3 1 ~) I , , ' ) 

2 I + 4" ~ - "2; \.\'I + y.~ + Y7 

,p ~ 2 ' + y' + 2vfl -I- • .11 YI 1 . ~ Y5 

(5.171 

• • 
• 
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According to Table 5- 1, the following conce ntrati ons would all fcad approxim;llcJy 
1 % on the meier: 

1.00% of C H.h methane 

0.1% of CI()f-i n . dccanc 

0.132% orC~H't>. (lclcnc 

0.385% of C!H~. :u .. :cty]cnc 

TIle name ion~1.ati on detector gives no in(urmation about the Iype o r hydrocarbons in the 
exhaust or thc lr average hydrogen to carbon milo. In recognition of Ihis laller point. ;\ is 
preferred to report IllC:lSUrcmcnls a.~ PPIllC (panicles per million carhon) miller than a.~ 
ppm CH~ or C\H ~ or C"l-in equivalent. 

Hydroca rbon spcl"ialion is perrormed with a Fourier transfurm infrared :lI1alYl.cr 
(~TIR). a gas c hrufllillograph. or 1ll:l.<iS spectro meter. The FTIR operates 0 11 the ,~amc prin­
cIple as the NDIR. !:lUI also computes a Fourier transform of the infrared ah.~ClrptiCln .~rec. 
lrum of lhe gas mixture . It is u.~ crlll for the detection of melhanol <lnd formaldehyde. A 
gas ch~oma.to~raph uses a solid or solid -liquid column 10 separate the hydrocarbon species. 
DetectIOn IlIIlIt s for gas chromatographs used with a FID arc on the orde r of 10 parts per 
billion carbon (ppbC). 

Nitrogen Oxides 

) 
( 

Nitrogen oxides (NO,) arc· measured with a chemiluminescence detector (CLD). 
Chemiluminescence is the proce!'iS of photon emission during a chem ical reaction . When 
nitric. o~id~ (r-.:O) reacts with ozone (01), chemiluminescence from an intcmlediate prod . 
uct II1mc diOXide (NO!) occurs during Ihe reaction . The amount of nitric oxide present is 
proportional 10 the number of photons produced. 

. A chemiluminescence reactor mouel is shown in Figure 5· 11. TIle cxhal l.~1 gas sam­
pl~ IS first ~as.~ed through a catalY!\I to convert nitric dioxide (N0

1
) to nitric oxide (NO) 

pnor 10 delivery to thc rcactor. The reactor has an exhaust gas sample port, an ozolle in. 
lei POri: Ilnd i1n ?u tle[ port. The phutons produced arc measured with a photomultiplier. 
An optIcal filter IS used to filter out photons from non-NO} chemiluminescence reactions 
that produce photons o ut side the wavelength band between 0.60 and 0 .66 ~Ill. 

To sin.lplify [he reaction analysis. the reactor is assumed to be perfectl y stirred, so the 
concentratIon of reac tants is unifonn throughout the reactor. The chemical reaction:'i 

~hotomUI!iP l ler 
p/w;ndOW 

samp'.'n_~,on' L 
] Fan to mix ~ , - Products out 

Ozone In _ maclants ~ 

I L _ __ -.J 

Reactor 
volume I ' 

Figure 5·11 Model representation of the rCilctor in II 
chcmilumineseenl nitric oxide analY7.er. 

\ 
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involved in this process arc: 

NO + 0) -+N02'" + O2 

N01'" -+ N02 + pholon 

NO~'" + M -+NOl + M 

(SA) 

(5 .5 ) 
(5 .61 

The asterisk in Equations 5.4 to 5 .6 denotes N01 in ;m electronically excited s tate and M 
is " symbol c hemists use 10 denote ony molecule in the system. In Equation 5.4 the nitric 
uxide re;lets with ozone to produce electronically exc ited nitric dioxide. The excited nitric 
oxide!'i eM be dellctivated by emission of a photon o r by collision with any other mole ­
cu1e:. as indicated by Equotions 5.5 and 5.6. 

nle conservation equation for excited nitric dioxide i!'i: 

~I (NO,") = k, (NO) (0,) - k,(NO,") - k, (NO,") (M) 
" 

V, (NO,") = 0 (5.7) 

Equ'llion 5.7 indicatcs that the rale at which excited niuic dioxide NO:- is produced by 
reaction E{jlJation 5.4 in the reactor is balanced by the chemical disappear.mce ntcs in 
reaction Equations 5.5 and 5.6 and the rate at which it nows out of the reactor. The paren­
theses in Equation 5.7 denote the concentrations in units of moUm-'. and V, is the volu· 
metric now rate of products leaving the reactor. The k's are the rate coefficients for the 
three reactions, Equations 5.4 to 5.6. When the system is in steady state. the rule of change 
of conce ntration of i1ny species in lhe reactor is zero. nle steady·state concentration of 
N02* is therefore 

k, (NO) (0,) 
(NO,") = k, + k, (M) + ~ (5 .81 

At steady state, the rale al which pholons leave the system is equal to the rute al which 
they arc produced in reaction 5.5. TIlcrefore, lhe photon intensity, /, mcasurrd by the: pho­
tomultiplier is 

k k (NO) (0 ) 
I = k, (NO,") = "'. 

k, + k, (M) + ~ 

The rate of change of concentration of nitric oxide is assumed to be zero. :'ill 

d . dr (NO) = +k, (NO) (0,) - '1 (NO).,."", = 0 

Upon substitution of Equation 5. 10 into Equation 5.9, the photon intensity is 

kl ~ (NOh'nlI'IO 
I = . 

k, + k, (M) + If 

(5 .9) 

(5 . H)) 

(5.11 ) 

If the reactor is opcrated such thnt the Ol.one now rate is large compared to the ~am ­

pic n ow rale, then 

V,=v,.o. (5 .11) 

(AI) = (0,) = PI RT 

Fixing the reactor temperature fixes the chemical rale constants k1• kl' and klo and fix· 
ing the pressure fixes the ozone concentration. Therefore, as indicated by Equation 5.11. 
for n given volumetric now rate of Olone and e"haust ga.o; sample, thc photon inlem.ity i~ 
proportional to the concentration of flitrh:: oxide in the entering sample slrcam. 
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Wavelength (J.lm) 

Flgu~ 5·8 CO and CO~ infrared transmitt,mce spectra. 

---...... The operation of an infrared analyzer is shown in Figure 5-9. The analyzer passes 
int~red radiation through two cells; one a rderence cell containing a nonabsorbing 
backf.round gas and the other a sample cell containing a con tinuous flowing sample. 
The ,detector is filled with the component gas of interest to absorb infrared radiation 
lfansmitted through the two cells. The detector will abso rb less radiation on the right 
than on the left because of the attenuation in the sample cell causing ,I diaphragm to 
deflect in proportion to the difference ill the rates of energy~bsorption. Since the de­
flection will depend on the component density in the sample stream, the amount of 
deflection can be sensed and displayed on an electric meter ca librated to rend in units 
of concentration. Notice that by filling the detector with the component of interest, one 
automatically obtains the desired sensitivity so as to eiitninale interference from other 
components. 

Figure 5·9 inrran::q analyzer schematic. 
(Counesy of Beckman Instnullellls. Inc.) 

Infrared 
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\ 

~¥ 
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Figure 5-10 Sectional view 
of a burner in a flame 
ionization hydrocarbon 
detector. (Coun csy of 
Beckman Instruments. Inc. ) 
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Hydrocarbon detection is perfonned with a flume ioni7.ution d~teclor (FlO). intn~.uction 
of hydrocarbon molecules into a hydrogen-air name prod~ce~, In a c~lTlple~ proc~~);. e.lec~ 
trans and positive ions. By burning u sample exhaust gas In an electnc ficl~, poSitive I.ons 
are produced in an amount proportional to the number of carbon atoms tntrod~ced .11110 

the flame. An e;:(ampie of stich u burner is shown in Figure 5-10. The sam~le IS mlll.e~ 
with the hydrogen and helium and burned in a diffusion flame. TIle combustlo~ pr~ucts 
pass between electrodes producing an ion current. The hydrocarbon concentr..lllOll IS pm­

portional to the ion current. 
The magnitude of th e current depends somewhat on the m?lecular structure of the 

hydrocarbon being detected. The characteristic response of a given molecular structure 

normalized by the response to methane is given in Table. 5-1. 

Table 5·1 FlO Characteristic Respollse 

Molecular structure 

Methane 
Alkanes 
Aromatics 
Alkenc::s 
Alkync::s 
Carbonyl radical 
Nitrile radical 

Approximilte response 

1.0 
1.0 
1.0 
0.95 

1.3 
o 
0.3 
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the cngine is metered by n slcildy-.~[a[c nir nnw meter located upstream of 11 surge lank. 
Kastner (1947) recomm ends lhal the volulTle of the surge lank be at least about 250 limes 
the displacement vo lume of the cngine. 

TIle various Iypes of air now meters Ihal can be used include the following: 

ASME Orifice Often employed as n secondary standard [0 calibrate olher meters; 
now rate depends on the square rool of the pressure drop across [he orifice, so a 
range of orifice Si7.CS is uscd [0 cover the :lir now rate range . 

Lnmlnnr Flow IHcler A bundle o f lubes (not necessarily round in erO."5 section) 
si7.cd 50 (hOlt the Reynolds numher in each is well wi thi n the I .. minar regime; now 
rnle depends li nearly on (he pressure drop across the meier. 

Critical Flow Nonie A venturi in which the now i.~ choked; the flow rate is then 
linearly tJepel1l.lel1t upon the delivery pre s.~llre (an ex ternal compressor i.~ thus re­
quired) and independent of the pressure in the surge lank. 

Thrbine Meter The air flow rate is linenrly dependent upon the rotalioflOll speetl of 
the turbine . 

Hot Wire Meier A hoi wire anemometer is inserted into the flow 10 measure Ihe 
center-line velocity; the air fl ow rate is proportional to center-line velocity. 

No mailer which of the various methods is used. subsidiary me:ls~irements of temperature 
and pressure have to be made. Key components of sY!items emplOY~USing these va rious 
meters arc identified in Figure 5-7. The calibration constants of the elers arc a func tion 
of the Reynolds number of the flow through the meters. 

For transient engine testing, only the hot wire meter can be used. as it COlO measure 
the instantaneous mass flow rate ; it caTl also be used in steady-state testing where the re­
quired air box is viewed a.~ a nuisan ce. II must. however, be used with cnre because il is 
possib le that in !iome engincs a flow reversal will occur and the meter tloes not know 
whether the flow is going forward or backward. 

Correction factors are lI sed to adjust measured data to s tandard atmospheric temper­
ature and pressure condi tions. The speci fi c correction procedures arc usually included in 
the laboratory practice manllal. 

5.4 EXHAUST GAS ANALYSIS 

Eleclronic inslnlnlCnts that are easy to IISC and reliable are avai lable for several of the 
c~haust constituents of interest to u .~ including carbon dioxide, carbon monoxide. hydro­
carbons, o~ygen. and nitrogen oxides. M:IIlY laboratories, especially those studying or test­
ing emissions. have ;l set of these instnlments mounted together with a sui table sample 
hand li ng system. We will brieny e;'(plnin how the instruments for the species mentioned 
operate and then we will look at how experimenta l data can be used to compu te the fucl · 
air ralio . 

Carbon Dioxide and Carbon Monoxide 

Nondispersive infrared analyzers (NDIR) arc used fo r carbon dioxide and C4lrbon monox­
ide. They can also be used for methane. hexane. nitric oxide, sulfur dioxide. ethylene, nnd 
waler. TIle principle of operation of the infrared analYler is based on the infr:lred nbsorplion 
spectrum of gases. For the mosl part g.ases arc trnnsparenl to electromagnetic radiation. 

\ 
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However. al certain frequencies in the infrared spectrum. the energy associated with Ii pho­
ton coincides with thaI required to change a molecule from one quantized energy level to 
another. At those frequencies a gas will absorb radiation. The concenlrntion of a given 
compound in a gas mixture can then be detennined from the absorption charucteristics. 
As shown in Figure 5-8. cnrbon dioxide absorbs at about 4.2 ~m; whereas carbon monolC.­
ide absorbs nt about 4.6 ~m. Thus, by using a radiation analyz.er with D sensitivity as 
shown , one can detect C4lrbon dioxide in a sample without interference from any carbon 

monoxide that may also be present. 
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ASME orince 

';1 '" C j !l. (f, - P2) 
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Fi~ure 5-7 Vnnnus air flow meters "nd their required pressure!tempernture measurcmcnl~ . 
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5.3 FUEL AND AIR FLOW MEASUREMENT 

An old, but accurate and simple, way to OIeasure the cumulative fuel flow to an engine is 
to locale the fu el supp ly on a weighing bridge amJ time the period required to consume 
a certain weight of fuel. The essence of such a system is shown in Figure 5-4. This method 
works equally well for bOlh liquid and gaseous fuels . For liquid fuels, a pipette and stop­
watch can be used, a mClhod used to c;,libratc fuel flow meters. 

A small positive displacement turbine can be installed in the fuel line as an electronic 
fud now ltansducer. BasicaJly, the rOlational speed of the turbine is proportional to the 
fuel now rUle . These tmnsducers are a lso convenient in tern,s of minimizing bulk ill the 
test cell, maximiz.ing safety, and m'lintaining a clean fuel system. Unfortuantely, they 
measure n volumetric flow rate instead of a mass flow rate, and the calibration is weakly 
dependent upon the fuel viscosity. Thus, in practice, calibration curves have to be estab­
lished as a function of the fuel temperature (lIlid possibly pressure) and new ones gener­
ated if the fuel Iype is vaned. The calibration curve needs 10 span the nominal range uf 
fuel flow rales that can be as large as 50: 1. 

At considcr~bly greater cost th'lIl the turbine-type flow meters, there arc other types, 
such as the "Flowlron" meier, and the Corio lis flow meier, The "Flowtron" meter is the 
hydraulic equivalent of the Wheatstone bridge circuit. The bridge comprises four m.ilched 
orifices and a recirculating pump, The c;ltIemal fuel flow through the nlt;ter generales a 
pressure imbalance that is proportional to the mass flow rate. Coriolis flow meters pass 
the fuel flow through a vibmting U-tube, as shown in Figure 5-5. The Coriolis force 
(2w X U) acting on the flow will generate a twisting moment in the tu be since the flow 
reverses direction as il passes through Ihe U-tube. A strain gage mounted on the lube 
measures the mngnitude of the twist, which is proportional 10 the flow rate . The accu­
racy and repealability of lhe Flowtroll and Coriolis meters is excellent, beller 
than ~ 0 ,5 % or less. 

The return flow from fuel injection systems needs 10 be taken huo account in fuel flow 
measurements, since it is of the same magnitude as the fuel flow through the fuel injectors. 
One approach is to cool the return fuel to the tempcrature of the supply fuel, and connect 
it to the supply fuel downstream of the fuel now meter, 

Air flow to engines cannot be measured with the slime precision as the fuel flow. 
There are two main reasons for this: (I) the instrumentation available is at best accurate 
to within about ± I %; and (2) it is harder to ensure that all of the air delivered to the en­
gine is metered o r ret~im:d. Air can le;lk into and oul of the cylinder of engi nes, for l!1t­
ample, through !he va lve guides . As a resu lt , us recommended by Stolle (1989), it is wise 
to measure air flow not only directly, but also by inference from edmust gus analysis. A 
discussion of air now meters follows. A discussion of air flow measurement via exhaust 
gas analysis is given in Section 5.4. 

Figure 5-4 Fuel now 
mcasurcmcnt using a 
weighing bridge, (Lynch 
and Smith, 1997.) Reprinted 
with pcnnission. e 1997 
Society of Automotive 
Engineers, Inc. AdJusiabie leet 
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A common probll!m in measuring air flow is that tlle flow is. u~steady or periodic, 
however, the available meters are usable only in a steady flow. A Similar proble.m can .be 
encountered in measuring fud flow. The severi ty of the problem dec~s ~I\th an I~­
creasing number of cylinders sharing a common intake manifold and With an. t~creasc '." 
the volume between the meter and the intake ports. The volume acts as a nUld,.c capnc~­
tor to damp out fluctuations at the meter. The now al the meter i~ smoolher WIth mU,ItI­
cy linder engines than with single-cylinder engines because the cyhnd~rs.~ out of .phas.e 
with one another; thus as the peaks and valleys in the flow rates 10 indiVidual cyhnders 

are superimposed, the now at the meter becom~s smoo~.. . . 
A solution for the worst case , that is, for a Single-cylinder engine: that can ~ appJted 

to steady-s tale engine testing is illustrated in Figure 5-6. All of the air to be delivered 10 

Inlol 
~ 

FI~ure 5-6 Single.cylinder 
engine equipped wilh inlet 
surge tank Illid steady now 
air meier. 

T,. 

So"", 
tank 
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Figu~ 5-1 Photograph of 
engine on dynamumcte r 
test stand. (Courte~y Lllld 
& Sca. tnc.) 

Coolant heat 
exchanger 

Figu~ 5-2 Portahlc -:::~.:;;;;;;;;;~~""~ 
dynamometer stand . Waler ... 
(Plinl and Martyr. 1999.) lines 

(Exhaust pipe not shown) 

TIle method mos t commonly employed to measure torque is shU\vn in Figure 5-3. 
The dynamometer is .~upported hy trunnion bcaring~ and rest rained from rolation only hy 
a strul ~onnecled 10 a load cell. Whether the dynamometer is absorbing or providing power, 
~ rcacllon torque is applied to thc dy namoltlcler. Hence. if Ihe force applicd by the stml 
IS F, then the torque :lpplied to the en£ine is 

1" = FRu (5. 1) 

where Rn is definetJ in Figure 5-3. The lo:uJ ce ll me;l.~urcs the force F. For calibration, 
lever nnTIS ilre located at R, :1nd R~ for hanginp known weights . 

Fi~urt 5-3 Torque measurement using tl 

cradic tI10unted dynamometer. 

\ 
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Dynamomotor 

Since the work done in rotating the engine's crankshaft throug.h nne revolution. or 
21r radians. is 21T'T, it follows thaI for two- and four-stroke engines. respectively 

mep 

mep = 

2"T 
-- (two-stroke) 

VJ 

4"T 
-- (four-stroke) 

V, 

15.21 

(5 .1) 

If the engine is absorbing energy. then the brake mean effective pressure, bmep. is deter. 
mined . If the engine is being nlOlored. then the motoring mean effective pre .~sure. mmer. 
is determined (which. as explained in Chapter 6, is a rough me asure of the frictinn losses 
in nn engine). 

With an appropriate control system. the dynamometer can be used 10 cuntrol eilher 
engine .~peed or torque. For control of engine speed, the dynamometer applies whatever 
load i.~ required to maintain that speed. For example. if the engine being tested were OJ 

spark ignition engine, then the response of the dyn:tnlometer 10 the operator ;ncrea..~ing 
the inlet manifold pressure by opening the throttle would be to increase the load (rcsi1rot ­
anee to turning or applied torque) to maintain the speed. 

With torque cnnlrol selected. the dynamometer maintains a fixed load . For exam· 
pie. the dynamometer's response 10 opening the throttle or a spark ignition engine 
would be to maintain a constant applied torque . In this case, the engine speed woulc.J 
increase to :l point where the fri c tion mean effecti ve pressure in the engine woulc.J have 
inc reased by an amount equal to the increase in the net indicated mean effccti\'e 
pressure . 

The engine speed is measured with optical or electrical teChniques. One oplicallcch· 
niqllc us c.~ a disk with holes mounted on the revolving engine shaft. A light emitting diode 
is mounted on one side of the disk and a photolransistor is mounted nn the other side. 
Each time a hole on the disk p,\.~ses by the optical sen.~or. a pulse of light impinges on 
lhe photolransislor, which generates a periodic signal. the frequency of which is proror· 
tional to engine speed. Two electrical methods of engine s(lCed mcasuremcnl art' inlro­
duced in Section 5 .7. 

Since nhout one third of the inpul fuel energy 10 the engine end1ro up n." he:.!1 Ir:IO!ofer 
to the cool ani. a cooling lower o r radiator is required for the dynillllometer st:.!nd . The 
cooling tower will control the coolant temperature. A complete test stant! has, in addition . 
provisions to control the fuel and air temperature, the atmospheric pressure. and the air 
humidity. 
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4.6 Plot the indicated thennal e fficiency versus com pression rutio (vary r from 4 to 20 in stcps 
of 4) for a methane fuel-air DUo cyde:. Compare the results with the gas DUo cycle. 
Assume PI = 101.3 kPa, 1'1 = 350 K, and IP = 1.0,f= 0. 15, and 'Y = 1.3. 

4.7 What compress ion rutio is required to have an imep of 1500 kPa with u methanol fucl -air 
Otto cycle, assuming PI = 101.3 kPa, 7'1 = 350 K,f = 0.05, and cP = 0.95? 

4.8 What value of lhe equivalence ratio will maximize !.he imep for a gasoline fuel-air Duo 
cycle with a compression ratio of 10? Assume P, = 101.3 kPa, T, = 350 K. 

4.9 Exhaust gllS recirculutjon (EGR) is used in spark ignition engines to reduce the peak COIll­

bustion temperature nnd the concentrulion of NOa • EGR can be modeled in a fuel-air cycle 
by varying the residual fraction. WIHlt residual fraction is need to reduce TJ to 2250 K in 
a gasoline engine with the: following conditions: r = 10, ¢ = 0.95, PI = 101.3 kPa. and 
T, = 350 K? If the original residual fraclion was f = 0.05. what is the change in the imep. 
and why? 

4_10 Plot the effect of supercharging on the volumetic efficiency of a four-stroke gasoline fuel­
air Duo cycle model. Vary the inlet pressure from 50 to 130 kPa in 20 kPa sleps. and as­
sume TI = 300 K, I/J = 1.0. and p~ = 105 kPa. 

4.11 As the inlet pressure is throttled from 101.3 to 50 kPa. what is tlle change in the volu­
melric efficiency. imep. and residual fnlclion of a four-stroke gasoline fuel-air 0110 cycle 
engine? Assume T j = 300 K, 4> = 0.9, r = II. and P r = 105 kPa. 

4.12 Derive Equations 4.20. 4.24. and 4.33. 

\ 

Chapter 5 

Engine Testing and Control 

5.1 INTRODUCTION 

This chapter has two purposes: (I) to introduce engine instrUmenlnlion and analysis nnd 
(2) to discuss engine control hardware and software . One needs to instrument the engine 
to detemline the value of engine par.1meters such as the engine torque, engine speed. fuel 
now rate, air flow rdte, emissions, cylinder pressure. residual fraction. coolant tempera­
ture: . oil tempcr.lture. and the spark or fuel injection timing . 

Some measurements arc rdther straightrorward and require lillie. if any. explanation. 
The coolant temperature is easily measured by insenion of a thennocouple or thennistor 
into the coolanl. Some of the measurements require analysis to oblnin the desired result. 
For exnmplc, the air-fuel equivalence ratio is detemlined by measuring the cumposition 
of the exhaust gases and performing an analysis of the combustion equations. 

The ad \lent of digital microprocessors and advanced sensors has allowed Ihe use of 
sophisticated engine conLrol sc hemes 10 improve fud economy and to reduce emi!'osions. 
Adequate conlrol of devices such as high speed fuel injectors is only possible with com­
puter based conLrol systems. 

5.2 DYNAMOMETERS 

TIle dynamometer is a device thilt provides an extemal loud to the engine, and absorbs 
tile power rrom the engine, as shown in Figures 5- I and 5·2. The earliest dynamomete~ 
were brakes that used mechanical friction (0 absorb the engine power. hence the power 
'Ibsorbed was called the "brake horsepower." 

The types of dynamometers c urrently used arc hydraulic or electric. A hyJraulic 
dynamometer or water brake is constructed of a vaned rotor mounted in a casing mounted 
to the rotating engine shaft. A continuous flow of water is maintained through the cas­
ing. The power absorbed by the rotor is dissipated in nuid friction as the rotor ~ heUf$ 
through the water. Adjusting the le ve l of water in the cusing varies the torque ab~o rbcd . 

TIlere are a number of different kinds of electric dynamometers. These include direct 
current. regenerative altemating current, and eddy current. TIle power absorbed in an elec­
tric dynamometer is converted into c=lectrical energy. either us power or eddy currents . n.e 
cieclricity can then be dissipated as heat by resistance heating and tmnsferred III a cool­
ing water or air stream. In direct current or regenerative aitemating<urrent machines. the 
electricity generated can be used, and transfomlers arc available that allow it to supple­
me,1I u power system. Historically. direct<urrent machines have offered the greatest test­
ing nexibility but at the grelltest cost. 

Engine dynamomcters can funJu::r be classified depending upon whether or not they 
also have the capability to mOlor an engine, thai is. spin an engine nol producing power 
as the starter motor of an automobile engine does. Hydraulic dynamometers cannot motor 
un engine. Strictly speaking. neither can eddy-current machines, but because they art: often 
configured into a pDckage with un electric motor to run an engine, for practical purposes 
the distinction is moot. 

105 
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Figure 4-21 Actual open-chamber 
diesel cycle..<; compared wilh equivalent 
limited p~5surc ruel- ai r cycles. 
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0.08 0.06 
t07 1.36 
7.10 9.86 
0.85 0.84 
1.19 1.66 
1.02 1.02 

Two Mmkr:. /I = 108 mm. l = t50 mm. 
r" 17. 1600 rpm. From 171( Ilfff'mnl 
Combustinn Engine in TIltnr), and PmCfice, 
Vol. I. by C. Fayelte Taylor. with pcnni.~ s i(l n 

or MIT Pre.u. 
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attributed to heat and mass loss. the finite blowdown rate , and combuslion occurring al 
less than the maximum pressure. Note that the ratio TIlT/If' = 0.6 1 is less for the precham­
ber engine ('T1I T1tf' = 0.84 - 0.85) than it is for the direc t-injection, tWO-slroke engine. 

111ere arc two problems with using the li mited-pressure fue l-nir cycle as a standard. 
The first is thaI an engine that can opemte al a higher peak pressure and still satisfy the 
constraints imposed by durabil ity, noise, and emissions considerations is a better engine 
and ought 10 be recogni7.ed 3.<; such. The second iss ue is that fo r some engine!-i . it is not 
possible to construc t an equivalent limited-pressure fuel · air cycle because the losses arc so 
great that the peak pressure is less than would be achieved via isentropic com pre.<is ion alolle. 

An example of such a case i.~ provided by the cycle shown in Figure 4·22. TIle 
compression ratio (r = 22) of thi s die!-iel prechamber engine is considcmbly higher than tllO~e 
considered earlier for the spark ignition engines given in Figure 4· 19. If the mixture in the 
cylinder al closure of the inlet valve were compressed isentropicall y 10 the volume at top 
center, the resultant pressure would exceed the observed pc:tk pressure . lllcrefore, an 
equivalent limited-pressure fuel·air cycle cannot be constructed. As indicated in Figure 4·22, 
when th is engine is compared to an equivalen t fue l-injected Otto cycle. the mtio 1111101l1l is 
only 0.55. That is not to say that the engine i.~ inefficien t; recognize that at a compression 
ratio of 22 its equivalent Otto cycle efficiency is quite high . 

We conclude by noting thaI if the ratio of -"/ "lJOI,fI is a measure of how we ll an engine 
of a given compression ratio is developed, it appears thai gasoline engi nes arc more hi ghl y 
devel oped than di ese l engines . This sugges ts thai there is more potential for payoff from 
research and development on losses in diesel engines than there is on lo.~ses in spark 
ignition engi nes. 
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Figure 4-22 Prt:ssurt:-volurtlc diagram of a high compn=ssion ratio diesel 
pn=chambcr t:ngint:. Multicylinder engi ne with II Ricardo Mark V6 
combustion chamber: b = 88 mm, S = 85 mm, C = 0.266. r = 22.0, 
N = 1600 rpm, fjJ = 0.51, ~ •. := 0.854. Dalll counesy D. 5i egla Ilnd R. 
Talder, General Molors. 
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4.9 HOMEWORK 

4.1 Show that Equation 4.8 for the second law efficiency reduces to Equation 4 I for the first 
law efficiency when there is only heat transfer to the system instead of combustion. 

4.2 Derive Equation 4. 10 for the second law efficiency. 

4.3 De rive Equation 4. 16 for the volumetric efficiency. 

4.4 With reference to Figu re 4·2, explain why the heats of combustion at til = 0.2 and dJ = 1.2 
are les .~ then those at rP = 1.0. 

4.5 Compute 00, the maximum energy of combustion, for liquid gasoline C1H l1 based on equi­
librium water quality, lean combustion at ~ = 0.0 1. and unmi,led reactants . 
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Flgu~ 4-18 Efft:ct of C:\hilll~t 
pressure on P-V diagram with 
constilnt milSS of fresh mixture 
inducted. From nrt! /malJ(lI 
Combllslion Engine ill Thl'ory 
and Prw.:liCt'. Vol. I. by C'. 
Fayette Taylor. with 
pc:nnissioll of MIT Pn::ss. Volume 

CURVE P, (bar) P" (bar) Os (deg aide) Od (deg) bmep (bar) imep (bar) 71/lJotlo 

1 
2 
3 

0.92 
0.95 
0.99 

0.51 
0.95 
1.52 

-1B 
- 1B 
- 1B 

24 
25 
25 

7.7 
7.7 
7.7 

0.B3 
0.B3 
0.83 

CFRcnl:im,.b" 82.6mrll,.l = 114.3 111111. r "" 7.1:!OOrplll,/ir~ "" 4.701:15,"" = t.17. T, = 3S6K. 

• The ratio T//T/olln is on the order of 0.85. and varies insignificantly with engine oper­
ating variables, at most decreasing slightly with increasing compression ratio. 

• The combustion duration, 0,10 is nn the order of 35 g
, decreases with increasing com­

pression ratio or inlet pressure, anu is minimum at a slightly rich equivalence ratio. 

• The optimum spark advance, 0,. increases with combustion duration and with increased 

engine speed. 

• The imep increases with engine speed. while bmep decreases. which. as we will see 
in Chapter 6, is caused by increased friction. 

The ratio TJ/T/ollu from these data shows a weak dependence on compression ratio and 
an even weaker dependence on inlet tempemture. As the compression ratio increases, the 
peak temperature increases, increasing the wall heat transfer to the coolant. The ratio is 
also independent of equivalence ratio and the exhaust to inlet pressure ratio. Some of these 

duta are compared with data for other engines in Figure 4-19. The coincidence in the or-

Figure 4-19 hu.!iclIted 
efficiency of some spark 
ignition engines al optimum 
spnrk advance compared with 
value~ for their equivaJctll 
constant volume fuel-air cycle. 
From The In/ernul Combllslio/l 
Engint! in Thl!ory amI 
Praclice. Vol. 2. by C. Fayette 
Taylor, with permission of 
MIT Press. 

'I 
"TiQ;i".;" :f : .' : 1 

0.7 

\ 

5 10 15 20 
Compression ratio 

.. Caris and Nelson, automobile engines 

• Ketley and Thurston. aUlomoblle engines 

• Taylor. CFA engine 

• Taylor, alrcrall engine 

... Taylor, CFA engine 

·~ . 7 Comparison of Fuel-Air Cyelt:: with Actu;!1 Compression Ignition Cycle," 101 

uers of magnitude among the various engines lends credence to the earlier assertion that 
thc results shown in Figures 4 - I 3 through 4 -18 are typical of most engines. 

An important implication of these results is that there is slightly greater potential for 
improving the efficiency of spark ignition engines by increasing their theoretical efficiency 
rather than by reducing their losses. To i\JustrJ.te, suppose that by reducing me heat loss or 
increasing the bum rate one could increase 1I/T/0I1O from 0.80 10 0.90. The efficiency might 
be 0.32 instead of 0.29. On the other hand. suppose that research results showetl that the 
compression ratio could be increased to 20. TIle fuel-air cycle efficiency would increase to 
about 0.46, and if T//T/on" werc still 0.8, the actual efficiency would now be 0.)7. TIu:re is 
grealer potential with this approach because the second law of thenncxJynrunics docs not 
limit the choice of variables that fix the theoretical efficiency but it uoes limit the gains 
thai can be realized once the parameters !llat specify the fuel~air cycle an:: fixed. 

4.7 COMPARISON OF FUEL-AIR CYCLE WITH ACTUAL 
COMPRESSION IGNITION CYCLES 

Diesel engines arc designed to limit both !lIe r.ltes of pressure rise and the maximum pres­
sures to satisfy durdbility, noise. and emissions considerations. Therefore. a cO[l\"enient 
standard appears to be the equivalent limited pressure Up) fuel-air cycle. and indeed this 
was the choice of Taylor (1985) in his book. Figures 4-20 and 4-21 compare actual pre!>sure­
volume diagrams with Iheir ideal limited-pressure counterparts. The engine used in Fig· 
ure 4-20 is a single cylinder prechamber diesel engine. TIle engine used in Figure 4·21 is 
a two-stroke open chamber diesel engine. As in !lIe spark ignition engine. the ios!tCs are 

3 3" 

60 -

50 

~ 40 

• iii • e 30 a. 

20 

10 -

\I 
\I 
\I 
\I 
\I 
\I 
1\ 
1\ 
1\ 
1\ 

" " \ \ Isenl/opic through \V poinle 

\ \ 
\ \ 
\ \ 

"\"\ Fuel-aIr cycle 

" : ~ _ Ac1ual cyclo 

o ~----,--:::::::L=:=:c=~' ;U 
o 100 200 300 400 500 600 700 

Volume (cm J ) 

Figure 4-20 Cylinder pressures in II diesel prechllmber engine compared with equivalent limited 
pressure fuel-air cycle: f = 0.255. imep = 7.72 bar. TJ/T/Ijo = 0.614. Single-cylinder comet·helld 
diesel engine: r = 14.5, b = 82.6 mm. S .:: 114.3 mm, N = 1000 rpm. ¢ :c 0.9. optimum 
injection timing, air consumption = 4.93 gis, PI = 0.99 bar, P, = 1.01 bar, r. = 560 K. From 
771f! Inrallal Combuslion Engine ill 771('(1('), and Prucljc~, Vol. I. by C. Fayette Taylor. wilh 
pc:mlission of MIT Press. 

j 

.) 
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Figure 4-14 Effect of spark ' 
advance on P-V diagram. 
Reprinted from TIle JTltenw/ 
ComhllJrirm Engine ill Th~nry alld 
Proctict!, Vol. I. by C. Fayette 
Taylor, WitJl pennission of MIT 
","",. 

CURVE O. (deg at de) 

0 
2 -13 

3 -26 

4 - 37 

40 

30 

:; 
"-
~ 20 , 
m 
~ 
n. 

10 

0 

1 

Od (deg) 

40 
40 

38 
39 

"I 
V" 

VM · 

bmep (bar) imep (bar) 7]/rlono 

5.0 6.0 0.73 

5.7 7.5 0.82 

5.8 7.5 0.82 

5.0 6.9 0.74 

CrR engine. h '=' 82.6 mm,.r = 114.3 mm, r = 6, '" = 1.1),1', = 0.99 brlr,I'. = 1.02 bar, T, = )28 K, 1200 rpm. 

Figure 4-15 Effect of ~pced on 
P- V diagr:tm. constant delivery 
ratio. From TIlt! /nrenw/ 
Combu.rtion Engine ill Tlreory 
ond Practiet!. Vol. I, by C. 
Fayene Taylor, with pcnnission 
of MIT Press. 

CURVE PI (bar) RPM 

5 0.76 900 

6 0.79 1200 

7 0.95 1500 

8 0.98 1BOO 

25 

20 -

;; 
"- 15 -
~ , 
" " 10 • <i: 

5 

°l v, 
vlo. lc 

O. (dsg atdc) nd (deg) bmep (bar) 

- 18 36 3.90 

-19 39 3.77 
- 22 40 3.80 

-18 38 3.59 

CFR ensine, b = 82.6mrn,s -= 114.3 nlll1, r = 6,1", :0 339 K, r/, = I.IJ . P, = 1.02 bar. 

Run 
----- 5 
------- 6 
---- 7. 
---- B 

j 
imep (bar) 11/ 1"]ono 

5.89 0.8112 

5.94 0.848 

6.07 0.865 

6.14 0.877 

\ 
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Fi~IJrI~ 4-16 Effect of 
compression ratio on P- V 
diagram. From The fntt'nra/ 
CmlllJ/l.rriml Enxille in Thcory 
alld Proc/iCC'. Vol. I, by C. 
Fayette Taylor, with pcmlission 
of MIT Press. 

CURVE r O. (deg atdc) 

1 8 -13 
2 7 -14 
3 6 -15 
4 5 -16 
5 4 -17 

:; 
"-e , 
m • n. 

sOr-----------------------------------, 

40 -

30 

20 - 5 

10 -

r24L,~s.J:6-~7W.~~~:~~~~~~~:~::~~==========~~~ 
~_ VJ------------~ 

Clearance 
volumn 

0,/ (deg) 

29 
31 
33 
37 
39 

bmep (bar) 

5.5 
5.3 
5.3 
4.8 
4.1 

imep (bar) 

7.9 
7.9 
7.2 
6.8 
6.1 

0.79 
0.86 
0.8.( 
0.87 
0.86 

CrR ensine, II = 82.6 nlln, S ... 114.3 mn!. P, c 0.95 brlr. p. '" 1.G4 bar, T, '" 339 K, d> ." 1.13. ] 2flO rpn!. 

30,----,--------------------------, 

~ 
20 -

FI~lIl"e 4-17 Effect of inlet pressure 
on P- V diagram. From n,e Internal 
Comhrurion Engine ill Tlreory al/d 
Pmr:lice. Vol. I, by C. Fayette Taylor. 
with pennis~ion of MIT Press. 

0 

I v, 
V~ 

CURVE P, (bar) O. (dog atdc) Od (deg) bmep (bar) imep (barJ "I'l/1"]Qno 

0.95 -19 36 5.1 7.3 0.86 
2 0.81 -20 38 4.0 6.3 0.87 
3 0.68 -26 42 2.7 5.0 0.89 
4 0.54 -2B 44 1.6 3.7 0.82 

crn engine, /J = R2.6 11In!. S "" 114.3 n!n!. r = 6. P, = 1.0 bllr, T, = 339 K, 1200 rpm . .p .. 1.1.1. 
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• The erficicncy dec reas~s with increased equivalence ralio. 

• TIle imcp increases willi equivalence ralio. 

• Th<! efficiency and illlep are a wl!akcr fUllction of compression ratio relalive 10 an 0110 
cycle. 

• Both erticient:y ,LIld illll:P increase with increasing limi t pressure. 

• Eve n in the absence of h<!at and mass loss, the ralio 71/lJo1lo may be.as low as U.HS. 

The constraint on peak pressure results in lhe efficiency and imep being insensitive 
to compression ratio . In practice, the ralio T/IT/onn for diesel and fuel injected stratified en­
gines is more sensitive 10 Ule particular design and the operating conditions th"n it is for 
homogeneous-charge spark ignition ellgines. Thus, a greater mnge uf indicated efficien­
cies exists among engines made by different manufacturers and among engines of differ­
ent sizes. Divided chamber engines usually have a smaller ratiu than open chamber 1!1l­

gines partly because of throttling losses through the throat between chilmbers, but mainly 
because of a greater heill loss. 

The fuel-air cycle adequately models conventiona l spark ignition engines, but is not 
as usefu l for an engine as heterogeneous as a typical diesel engine. Diesel engine fuel­
flow rates arc limited by the appeanmce of solid carbon in exhaust that did not bum to 
carbon monoxide or curbon dioxide . This occurs even thou gh the engine is running lean 
and is not prcdiclcd by fuel-air cycles. A more sophisticated model is required. These exist 
but are beyond the scope of this text. 

4.6 COMPARISON OF FUEL·AIR CYCLE WITH ACTUAL SPARK 
IGNITION CYCLES 

Since the efficiency of an actual engine must be less than the efficiency of its equivalellt 
Ouo fuel-air cycle. the fuel-air cycle is a convenien t standard for comparison. With ref­
erence to Figure 4~12, an equivillent fuel-air cycle is constructed by miltching the tern· 
perature, pressure, and composition (and thereby entropy) at so me reference point ilfter 
closing of the intake valve and prior to firing of the spark plu!::. Since the actuill process 
is nearly isentropic, the compression curves of Ute two cycles neilrly coincide. 

Figure 4-12 A comparison of an actual 
cycle with its equivnlcnt fuel·air cycle. 

\ 

3 

o Intake valve closes 
1 Ae/erence point 
2 Spark IIres 
3 Combustion ends 
4 ElChausl valve opens 

Fuel-atr cycle 
Actual cycle 
lost work 

4 

o 

Volume 

4.6 Cornpari~lln of Fud · Air Cycle wilh Actual Spark Ignition Cycle. en 

40 ,-----------------------, 

30 

10 

Figun! 4·13 Effect o f fud-air equi valence 
r'L1in un P- V tli:lgram. Reprinled from Th~ 
htlL'rlwl Cambuslio" E"gim.' in T11~ory llml 
Pm,-·tjc~. Vol . I. by C. Fayeuc Taylor. wilh 
permi ssion of ~HT Press. Volume 

CURVE 

'" 1 1.17 
2 0.80 
3 180 
4 0.74 

O. fdeg atdcl 

-15 
- 23 
-20 
- 33 

OJ (dea) 

33 
39 
39 
58 

bmop (bur) imep (bar) 

7.7 
6.4 
7.0 
6.3 

0.85 
0.83 
0 .83 
0 .80 

CFR engine:. b .. 82.6 mm. I =: t 1-1.3 IIUlI. r '" 7. 1200 rpm. I', '" 0,1)5 bu. P, - 1.02 bu. T, .. JSS K. 

Soon after the onset of combustion, the pressure of the nctual cycle starts rising above 
that of the fuel-air cycle. Because the combustion actually is not at constant volume, the 
peak pressure is considerubly less than that predicted by the fuel-air cycle. The expansion 
curve 3 to 4 is polytropic in character; measurements show that the entropy decreases 
during expilnsion, primarily due to heat transfer 10 the coolant. At point 4 the exhaust 
valve opens, and soon after, the pressure fnlls mpidly to the exhaust pressure. nle cross­
hatched area represents "lost work" that can mainly be attributed to the following 

• l-ieat loss 

• Mass loss 

• Finile bum rale 

• Finite blowdown fille 

These losses result in the ilctUill efficiency b<!ing less than tll~lt of Ihe equivalent fuel-air 
cycle by a factor ranging from 0.8 to 0.9. Figures 4-13 through 4-18 show mea.mred 
pressure-volume diagrams as functions of several engine vilriables: the equivuJence ratio. 
spark timing, engine speed, compression ratio, and inlet pressure. The results strictly ap· 
ply only to the engine tested but the trends revealed and orders of magnitude an: Iypical 
of most engines. With the exception of Figure 4-14, all the dilta are obtained using 0pli· 
mum spark timing. Important points to notice are: 

• The indicated mean effective pressure is maximized slightly rich of stoichiometric, and 
increases with increasing compression ralio and inlet pressure. 
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It follows that 

m .l 

and the enthalpy .It st:1 le 3 is 

+(I-f),pF, 

(I - J) ",F, 

I + 'pF,(J - J) 

(4. 2J) 

(4 .24) 

(4 .25) 

The press ures during fuel injection PJ arc hi gh enough tJmt Equation 3.27 should be Il !'ed 
in liell of Equation 3.32 to evah.:1le the fud enthnlpy. Hence. 

h /url =' h,,, + \·"(P.,, •• - P,,} (4.26) 

where the subscri pt zero denotes conditiom. 011 :ltmospheric pressure (P" = 1.01325 bar). 
In doing a computation. one shou ld first assume that tJle combustion and fuel injec­

tion arc entirely at constant volume. If the resultant PJ satisfies Equation 4.21. then in­
deed the process is at constant volume. However. if Equation 4.2 1 is not satisfied. then 
p) = P1imi,. and one so lves Equation 4.25 to find the slate 3. 

TIle expansion occurs 10 a specific volume at state 4 different from thai at Male I because 
of the fuel injected. It can be shown that expansion must satisfy the following constraints: 

Figure 4·10 Effect of equi valence 
ratio on limited pre~ .~ure fLlel 
injected fuel-air cycle. 
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1~ . 281 

To evaluate the work IVn ., it is convenient to split it into three parts. w, ~. 'l'n. and \\'\~. due 
to the change in mass and energy by fuel injection. Thc work components e ltpressed per 
unit mass after fuel injection :Ire 

1\' I ~ = _IV_1l 
• m2 = -:-+---"(';-"I-----'J)':;' '-.. 'C

F
=-, 

mil In) 'I' 

\1'2.1 "" P.I[ \'.1 - + (I \~ f) ¢F.] 

The efficiency and imep are given by 

11" ' ." . nil 
~ = -- = 

TIllqr 

w" . [I + (I - J) "'F,] 
",F, q •. ( I f) 

imep = 
... ,.J I + ",F,( I - Jll 

v, 

(~.29) 

(4.30) 

(4.JI) 

(4.J 2) 

(4.JJ) 

(4.)4) 

Results obtained using the above mode ling for different compression 
ratios are given in Figures 4·10 and 4· 11. Important co nclusions are : 

and equivalence 

Figure 4·11 Effect of 
compression ratio on limited 
pres~ure fuel injected fuel·air 
cycle. 
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The temperature rise of the inkl fud-air mixture is about 50 K when mixed wi lh the 
f = 0.0567 residual fraction. The maximum temperature and pressure arc T) = 2547 K 
and P1 =: 3809 kPa . The exhaust temperature 7~ is 1244 K. The volumetric efticiency is 
0.895, net imer is 557 kPa. and the net thermal efficiency is 0.42. 

Results obtained by varying the intake to exhaust pressure ratio and the compression 
ratio arc given in FiB ures 4-8 and 4-9. TIle net efficiency and the net indicated mcan ef­
fective pressure arc each scen to be a strong function of the pressure ratio. 'nle udvanlage 
of turbocharging and Ihe disadvantage of throttling arc clear. For pressure ratios corre­
sponding to supercharg ing, the curves are not representative, fo r one wou ld have to also 
account for the work to drive the compressor. Notice that throttling also huns the volu­
metric efficiency, mainly because of an increase in the residual fraction . The residual frac­
tion decreases wilh increasing compression ratio, as one would expect. 

The modeling of the intake amJ exhaust portion of Lhe Otto cyc le is not nearly as 
good as the compression. combustion . and expansion portion of the cycle. This is bcc,\use 
of the assumptions of isobaric intake and exhaust processes and tile neglect of heat trans­
fe r. Neglect of the heat transfer causes the residual fraction to be under-prediclcd by a 
factor on tile order of [woo In Chapter 7, it wi ll be show n that the processes are isobaric 
only at very low piston speeds; consequent ly. at high piston speeds. the pumping mean 
effective pressure can be in considt!rable error and can even have the wrong sign for 
super- or turbo-charged engines. 

Figure 4-8 Effect of 
inlakele:\haust pressure ratio on 
four-stroke 0110 fuel-a ir cycl~ . 
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Figure 4-9 Effect uf intake/e:dmust 
pressuCt! ratio 011 four-slroke Duo 
fud·air cycle. Intake to exhaust prosnuro ratio (P,II',) 

4.5 FUEL-INJECTED LIMITED-PRESSURE CYCLE 

This cycle maLicls diesel eng ines and fuel - inj ected strutified charge engines in which the 
fuel is injected at the time it is intended to bum. The prOCeSses are: 

I to 2 
2 to 2.5 
2.5 to 3 
3 [04 

Isentropic compress ion of air and residual gus 
Constant volume. adiabatic fuel inj ec tion. and combustion 
Const'lllt pressure. adiabatic fuel injection. and/or combustion 
Isentropic expansion 

These engines. in genera l. are fueled overall lean. In thi s case, !he air-residual gas mix­
ture is eq uivalent (0 eqUilibrium combustio n products at un equivalence ratio given by 

N 
.p" ~ 1 + ( I flq,F, 14.20) 

where the residual fraction, J, is the rali o of the residual mass to the cylinder gas llIasS 

prior to fuel injection. The thermodynamic state during compression can thcn be detcr­
mined with the equivalence ratio QJll used as an argument. 

The details of the fuel inj ect iun and combus tion arc of no concern at this level of moo­
cling. We need only aSSllllle that at stme 3 Ole guses in the cylinder arc eqUilibrium cum­
bustion products at the overall fuel-air equivalence rutio. To specify the state. we know !hut 

and we apply the energy equation lu the prOCeSS 2 to 3. 

aU =: flI.lUj - m!lI~ = mIll! - P.1(m'Vl - "il l'1) 

"I. \ 

(4.21) 

14.22) 
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4.4 

For n given eng ine opcrateLl at ortil1lum spark timing. this ralio is nearly illLlepcnd­
enl of the fuel-air equi\'alcnce r;Hin. the inlet lempemlure. the in let pressure, the exh:lIlst 
gas recircul:llion. and fhe engine speed. Allihe trem.!s predictcd by Ihe 0110 fuel-air cycle 
are. in fact, observed in practice. As will he shown later in thi .~ chapter, all of fhe 
conclusions drawn from Fig ll f"t"s 4--1 104-6 apply to nctua l engines. provided that Ihey arc 
oper<ltcd at optimum spark timing. 

FOUR-STROKE OTTO CYCLE 

It is olso inslnlctlve to consider the Otto fuel -air cycle with the ideal inlet and exhaust 
processes. In Ihis case. the variables '{"I' PI' andf'lrc no longer the independent varinbles. 
Instead, the intake pressure Pj. the exhaust pressure Pc. and the intake temperature Tj arc 
the independent v;lriab les. 

The additionn l processes, introduced in section 2.7. nrc reiterated here: 

,1105 
5 to 6 
/1 10 7 

7 to I 

COIl."';IIl( cylinder volume blowdown 
Constant pressure exhaustion 
Constant cylinder vo lume reversion 
Con.~t;mt pressure induction 

The b lowdown is conside red to be isent ropic as far as the control mass is concerned. 
One solves for the temperat ure 1'.\ by requiring th:lt S!- = S~ nnd P!- = P~. Application of 
the first Inw 10 the cllIliro l mass during exhaust leads 10 the conclusion tha i 

h" = hJo. PI, = ' '!-
T" = T.~ V,. = v,\ 

TIle,Se arc still valid conclusions even though now we are treating the exhaust gns ns 
equilibrium combust ion products. 

The residual frac tiun, given by Equation 2.46. is restated here as 

f= .!.~ 
r lifo 

('1.13) 

The energy equation applied to the cylinder cotHrol volume during intake is given in 
Equation 2.47. Note that Equation 2.54 is no longer valid since it nssllmes constant spe­
cilic beat.~ . In this case Equation 2.5<1 i .~ replaced by 

(4. 14) 

nnd, of course, il is s til/true thnt ir the pressure dro p ncross the intake valves is neglected 

The vo lumetric crricicnc), and pUlllping work arc 

III, r( I - f) I', 
r ~ -- ~ 

, p, 1',/ (r I) 1'1 

pmep = Pr - Pi 

Finally. the net imep and thermal efficiency arc 

(imcp}~" = il1lep - pmep 

ry"" ~ ry (I _ pmcp) 
lmer 

(4.15) 

(4 . 16) 

(4. 17) 

(4.18) 

(4 .1 9) 

\ 
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The inplIl~ to a four·~;troke 0110 fuel-ni r cycle are the compression ratio r, the fuel-air 
equivalence ratio cb. the intake pressure PI' the exhaust pressure Pro the intake tem~rn· 
ture T,. and the fucl type. Using the fuel-ai r models developed in Chapler J. it is possible 
to compu te the propenies at states I, 2, 3, and 4. As in the four-su-oke gilS cycle. :UtlJ..Jy­
sis of the fou r-su-oke fuel-ai r cycle requires iteration. 

EXAMPLE 4.2 Four-stroke fue l-air DUo cycle 

Compute the slate properties. volumetric efficiency, residual fmction. net imep. and nel 
thennal efficie ncy of a throttled four-stroke fuel-air 0110 cycle with the following intake 
conditions: gasoli ne fuel with Pi = 50 kPa. P, = 105 kPa. Tj = 300 K. r;, = 0.8. and a 
compression mtio of 10. 

SOLUTiON The web apple! four-stroke fuel-air Ouo cyc le is shown in Figure 4-7. The appl~t 
assumes thaI the fuel is gasoline. and using Ncwton -Raphson iterat ion, computes the 
mixture properties at the four cycle s tates, ns well us the vo lumetric efficiency, fC!oidutll 
fraction. net imep, and net thennal efficiency. 

State 

Pressure (kPa) : 

Te mperalure (1<): 

Volume (m3Ikg): 

h (kJll<g) : 

u (kJll<g) ' 

5 (kJ/kg I(): 

Extl a ust Temp.(K);:; 

Residual Mass Fraction ;:; 

Ideal Therma l Err. ;:; 

Four Stroke Fuel-Air Otto Cycle 

Gasoline (C7Hl7) 

Intake Pressure (kPa) 

Intake Temperature (K) 

Exhaust Pressure (kPa) 

Com pression Ratio 

Fuel-ai r Equivalence Ratio 

Compute Cycle 

2 

50.0 1075 .89 

350.4 753.1 

1.9552 0.1955 

-203.1 154 .23 

-398.07 -56.14 

7.201 7.201 

1243.7 

0.0567 

0.469 

3 

3809 .12 

2547 .3 

0.1955 

688.71 

-56.06 

8.683 

Volumetric Emclency;:; 

Nellmep (kPa) = 

Nel Thermal En. = 

217 .11 

145 7.5 

1.9552 

·953.57 

-1378.08 

8.683 

0.894 

556.91 

0.423 

Fi~lIrc 4-7 Four-slroke fuel-air Ottn cycle app le1. 
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Figure 4-5 Effecl uf 
compressIon 
ratio on Qllo ruel -air cydc 
characteristics. 
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fuel properties for some alternative fuels as we look·lo the future. Table 4-2 presents results 
obtained for two different compression ratios and five different fuds. Notice that there is 
very little difference among hydrocarbons . Accordi ng to this analysis, diesel fud would 
be just as good as gasoline in a homogeneous charge spark ignition engine; in reality, of 
course, knock would be: a problem. No te that nitromethane is an excellent choice for iI 

racing fucl. as it has the largest imep of the fuels in Table 4-2. 
Becau!ie aile technique for emi!is ioll control is exhaust gas recirculation, it is also of 

interest to cxamint.! the influence of the residual fraction. By pumping exhaust gas into 

Table 4-2 Effect of Fuel Type on 0110 Fuel·Air Cycle 

Fuel I Chemical Formula 

Gil50[ine C 1li l J 

Diesel C,~ ~H!~ " 

MethilllC CH~ 

Melhanol CHJOH 

Nitrolllctilline CHIN01 

l.p c 1.0./ = 0.10, PI "" 1.0 bar, TI C 350K. 

\ 

10 
15 
10 
15 
10 
15 
10 
15 

10 
15 

", 
0.-14 

0.495 

0.4·1 

O.4~5 

0..1-1 

0.'196 

0.43 

0.48 

0.39 
0.43 

imep (bar) 

13.3 

1·1.4 

13.7 
14 .9 

12.2 

13. 1 

13 .1 

1·1.2 

2l.U 

23 .1 

Figure -1-6 Effect or residua l 
fra(;liun 011 Qlto Cud-air cyde 
chilracleri~ t ic s. 
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the intake manifOld and mixing it with the fue l and air, one has, in essence, increased the 
residual gas fraction. Although the e;(hausl gas so recirculated is cooled before introduc­
tion into the induction sys tem, it is still considerably warmer than the inlet air. 111erefore, 
we wi ll increase the inlet temperature in our computations simultaneously to examine the 
overall effect. To illustrate, assume TJ = (330 + 2(0/) in degrees Kelvin. The results ob­
tained for gasoline lire given in Figure 4-6, NOlice that tIle efficiency increases slightly 
with increasing dilution of the charge by residual gas. Notice too that imep falls with in­
creasing I: it falls because the residual gas displaces fuel-air and bccauSl! it wamlS the 
fuel-air, thereby reducing the charge density. 

The indicuted efticiency and mean effective pressure of aclual engines are dctennined 
in practice by measuring tJlt.! cylinder pressure us a fUllction of cyl inder vol ume and inte­
grating J Pt!V to find the wo rk. It is also poss ible to measure the residual fraction and 
charge density trapped within the cylinder. Ouo fue l-air cyc les, with PI' T1, andfchosen 
such that the charge density and entropy arc matched 10 the conditions in the cy linder at 
the time of inlet valve closing, over-predict the work and efficiency by a factor of only 
LI to 1.2. 

Stated differently, the ratio of the actual efficiency to that of the Ouo fucl -air cycle is 

TJITJOlh. = 0.8 to 0.9 

Based on the analysis done in Chapter 2. this is to be expected. The difference is prima­
rily uue to heat loss, but also to Illass loss and the fillite burning rate . A small part of the 
discrepancy CUll be also attributed to opening (he exhaus t valve prior to bonom dead center 
to provide fur the finite rate of blowdowll. 
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product mi:\ture. The work of the fuel -air Duo eycle: i .~ 

and the imep is 

• II'n[1 
Imep = - -­

VI - \'2 
(kPa) 

(4.11 ) 

(4. 12) 

The first law efficiency is given by Equiltion 4.1. and the second law efficiency is given 
by Equation 4.8. 

~~ ~:J . FlIel-air OUo cycle 

Compute the state: properties, work. imcp. and thennal efficiency of a fuel-air Otto cycle 
with the following initial conditions: gasoline fuel with PI = 101.3 kPa. TI = 298 K. 
cP = 0.8./ = 0.1, and a compression ratio of 10. 

SOLUTION The web applel Fllel-air Ot/o cycle is shown in Figure 4-3. Using Newlon-Raflhson 
iteration. the app let computes the mixture properties at me four s tates. as well as the work . 

STATE: 

Pressure (kPa): 

Temperalure (K) : 

Volume (m3/kg) : 

h (kJlKg): 

u (kJ/kg) : 

5 (kJlKg K): 

Work (kJ/kg ml,): 

Ideal Thermal Err.: 

Fuel-Ail" Otto Cycle 

Pres sure (kPa) 

Initial Temperature (1<) 

Fuel Air equivalence ra lio 

Compress ion ratio 

Residual mass fraction 

Choose Fuel Type: 

Press ENTER for computation: 

2 

101.3 2113.1 

350. 730.1 

0 .9562 0 .0956 

-390. 47 .47 

-487 . ·154 . 

6.993 6.993 

1155. Imep (kPa): 

0.429 

3 

8707.11 

2779.7 

0 .0956 

678.4 

-154 . 

8.765 

1342 . 

Figure 4-3 Fuel-nir 0110 cycle nppkl. 

, 
500.7 

1607 .0 

0 .9562 

-1164 . 

-1643. 

8.765 

\ 
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imep. and thennal efficiency. The maximum temperature and pressure are T) = 2780 K 
and PJ = 8707 kPa. Note that the mixture entropy is constant for the compression from 
state I to 2 and the expansion from state 3 to 4. The wOrk produced is 1155 kJlkg. the 
imer is 1342 kPa. and the thennal efficiency is 0.43. 

Results obtained using the Furl-air 0110 cycle model for different equivalence ratios 
and differen t compression ratios arc given in Figure 4-4 and 4-5. Sante important con· 
clusions are: 

I. Indicated efficiency increases WitJl increasing compression rotio. is miUimized by lean 
combustion, nnd is practically independent of the initial tempernture and initial pres­
sure . In actua l engines. maximum efficiency occurs at stoichiometric or slightly lean; 
excessive dilution of the charge with air degrades the combustion. 

2. Indicated mean effective pressure increases with increasing compression ratio. is max­
imized slightly rich of stoichiometric. and increases linearly with the initial density 
(i.e .. imep - PI and imep - I ITI)' 

3. For a. given compression ratio. the peak pressure is proportional 10 the indicated mean 
effective pressure. 

4. PC:lk temperatures in the cyc les are largest for equivalence ratios slightly rich of stoi­
chiometric. 

Taylor (1985) presents similar resu lts for the fud octane. In facL the resulis shown 
arc characteristic of most hydrocilrbon fuels. It is of interest to explore the influence of 

Figure 4-4 Errect of equivalence 
ratio on OlIO fuel-nir cycle 
chaTl1c l crislic.~. 

0.6 rr--'--'--"--'--'--"-r...-Tl"--r,, 
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Figure 4-2 Avaihlhlc energy and 
hea! of comblls!ion for liquid 
gaso line and nu:thann!. Fue l and 
air <Ire unmixed, 
P" = 1.013 bar, T" = 298 K. 
Products an: mi.,ed with 
equilibrium water quality. 

Thus, !cuing 

40 -
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~ 
w 20 
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o 
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- - - Heat of combustion 
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'. 
C7H17 
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CHJOH 
(methanoll 

-- Available energy of combustion 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
Equivalence ratio (</» 

a" = (I" .O> . (lU I 

the second law efficiellcy bccollles 

IV" ( I + ,pF,) 

", F,( I - f) a" 
1·1.l 0) 

To a certain extent, the udinition of the seco nd law efficiellcy is equivocal. It seems 
impractical to take into account the slmlil amount of work that can in principle be real­
ized because the exhausl composi tion is difTerent from that of the atmusphere. As shown 
ill homework problem 4- J, the second law efficiency approaches the fLfSt law ef1icie llcy 
in the limit of no combusli on, since the exhaust composition would be no different than 
the utmosphere. The arguments presented could be exte nded to recognize that more en­
ergy is uvailuble on a cu ld day than on a hot day. Thus, mther lhan T" = 298 K, one should 
evaluate au at the temperature equal to that of the coldes t day ever recorded al Aman:lica 
since, in principle, one could run all engines down ulere on tht coldest of days. TIlis COIl­

cept is easily dism issed if one recognizes the practical constraints. 
The choice of rP = 0.0 1 in Equatioll4.9 is also equivocal. Figure 4-1 suggests tak­

ing Ule limit of (p -;. 0 to evuluute (/U' Strictly speaking, that limit docs not exist, for it 
would imply thaI thermouynamic slales exist with no bound in volume. Indeed, if one 
tries to evaluate the limit one will find it blows up . Thus , ¢ = 0.0 I was chosen as being 
close enough 10 zero for practical purposes . Indeed, it is unlikely that any engine wou ld 
be opcf'dted significant ly leaner than this. 

Table 4* I provides II li st of the enthalpy of formation, the absolute entropy al 298 K. 
tile maximum avtlilab le energy of combustioll, and the lower hetlt of combustion for var­
ious gaseous and liquid fuels. The difference between the enthalpy of formation for a given 

\ 
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Td)!.· 4-1 Ma xi mum Available Energy Ill' Cllmullstiun i
• (/" . Cum pared with the Lowcr HCllt of 

Combustioll. q .. 

FI !EL II;' (IIIJlkmul) .f';''iM (iJlkmol K) q, (Mlllg) II .. IM11lgJ 

C1N! (g) Cyanogen ]Ol}. ) 2·\) .5 21.06 2 ) .29 

II ! (gl Ilydrogen (J.O IJO.6 lI 9.l}5 11 9.52 

NIlI (g) AlIlJllonia - ·15.7 192.6 ItI.6J 20.29 
CII. (gJ Methane ·-7 -1 .9 IM6 .2 50.01 52.42 

Cill . (g) Propane - 103 .1) 269.9 46.36 -19.16 

C111 1J (/) Gasolillc~ - 305.6 3-15.8 44.51 47.tl7 

C~H,~ (/) Octane - 2·19.5 360.8 44043 47 .67 

C~II I " (f) Isooctane - 259.3 328.0 4-1.35 47 .67 

(\. )-\~~ ~ (I) Dic5ce - 17·1 .0 525 .9 42 .94 45.73 

C,.,H" (/) Pent"dccanc - ·t2M .') 5M7.5 43 .99 -17.22 

C,H 1 (g) Acetylene 226 .7 200.tI 48 .22 48 .58 

C~II" (I) [3en7.cne 4K .9 t 173.0 40. 14 42. 14 

Clu j J ~ (s) Naphthalene 78. 1 166.9 38.86 40 .84 

CH,O (/) Methanol - 239. 1 t26.8 19.91 22 .68 

C:II"O (/) Ethanol --277 .2 160.7 26.8 2 29.71 

CHINO! il) NiU-olilc tiJalle - 113.1 171.8 10.5-1 12.43 
C (s ) Graphite 0.0 5.7 32.76 33.70 

CII"I! I.I~O hNI (s) Good coal! - ]{XXXJ.O 3(W.O 31.57 33.57 

' lI as.:d nn equilihrium Willer 'lualiIY. Jean cCJmhll~liun a!.j, = O.Ot. T~ = 29I1K.I'~ - 1.013 bar am! unmiu:d ",:o<:Ll.nl • . 

~blim>lleJ fur lypic:l] fuel. 

liquid fuel in Table 4-1 and the v:!lue given for the same fuel in a gaseous slate in Table 
3- 1 is the enthalpy of vaporization, lib:" The exhaust H ~O is assumed 10 be in a guseous 
stilte. Nutice that for the most piln there is little difference between the lowe r heat of 
combustion q, and the maximum available energy tl", so Ihal for fuel-air cyclc modding 
there is little difference between the first and the second law efficiencies. In this chapler. 
the (henna I efficiency of fuel-air cycles is computet! on a first law basis. 

4.3 OTTO CYCLE 

The: Ono cycle models engines whose combust ion is rupid enough that it occ urs at con­
stant vol ume near top oetld center. It is generally most applicable 10 homogeneous charge 
spark igni ti on engines. The basic processes of a fuel-air Ouo cycle necessary to compute 
the efficiency and the indicaleu mean effecti ve: pressure are: 

I to 2 Isentropic compression of fuel, air, and resid ual gases 
2 to 3 Adiub<ltic. cons tant vo lume combuslion 
3 to" Iscnlropic C! ltpansion of equilibrium combusti on products 

The inputs (0 an OliO fud-air cycle arc the compression ratio r, Ule fuel-uir equiva­
lence ralio (I" the residutll mus!) frac tionj, the fuel lype, and the initial temperature TI and 
pressure PI' Usi ng the fuel-air model!) de~'eloped in Chapter 3. il is possible 10 compute 
the properties at slntes I. 2. 3, anu 4. Since ule combustion process is assumed to be adi­

ilbiltic ilnd constant valumc, 11.\ = II~. and the increase in T and P is dut' 10 Ihe change in 
chemical composition frum an unbumed fuel ai r miltlUre to un equili bri um combustion 
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Chapter 4 

Fuel-Air Cycles 

4.1 INTRODUCTION 

We now combine thermodynamic procc.~.~cs with the fuel-air equations of stale to ronn n 
fuel-air cycle analysis of the efficiency and work produced by an inlcmal combustion cn­
gine. A fuel-air cycle model includes the effect of the change in compos ition of the fllel­
air mixture as a result of combu.c;lion. The groundwork for introducing fuel-air cycles was 
laid in Chapter 2. where basic thcnllt1dYI1<lrnic processes were prc.<;cnlcd: and in Chapter 3, 
where the required equations of state were given. 

4.2 COMPARISON OF FIRST AND SECOND LAW EFFICIENCY 

R2 

The appropriate definition of efficiency for any of lhe gas cycles presented in Chapler 2 
is clear. since lhe efficiency for a gas cycle is defined ns the frac tion of an "equivalent 
heal release" converted to work . When the analysi s tnkes into account Umt the fuel is 
burned rnther than heat being released , it is usually assumed tJlat the efficiency used in 
the analysis is the first law efficiency. The first law crficiency for a control volume {c. v.) 
in this case is defined as the ratio of the net wo rk dOlle per unit mass of fuel inducted to 
the heal of combustion of the fuel. 

(4.1) 

It is instructive 10 e~amine internal combustion engine efficie ncy from the pC'[SPCC­

tive of tJle second law of thennodynamics. The second law definition of efficiency is lhe 
ratio of the net work done to the mn~imum possible work 

(4.2) 

Following Obert (1973), the mnximum pos:<;ible work is found from applicntion of the first 
and second law to the control volume :<;hown in Figure 4-1. 

Air _ 

",,, T" 

Fuol _ 
P,,, T" 

Cyclic 
engine 

I 
I 

- Exhaust 
f'". T" 

I i Control surlaco L __________ _ 

Wev 

F1s:uf'C 4-1 A conlrol volume for ;HlalY7.ing mn:timum work lh al 
a cyclic engine can prnducc hy Imming: a fud. 

\ 

4.2 Comparison of First and Serond Law Efficiency 8J 

(kW) (4.3) 

Let us integrate over one period of the engine's cycle 

Qo - Wo" = Lmh - Lmh (kJ) (4.4) 
" "I In 

The maximum work is obtained only if lhe process is reversible, in which case the sec­
ond law applied to the control volume is 

Q, .• ~ T" ( L ms - L ,ns) 
001 In 

(4.5) 

Note that the only way in which the reversible heat transfer of Equation 4.5 can occur 
bel ween an cngine and il:<; surroundings is via an intervening Camot engine. Upon 
sub:<;ti lulion of Equation 4.5 into Equation 4.3, and subsliluting the heat of combustion for 
the enthalpy change of the fuel-nir mixture (nssuming inlet and outlet T and Pan: 298 K 
and I bar), the maximum work is ' 

IV ... ~ L"''' - Lm" + r.( L= - L=) 
In ..... ..... In 

(4 .6) 

~ "',q, + r.( L m, - ~ illS) (kJ) 
ou. In 

The available energy of combustion (J~ is defined as the maximum work. per unit mass of 
fucl 

IV",.. ( ,," Y ar = -- = qr + Tn L.Jms - ~ms nI, nI, ...... 1 in 
(kJ/kg,~,) (4.7) 

so th e second law efficiency can be expressed ns 

(4 .8 ) 

The difference between the available energy of combustion. /l(H - T ,...5), and the hent 
of combustion. IlH. is that the available energy o f combustion takes into' account the 
change in entropy due to changes in composition of reactants. Note that the maximum 
work is attained only if the exhaust is in equilibrium at the stale T". P,,: therefore the ex­
haust waler quality should be evaluated by setting the partial pressure of the vapor equal 
10 Ule snturation vapor pressure al T = T ... 

Figure 4-2 compares the availablf! energy of combustion with the heal of combustion 
;lIT" = 298 K. p" = 1.013 bar. It is evident from Figure 4-2 thai more energy is available 
per unit mass of fuel if an engine is fueled lean than if it is fueled rich. In the rich case. 
there is s ignificant carbon monoxide and hydrogen in the exhaust. Thus. not all of the heat 
is released and the exhaust gases cou ld . in principle. be used as a fuel for some other en­
gine. In practice. however, those gases arc usually exhausted 10 the atrnosphen: nnd the en­
ergy is wasted. Equation 4.8 is nppropriate only when the exhaust of the engine is used as 
fucl for some other device. In the more usual case, a definition that reflects the waste of 
energy by running rich is called for. For this reason, we will ba. .. e our sccOlld law efficiency 
on the maximum available energy of combustion which occur.; for very lean equivalence 
ratios. 
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3.10 HOMEWORK 

3.1 Using Table C.l (Appcnuix), veriry that the enthalpy anu entropy in Example 3.1 arc 
correct. 

3.2 Why does Equation 3.20 contain y,? 

3.3 What are the molecular weight, enthalpy (kJ/kg), and entropy (kJ/kg K) of a gas mixture 
at P = 1O00 kPa and T = 500 K, if the mixture contains the following species and mole 
fractions? 

Species 

COl 
HlO 
N, 
CO 

y, 

0.10 
0.15 
0.70 

0.05 

3.4 A system whose composition is given below is in equilibrium al P = 101 kPa and 
T = 298 K. What arc the enthalpy (kJ/kg). specific volume (ml/kg), and quality of the 
mixture? 

3.5 

3.6 

3.7 

3.8 

3.9 

3.\0 

3.11 

3.12 

3.\3 

3.14 

Species 

CO, 
H,O 
N, 

y, 

0.125 

0.141 
0.734 

What are the composition, enthalpy, and entropy of the combustion products of methanol, 
CH,oH. at 4> = 1.0. T = 1200 K, and P = 101 kPa? 

If a lean (<p = 0.8) mixlUre of methane is burned at a tempemture of 1500 K and pres­
sure of 500 kPu, what are the mole fractions of the products, and the product enthalpy 
and entropy? 

Plot the product equilibrium mole rractions as a function of equivalence ratio 
(0.5 < <p < 2) resulting from the combustion of methane at 5000 kPa and 2500 K. (Use 
the model of Section 3.6.) 

Derive Equations 3.52 and 3.53. 

At what equivalence r:ltio for oClnne-air mixtures does the carbon 10 oxygen ralio of the 
system equal one? Why is this of interest? 

At what tempcrnturc is the concentrntion of H~ a minimum for the combustion of gaso­
line and air at cp = 1.2 at 5000 kPa? 

At what temperature does the mole fraction of NO re<lch 0.01 for the equilibrium prod­
ucts resulting from the combustion of gasoline and air at cp = 1.0 at 5000 kPn? 

Why are Equations 3.84 and 3.86 not valid for molar intensive variables? 

Compute the higher. lower, and equilibrium healS of combustion for methanol CH.PH (I). 
TIle equilibrium computation detemlines the quality or the water in the products at 
atmospheric pressure. 

TIle heat of combustion could have been defined without requiring complete conversion 
to carbon dioxide and water. Whal would the lower heat of combustion be for the case 
<p = lA, fuel = CgH'8 (f) octane, T" = 298 K, Po = I atm? Assume the water quality is 
zero, and Uml K = 9.95 X 10-". 

\ 
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3.15 What is the residual mass fraction required to reduce the adiabatic flame temperature: of 
gasoline, diesel, methane, methanol, and nirromethane below 2DOO K'! Assume .p = 1.0 
at 10 I kPa and 298 K. 

3.16 Plot the adiabatic name temperature or gasoline as a function of pressure 
(50 < P < 5000 kPa) for T = 298 K, <I> = 1.0, and J = 0,1. 

3.17 Equilibrium combustion products at cp = 1.0 of methane are expanded isentropically from 
T, = 2000 K, P, = 1000 kPa to a pressure of 100 kPa. Find the final temperature and the 
work done. 

3.18 Equilibrium combustion producl..'i of ga<ioline are expanded isentropicully by a volume 
ratio of 10: I. For cP = 1.0 and an initial SUIte of T, = 3000 K. P, = 5000 kPa. find the 
final state (Tl' P1 ) and the work done. 

',' 

, , 
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3.8 

2500 
q 
;:::. 
~ 

2000 
~ • ~ 
E 

'" • 1500 
E ,g; 

~ ." n 

"' 
500 

0 .2 0 .. 0.6 0.8 1.0 

Equivalence rallo (<J.) 

1', = 1.0 bar 
T, = 29B K 

1.2 1.4 

Figure 3-8 Adiabatic flame temperature of ~ol1le fuels initially at a!nlO~pheric 
pressurc and tcmperature (f =- 0.0). 

and initial residual mass fraction. The fuels arc gasoline (C7H t7), diesel (C1HH!J'I)' 
methanol (CH.10H), methane (CH~), and nitromethane (CH.1N02). The above infonnation 
is entered into the apple! as shown in Figure 3-7. The resulting adiabatic name tempera­
ture is T = 2094 K. Associated properties are also shown in Figure 3-7. 

The stoichiometric adiabatic flame temperature of several fuels burned in air is given 
in Table 3-7. The adiabatic flame temperatures for several of these fuels burned at 
T, = 298 K, P, = I bar. and no residual fraction. are shown in Figure 3-8 <IS functions of 
equivalence ralio. There i.~ lillie dependence on fuel type among the hydrocarbons, which 
have adiabatic flame temperatures of about 2250 K. The adiabatic flame temperatllTe .~ arc 
maximum ncar stoichiometric. This i.~ consistent with the effect of equivalence ratio on 
enthalpy shown in Figures 3-5 and 3-6, since mixtures with a relatively lower specific 
heat will undergo a larger temperature change for a given heat release. Additional calcu­
lations show that the adiabatic flame temperature decreases with increasing residual frac ­
lion and slightly increases with pre.~sllre. 

ISENTROPIC PROCESSES 

One component of engine cycle analysis i.~ the computation of the change of st;Jte due to 
an isentropic compression or expansion to a specified pressure or specific volume. With 
a known change of state, the first law can be used 10 determine the work transfer, given 
by Equ;Jtion 3.87: 

(J.H71 

\ 
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For a mixture of ideal gases that chemically reacts 10 changing constraint .. , such a. .. volulllC 
or pressure, simple relationships between the initial and final state cannot be derived and 
we resort to the computer. TIle equilibrium constant calculations discussed in Sections 3.4 
and 3.6 compute the properties of a mixture of gases given the temperature and pressure. 
For an isentropic change of stale 10 an unknown temperature, iLerntion is required. 

EXAMPL~ 3.6 J Isentropic Fuel-Air Processes 

A gasoline fuel-air mixture initially at T, = 300 K, P, = 101.3 kPa, Ilnd 4J = 0.8 is com­
pressed isentropically to P1 = 2020 kPa. What is T2 and the work w l_2'1 Assume the 
contro l volume is closed. 

SOLUTION Using the apple! Equilihrium Combustioll Solva the properties at state I are 

T, 300 K 

P, 101.3 kPa 

11, -2364 kl/kg 

u, -2451 kl/kg 

or, 7.040 kl/kg K 
1', 0.862 mJ/kg 

Since the compression is isentropic 5~ = 51 = 7.040 kJ/kg K. Using a bracketing proce­
dure with the applet we find at Tl = 660.5 K and P2 = 2020 JePa thaI 112 = - 2156 kJ/kg. 
Therefore, 

and 
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leOld s 10 

q ~ h" - h, (kJ/ kg) (3.84) 

where Lhe subsc ript p represe nts products, and the subscript r represe nts reactants. The 
enthalpy of the products is equa l to the enthalpy of thc reac tants plus any heat transferred 
to the system. 

The heat of combustion, q,., of a fucl is defined as the heat transferred out of a systelll 
per ullit mass or lUolc of fud whell the initial and final stlltes are;1t the same temper.lturc 
and pressure, typ ically T" =- 298 K and P" = 101 kPa. FurthcmlOre, the combustion is 
assumed to be complete, with t.he fuel burning to carbon di ox ide and water. Since the prod­
ucts arc at low temperature (T" < 1000 K), the analyscs that led to Table 3-4 for the lenn 
or stoichiometric case can be used to compute the heat o f combustion, In this case, it can 
be shown Lhal Equation 3.84 becomes 

{J 
- £I,. = ohm, + "2 [h HP - ( I - x) "/,. 11,0] - "rud (kJ/kg) (H5) 

1\vo values of C/,. arc recognized: The lowt!r hea t of combus tion is defined as the state 
where all of the water in the products is vapor (the quality is X = I ), and the higher heat 
of combustion is defined as the state where all of the water in the products is liquid 

(X = 0). 
The higher heat of combustion and stoichiomcuic adiabati c name temperature of sev­

crOll fuels ;Ire given in Table 3-7. TIle heat of combustion is used primarily in two ways : 
(I) in some cases , such ;IS in the gas cycles of Chapter 2 or whc n solving reacting Navier­
S tokcs equations, it is t.lcsirable to relax the rigor of the themlOdynamics by using the heat 
of combustion to define an equivalent heat rdease; and (2) for prm;tical fuds, discussed 
in Chapler 10, the enthalpy at T" = 298 K can be detemlined inexpensively by measure­
ment of the hem of combusti on. 

An ana logous discussion could be prcscllted for constan t-volume combuslion where 

(kJ/kg) (3.86) 

'Hable )·7 Higher Hellt of Combustiun and Stuicliiomctric Adiabatic 
Flamc Tcmpenllurc of Some: Fuels al P =: 1.0 aIm, T 03 298 K,f '" 0 .0 

FUEL q •. M{M J/kg) T, .• _, u{ K) 

C,N, (g) Cyanogcn 2 1.0 2596 
H,(g) Hydrogen 14 t .6 2383 

NH,(g) Ammonia 22.5 2076 
CH, (g) Melhane 55.5 2227 
C}H. (g) Prop,lIle 50,3 2268 

C. H •• (I) Del ,utc 47,9 2266 

C,~H .n (I) Pl!lIladl!eanl! 47.3 2269 
CmH ... , (g) [[cnsane 47 .3 229 1 

C,H,(g) Acc:tylene 49.9 2540 

CII,H1(s) Naphthalcllc 40.3 2328 
CH,O (I) Methanol 22.7 2 [5 1 

C,H.O(l) Ethanol 29.7 2197 
CH,NO,(I) Nitrolllc:thane 11.6 2545 

\ 
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However, as a rule of thumb , when the heat of combustion or adiabatic name tem pera­
lure is referred to without qual ific'lIion. constant pressure combustion is implied. 

Given the heat t.r.lIlsferrt!d pe r L1ll it mass from a conlrol volume , and the combustion 
pressure, we com usc Eq uation 3.84 to solve for the product enllmlpy II,.. With two 
the mlOd yna mic variables, P and II, knuwn, Ilte oilIer properties such as the temper-lIun:, 
specific volume, internal energy, and the like of the products can also be computed. For 
adiabatic combus tion (q = 0), the resu ltiult product temperature is called the adiabatic 
name tempc:rll!Ure. 

The equilibrium cOllstant method of Secti on 3.6 is fonnulated with the assumption 
that the. product press ure and ICllIpcrature are knowll , Since the product temperature is 
gencrally unknown in first law combustion caJcul:Hions, iterdtion with nn initia l temper­
ature estimate is required. 

EXAMPLE 35 /"1diabatic Flame Temperature 

A stoichiometric mixture of gasoline C1 H' l, <lir. and residual gllS is burned at conSUlnl 
pressure. Give that T, = 298 K, PI = 101.3 kPa, and II = 0. 10, compute the adiabatic 
name temperature, 

SOLUl'lON The tex t contains an applet Adiabm;c Flame Temperature lIIat computes the adia­
batic nilme temperalUre and produc t mixture properlies using Newton-Raphson ileration 
for II set of fuels and for a gi ve n press ure, initi al temperature , fuel-air equivaJe nce ratio, 

Adiabatic Flame Temperature 

Pressure (kPa) 

Initial Temperature (1<) 

Fuel Air equivalence ratio 

Residua l mass fracti on 

Choose Fuel Type: 

Press Enter for computation: 

THER MODYNAMIC PROPERTY : 

Ad iabatic Flame Temperature (K): 

Pressure (kPa): 

Volume (m3/kg): 

Enlhalpy (kJ/kg) : 

Inlernal Energy (kJJkg): 

101.3 

29B 

1.1 

0.1 

.. ., r 

VALUE 

1093 

101.3 

6.162 

· 446 

·1070 

Figure 3-1 Usc of adiabatic name tcmperature applet (Example 3-4). 
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Equilibrium Combustion Solver 

MOLE FRACTIONS 

Mole Fraction CO2 : 

Mole Fraction H2O: 

Mole Fraction N2: 

Mole Fraction 02: 

Mole Fraction CO: 

Mole Fraction H2: 

Mole Fraction H: 

Mole Fraction 0: 

Mole Fraction OH: 

Mole Fraction NO: 

Pressure (kPa) 

Temperature (K) 

Fuel Air equivalence ratio 

'Choose Fuel Type: 

Press Enler for computation: 

0.066 

0.138 

0.681 

0.0033 

0.0693 

0.0199 

0.0041 

0.0012 

0.0095 

0.0058 
Figure 3-4 Equilibrium combustion solver applc!. 

MIXTURE PROPERTIES: 

h (k}!kg): 

u (k}!kg): 

5 (k}!kg K): 

V (m3!kg): 

MolecularWeighl: 

iterations: 

error: 

1336.3 

411.5 

9.4 1 6 

0.308 

26 .97 

86 

0.0 

fractions and properties arc also indicated in Figure 3-4. Note that the equilibrium mole 
fractions calculated with the simple equilibrium constant model compare well with the 
mole fractions of Figure 3-2 computed by the more general Lagrange multiplier method. 

The Eqllilibrium ComlJllstiofl SO/I'er applet can be used to compute general trends for 
fuel-air combustion that arc not immecJiately obvious. For example, the effec t of temper­
ature on enthalpy of the combustion products for three different equivalence ratios is shown 
in Figure 3-5 for the combustion of gasoline at a pressurc of 101.3 kPn. Note thaI the low­
est value of enthalpy occurs at a stoichiometric equivalence ratio. and as the equivalence 
ratio is made lean or rich, below 2500 K. the enthalpy increascs. This behavior is al.~n 

shown in Figure 3-6. a plot of the cnthalpy of the combustion products of methanol ver­
sus equivalence ratio at pressures of 101 kPa and 2000 kPa. The enthalpy is a minimum 
at near stoichiometric conditions. as on either side of stoichiometric. the combustion i .~ 
incomplete. If the mixture is lean, there is an excess of unburnt olCygen. If the mixturC' is 
rich. there will be un burnt carbon monoxide. A minimal value of enthalpy implies tklt 
the specific heat of the combustion products is also a minimum. which will max.imize l:le 
Ildiabatic flame temperature. discussed in Section 3.7. 

r 

Flgu~ 3-5 Enthalpy of 
combustion products of a 
gasoline/nir equilibrium mixture. 

Figure 3-6 Enthalpy of 
combustion products for 
methanoVair equilibrium mixlUre. 

\ 
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3.7 COMBUSTION AND THE FIRST LAW 

With chemical equilibrium modeling we are able to predict the equilibrium state that re­
sults from burning a fuel-air mixture as a function of initial conditions. such as pressure, 
temperature, equivalence rutio, and residual fraction. In this and the nex.t section. we ap­
ply the first law of thermodynamics to fuel-air combustion processes. and compute en­
ergy inteructions between the fuel-air mixture and the environment. We discuss constant 
pressure and constant volume combustion to illustrate the principles. and introduce the 
heat of combustion and the adiabatic flame temperature. 

Let us lirst consider the case in which combustion occurs at constant pres.~ure. 
Suppose that the fuel. air. and residual gases nrc premixed to a homogeneous stale and 
burned in a co mbustion syslem. Application of the first law to this combustion proce.'is 
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Compos itiun as a fUllction of eq uivalclH':c ratio is illustrated in Figure 3-3. 111C mo le 
frac Li on bt:havior relat ivc to equivalence ratio is complex. The results show the gellcral 
trends I!llpecled from Figu re 3-2 ,md Table 3-4. The product spcc ics CO and J-I ~ gelle rally 
increase whh equivalence ratio, w hile the 0 1• NO, Ort, and 0 mole fractiuns decrease . 

If the equivalence ratio is greater than about 4, the pruduct species li s t becomes quite 
large and includes solid carbon. C(s); hydrogen cya nide, HCN; act!ly lenc, C1H!; and 
methane. C H4 • ·nllls. if :lIlywhere in the cyli nde r there are fuel air pockCIS where "-' > 3, 
such as in diesel or stnuificd charge engines, there will be a tendency for these species to 
form. Similar to nitric Oil ides, they may freeze when mi xe d with leaner pockets or when 
the temperature drops. so Illese species can appear in the exhaust. With diesel e ngi ncs, 
the malli nlUm power is limited by the appc:lrance of solid carbon (smoke and soot) in the 
edmust even though the engine is running lean. 

3.6 CHEMICAL EQUILIBRIUM USING EQUILIBRIUM CONSTANTS 

This secLion prescnts a solution for the propcnics of equilibrium combus tio n pruducts 
based on an equilibrium constant me lhod applied by Olikara and Bonllan ( 1975) to the 
gas phase products of combustion of hydrocarbon fuels. Usc of equilibrium constants is 
based on the minimiziltion o f the Gibbs frce energy of the gas. The equi librium conslttnt 
method is si mpler than the Lagrange multiplier npproach when considering restricted 
species lis ts. However, the equi libri um constant method requires thai the equilibrium 
reactions, such the water-gas reaction given by Equatioll 3.45, bc specified. 

TIlerefore, a more complete reaction calculation needs to be perfomlcd first 10 de­
Icnnine the s ignifica nt product species to include in the equilibriu m constant analysis. 
Inspection of Figures 3-2 and 3-3 shows that if I/J < 3, the o nly specics of import,mct: 
because of di ssociati on arc 0, H, OH, and NO. The spec ics lis t in Equation 3.54 can bc 
terminated at i = 10; that is, wc need to consider only 10 species. Let us consitJef Ute 
following reaction : 

", C"I-I/lO,N, .,. ";j; (0, .,. 3.76 N,)--+ 

" I CO! + II! 1-1 10 + II } N! 

+ II~O! + liSCO + IIbH1 + 1I1H 

+ liS 0 + " 'IOH + 11 10 NO 

A tom balancing yie lds the fo llowing four equations: 

C: Q ~ (y, .,. y,) N 

H: f3 = (2Y2 + 2y~ +)'1 + )''i)N 

0: 
2a, ) 

'Y + -;;: = (2Yl + Y1 + 2y~ + )'5 + yg + )''1 + )'m N 

N: 
1..I3.76)CJ. 

6 + -",- = (2)'1 + Ylo)N 

where N is the tota l number o f moles. By tJcfinition, UIC following call be wrillell 

'" 2:Y; - 1 ~ 0 
; " 1 

(3.7 1) 

(3.72) 

(3.73) 

(3.74) 

(3.75) 

(3 .76) 

We now introducc six gas phase equilibrium reac ti o ns. These reactions include the 
dissocia tion of hydrogen , oxygen, wate r, carbon d iox ide , and eq uili brium OH ilnd NO 

\ 
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Tublc ].(, Eq uilibriuJll Constant Curve-Fit Cm:fficlents (or Equation 3.M 3 

·1 , 
b 

A . 8. C. D. E. 

U..l32 16ME +00 -O. 1124ME -t 05 o 16726'.IE + 01 - O.7457~~E - 04 O.242~84E - UM 
U.] lOHOSE + 00 - 0. I 295 .. WE 1 05 U.32 177tJE + U) -O.73H336E - 04 O.344M5E - 011 

- 0.14171:I-IE + on - O.21J) UHE -t- 04 Il.H5346 1E + 00 O.355015E - 0-1 -O. 310~~7E - 011 
U. ISU87'.1E - 0 1 - OA7095'.1E + (}'I 0.b-160I)bE + 00 0.272H05E - OS -D. IS-I-I44E - OH 

-O.752364E + 00 0.12-t 2WE + 05 - U.2602H6E + 01 O.251J556E - 0) - 0.J62687E - 07 
- O..lt5302E - 02 0.14H627E + 05 - O.-\75746E + 01 0.124699E - 0] -O.9002 27E - 08 

fonmuion : 

1 )'lP1 fl 
~ 1-1. ;==: H K ~ 

y~r. 
0 .77) 

2 
, 

1 y.p'r. 
~ O. ;==: 0 K, ~ O.7HI 
2 y!r. 

1 1 ,. 
-f1 , .,. - O . ~ 0 1-1 Kj = -'-'- 0.791 2 • 2 . y!J1 y~/l 

1. 0 • 
2 . 

1 + - N. 2 . 
;==: NO K~=~ 

y~f! y\/l 
(J.RO) 

1 )'~ 
H. + -0. ~ 1-1,0 K, = 

)'~!! YtoP'!! 
(J.H I) .. 2 -

CO 
1 y, + -0, ~ CO, Kto = 

y'\)'!f! pIn 
(3.821 2 • 

T he unit of pressure in the: Sill equations (Equations 3.77 to 3.82) is the atmosphere. O lik..o.ta 
and Borman (1975) h:tve curve fitleu the equilibrium cunstan ts K,(7) to lANAFTable data 
for 600 < T < 4000 K. Their I!llprl!ssiol1s ilTe o f the fonn 

B 
10gIUA',(T) = A, In ('1'/ 1000) + i + C, + D,T + £,T~ (J .B3) 

wherc T is in Kelvin . The equ ili bri um constalll curve·fit coefficients arc listed in Table 3-6. 
Given pressure p, lempef'.1ture T, and equivalence ratio cPo Equations 3.72 10 3.82 will 
y ie ld II equations for thc I I unknow ns: the ID unknown mole fmctions Yi nnd the un· 
known total product mo les N. The set o f I I equations arc nonlinear and solved by Newton· 
Raphson iter<.Jtion. With t.he product mole fr .. u.:tion composition known, one can proceed to 
compute the thermodynamic propcrties of interest: enulaJp)'. entropy, specific volume. nod 
intcOlal energy. 

EXAMrLE 3 .. 4 Equilibrium CombustiOIl Mule Fraction 

What are the mole fracti ons and mixture propenies resulting from Ille combustion of a 
gasoline mi lllun: at a pressure of 3(XXJ kPa. temperature of 3000 K, Ilnd a fuel-nir equiv­
alence rat io of 1.2'1 

SOLUTION The web pages contain an applet Equilibrium Cumbu.stiol1 Soh'a thaI computes the 
product mole fr.lctions and prupcnies for fi ve fuels given the pressun::. lempcrulure, IUld 
the fuel-air equivalence ra tio. The fuels are gasoline (C1H ll ), diesel (Cl~ ~H2n), methano l 
(C H.lOH), mcthane (CH~). and nitrome thane (CHj N01). TIle above information is entered 
into the applet Equilibrium Combustion Solver as shown in Figure 3-4. The resulting mole 

• 
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Figure 3·2 Composition of octan!! (C. Hu)-air mi;r;.lutes ill equilibrium for di ffe rent 
temperatures at q, = 0.8, I.D. and 1.2. 

NO 
H 

0, 

° 

Results illustrating composition shifts with temperature and eq ui valence ratio arc 
g iven in Figure 3·2 and 3-3 for the combustion o r CM I-I Jft at P = 50 bar. Compos ition as 
a runction of te mperature is shown in Figure )·2. The larI;csl mole frac tions arc N~. H!O. 
Rnd COl' At this pressure, the composi tion predict ed using Table 3-4 is n good approxi ­
mation ror temperatures less than nbout 2000 K. AI lower pressures, di ssocilliion is evcn 
greater, so that at atmos pheric pressure, Table 3·4 is valid ror temperatures less than about 
1500 K. As the reaction temperature is increased nbove 1500 K. there is an ex.pone ntial 
rise in produc t species such as CO, NO, 01-1, O2, 0, 1-1 2, and H. For lean (cfJ < I) condi­
tions, the O2 fracti on is relatively insensitive to temperature . For rich conditions, the H, 
mole fraction first decreases, then increases with increasing temperature . • 

\ 
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Figure J-J Equilibrium composilion of OClanc: (CaHII)-ai r mixtun: al T "" 3000 K. p - SO bAr. 

Notice that 111 hi gh temperatures there is a sig nificant amount of nitric oxide (NO). Jf 
any gas in " n engine cy linder is raised 10 these hi gh temperatures, that gas will tc:nd 10-
ward equilibrium nt a rate delcnnined by chemical kinetics. Since the chemistry for mmt 
specic.~ Ihnt contributc to the thermodynamic propcnies is fa~ t enough relative to engine 
lime scales . in many coses local equilibrium may be a.~sumed. Nitric oxide, however. is 
li ignifica nl even though its conce ntrati ons are rel ativel y low because it is an air pollutant 
Unlike the species of thermodynamic importance, its chemistry is not fast enough to as­
sume thaI il is in equilibrium concentralions. Likewise. once fonned, its chemistry freezes 
during Ihe expansion slroke so thaI even in the low temperature exhaust gases nitric oxides 
are found. This will be discussed more rull y when we deal with emissions. 
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free energy is most eJsily minimized si nce temperature and prt!ssurc arc its fundamental 
variables. For a product mixture of II species. the Gibbs frct! t!ncrgy is 

, 
g ~ 2:"i"i (kJ) (J.55) 

; " 1 

where the chemical po tcntial. fl. ). of species j is defined by 

fl.j = C~~)",,,, ,,,,, (kJ/kmol ) (J.56) 

The equilibrium !otalc is detenllincd by minimizing the Gibbs free ellt!rgy subject to 
the constraints imposed by atom conservation, thilt is, 

or 

" 
b; = 2: tI'l II; 

j .. I 
i = 1 •... , I 

i = I, ... . 1 

(J.57 .. ) 

(J.57b) 

where I is Ole number of atom types, tI" is the number of atoms of clement i in species j, 
b; is the number of atoms of element i in the reactants, and 

, 
b, = 2: a;Jllj 

i" 
is the number of atoms of clement j in the products. 

Defining a term G to be 

I 

G ~ "+ LA, (b, - b:J 
j_L 

where AI are Lngrangian multipliers. the co ndition for equilibrium becomes 

I 

2:(b, - b;)6A, ~ 0 

Trealing the variations ani and a'\', liS independent 

I 

fl.i + 2: A, lIi, = 0 j ,. , 
For idcal gases 

j - [ 

I • ...• 11 

"i ~ "j + H,T)n (",IN) + H,T1n (PIP.,) 

so thut 

where 

fl.;' 
-- -I- 111 (n/N) + In (PIP,,) + 

R"T 

, 
2::7T,a'i = 0 
i- ' 

7Ti = A,/RuT 

j I ... ,11 

(J.58) 

(3.59) 

(J.60) 

(3.61) 

(J.62) 

(3.63) 

(3.64) 

To determine the equilibrium composition using the Lagrange multiplier approach. 
we have to so lve a set of Il + I -I- 1 equations. For n given tempermurc and pressure 
(T, P) Equation 3.63 is n set of II equations for the 11 unknown II). f unknown 7Ti' and N. 

\ 
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E4uOltion 3.57b provides an (ldditional I equation and we close the set with 

N = 2:11/ 
i ~ I 

(3 .65) 

Qnce the composition o( the products has been determined. we can now compute the 
thcrnlodyn(ll1lic propenies of the equilibrium mixture . Recall that any two of the inde­
pendent propcnies T, P. H. S, V . and V specify the thermodynamic sla te . For e.t.umple. 
for l:ons tunt pressur~ combustion. the enthalpy is known ins tead of the temperature. For 
this case we include an equlllion for the known entJmlpy to our sel or equations. 

H = :LII)}" 
I -I 

(3.66) 

For an iselltropic compression or expansion, or expansion 10 a specified pressun:, the en­
tropy is given instead of enthalpy or temperature. In this case we have 

s ~ 2: II,(S; - H")n (1/,1N) - H"ln (PIP .. )) (3.671 ,. , 
Fina ll y. if in nny case specific volume rather thall pressure is known. then we have 

to minimizc the Helmholtz free energy. In lhi s case a similll.t analysis (Gordon and 
McBride, 1971) shows that Equation 3.63 is replaced by 

,," (RT) , __ 1- -I- In (II/N) + tn - + L 1T,Cl'1 = a 
RuT P"I' ,-I 

j = l. ... , n (3,68) 

For constant volume combustion. the internal energy is known. so we include 

v = L "i (h) - R .. 71 (3 .69) 

' " I 

For an isentropic expansion or compression to a specified volume v we include 

s ~ ~>, (,' - H" )II(~) - R"ln (HT)) 
I - I N P"v 

(3.70) 

A summary of the appropriate sets of equations to so lve for given thermodynamic vari­
ables follows in Table )-5. 

Solution of these problems for practical application requires numerical iterulion on 
a compute r. Fonunalcly, there are now sever.d computer programs available. Thermo­
dynami c propcl1ies can be computed using a NASA program called TRANSn (Svehla 
and McBride, 1973) ror hydrocarbon-air mixtures. The STANJAN program (Reynolds, 
19H6). which is PC bascu, uses the Ltlgrange multiplier approach for delerminlltion of the 
equilibrium mole fractions. 

Tnblc 3-5 Equations Requircu for PnJllCrty Culculation 

Givcn propcnics 

1',1' 

fl. P 
S, P 
T, V 

U, V 

S, V 

EquMlons rcquir~d 

(3.S?), (3.631. (3 .651 

(3.57). (3.63). (3.65). (3 .MI 

IJ.57), 13 .63), (3 .65), 13.67) 
13.57), IJ.65), 13 .68) 
13 .57), (3.651, (3.68), (3.69) 

(3.57), (3.65), (3 .68), (3.70) 
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Tob ie 3·4 Low TeTl1pcr;\wre Comhll.~tillll l'mducls 

Species n, 4> s l ",>1 

CO, n, 0 a - n, 

li lO II : W2 {3/2 - dl + 11 .\ 

N, n, f112 + 3.76 n,/dJ 5/2 + 3.76 (I,/¢ 

0, n, ",(IN - I) 
CO n, 0 
H, n, 0 

The 0 .. b l • c, codlicicnts are give n by 

al = I - K 

b, ~ ~ -I- K" - d, (I - K) 

c , = - ad.K 

d'~2a'(I-~) 

0 
11., 

d. - 11,\ 

In reciprocating engines there is residual gas mix ed with the fuel und air. We need In 

delenni ne the composition o f such a fue l-air-residual gas miAture for analysis of the 
compression stroke ami luler the unburned mixture ahead o f the flame. The residu:11 j! ;:~ 

is assumed to be OIl a low enough temperat ure so that the species relations in Tahle .) -,1 
speci fy its compositio n. 

The fue l- ai r-residual gas m iAture will contain both reactants and products. Lei liS 

rewrite the combus ti on equatio n as 

,,~CrfH/J0l'N~ + ,,~02 + "l N~--+ 
,,~C02 + II; H20 + II ; N2 + n; O2 + II} CO + ,,(;H2 

II; = react ant coefficient 

,,~ = product coefficient 

(3.50) 

Adopting simil ar notation fo r other symbols, it should be clear that for a mixture o f re!'id· 
ual gas and premi xed fu el-ai r 

xl =(I - f)x:+ fx~ 

The mole fracti ons )', arc given by 

Y, = ( I - y,) )' ;. + y,y i 

and thc residual mole fractio n. y" is 

[ oil" ( ' y, ~ I + t:f f -

i = 0,6 (3 .5 1) 

i = 0,6 (3.52 ) 

(3.531 

With thc co mposi tion of the fuel -:lir-rcsid ual gas mixture known. the thermody namic prop· 
crties of lhe mi Ature arc found by application of Lhe prope rty relations o f Section J .2. Thi ... 

is illu strated by lhe foll owing e ~amplc . 

\ 
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EXAMPLE 3.3 Low Temperature Combustion 

Wha! is the mole frnclion (ppm) of CO prod uced when C~HI' is bumcd at 4; = 1.2 and 

T ~ 1000 K', 

SOl.UTlON An equiv:llence ratio of rb = 1.2 is a rich mi xtu re . so Lhe prodUCl concenlr.llion o f 
O~ is assumed to be zero. i.e., 114 = O. The calculation proceeds as fol1ow~: 

a ~ B, fl ~ I B, y ~ ~ ~ 0 

a, ~ a + fl/ 4 - y / 2 ~ 12.5 

d, ~ 2 a,(1 - 1/<1» ~ 4.167 

I ~ T/ IOOO ~ I 
In K = 2.743 - 1.761 / 1 - L6 1 1/12 + O.2803/rJ = -0,34 ~ K = O.7()!) 

0 1 = I - K = 0.295 
b, ~fl/2 + a K- d,(1 - K) ~ 13.4 1 

c. = - ad. K = -23.50 
II~ "'" [-b l + (b~ - 4a lcl )' '']l2a1 = 1.690 

"1": a - 1I ~ = 6.310 

"2 = {J/2 - 6 + 1I ~ = fi.523 

" .1"'" 0/2 + 3.76o,lrb = 39. 167 

"" = d. - fI~ = 2.477 

N = ::ttl; = 56.167 

The reaction cquat ion is 

and 

C, H" + 10.42 (0, + 3.76 N,) --+ 6.310 CO, + 6.523 HP + 39.167 N, 
+ 1.690 CO + 2.477 H, 

y, ~ "iN ~ 0.03009 " 30,000 ppm 

3,5 GENERAL CHEMICAL EQUILIBRIUM 

In general. we ofte n consider a combustion prob lem Lhat ho.. .. many product species. The 
fuel is initially mixed w ith air with an equi valence ratio tb. After combustion. the prod· 
ucts of reaction are assumed to be in eqUilibrium at tempenlture T and pressure P. The 
composi tion and thermodynamic properties of the prod ucts are to be detennincd. The over­
all combustion reacti on per mole of fuel is: 

", C.H,O,N, + J; (0, + 3.76 N,)--+ 

"I CO2 + n 2 H l0 + tllN2 + n~0 2 + nieO + nf>H! 

+ 1I1H + " MO + IIq OH + "luNa + "liN + " I~C(J) 
+ " I.INO~ + tll~ CH4 + .. . 

(3.541 

The condi tion fo r equilibrium is usually slated in terms of thermodynamic function s 
such as the minimi7.ati on of the Gibbs or Helmholtz free energy or the mnximi7..ati on of 
entropy. If temperature and pressure :lfe used to specify a thennodynamic sUIte. the Gibbs 
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' IT'I,~ 

Thble )·3 Molecular Wci!;hts, SlOichiomclric Ratios. and Combuslion Product Mole: Fractions 

Fuel Chemical Formula AI A, F, a, Yeo, YU,fI '., 
Methane CH~ 16.().1 17.12 0.0584 2.00 0.095 0 .190 0.715 

Propane C.lH~ 44.09 15.57 0.0642 5.00 0.116 0. 155 0.721) 

Gasoline C1H 17 )01.21 15.27 0.0655 11.25 0. 121 0.147 0.7]2 

Octane C.H,~ 114.22 15.0) 0.0665 12.50 0.125 0.1·11 0.734 
Diesel C ,~ ~ H:~ 0' 191UJ·1 ]·1.30 0.0699 20.63 0.1.18 0 . 119 O.7·j) 

Eicosunc: C!lll-l~" 280.52 14.69 0 .0681 30.00 0 . 131 0. 13 1 0 .738 
Methanol CH~O 32.04 6.43 0.1556 1.50 0.116 0.2]1 0.65] 

Ethanol C1H"O 46.07 8.94 0.1118 3.00 0.123 0. 18-1 0 .69) 

Nitromctham: CH,NO: 6 1.().t 1.69 0.5927 0.75 0.158 0.2]7 0.604 

Hydrogen H: 2.02 ]4.06 0.0294 0.50 0.000 0 .]47 ().t,H 

Acetylene C,H, 26.0-l 13. 19 0.0758 2.50 0.161 0.081 O.75H 

Ammonia NHI 17.0) 6.05 0.1654 0.75 0.000 0 .282 0 .7 1H 

Cyanogen C,N, 52.0-1 5.28 0. 1895 2.00 0.174 0.000 UJI26 

\ 
Typica l values arc given in Table 3~3 . NoLice LhaL for hydrocarbons {y = {j == 0) the 

sto ichiometric air~fue l nttio by mass is not a particu larly strong function of type. For typ~ 
ical hydrocarbon fuels Lhe stoichiometric air·fuel ratio, A., is about 15. Table 3·3 also lists 
the molar stoichiometric lIir·fuel tiltio, and the product mole fractions. 

The mole and mass fraction of fuci in It stoichiometric fuel~air mi xture are as 
follows: 

1 
)'. = 1 + 4.76 a, 

, ~---
-j 1+ A. (3.42) 

The fuel·air equivalence r:ltio, IP, is defined as the stoichiometric air-fuel tillio, A" dividc=d 
by the actual air·fuel nttio, A, or equivalently, the actual fuel-air ratio, F. divided by the 
stoichiometric fucl-air nttio, F.: 

A, F 
'P==-== -

A F, 
(3.43) 

The equivalence ratio has the same va lue on a mole or mass basi s. If", < I the mi xture 
is called lean, if rjJ > I the mixture is said to be rich, and if ¢ = I the mixture is said to 
be stoichiomctric. 

l.~~ 3.2 , Molecular Weight oj Gas Mixtures 

(0) What is the molecular weight AI (kg/kmole) of a stoichiometric mixture of m.:tane 
(C~ H I.) and air'! 

(b) If the mix ture fills it cylinder volume of 9.0 x IO-~ 1111 at a pressure P == 100 kiln 
und lempcr..tlure T = 300 K, what is the mass of the fuel-air mixture: in UIC cylinder'l 

SOLUTION (0) The molec ulur weight of air is M" = 28.97 kglkmol. From Table 3·3, thc mo­
lecular weight M, of the octane is J 14.22 kglkmol, aod the stoichiometric muss fucl-air 
ratio FJ is 0.0665. 
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(b) 

"I _'_'1_= 
Yt = N = II" + " I 

1 ) - ' 
F hi" ~ 0.0166 

'M, 

Y .. = I - )', = 0.9834 

M = ),,, AI" + )', MJ = )0.39 kg./kmol 

~ PVM ~ (100)(9.0 x 10')(30.39) 

III RJ (8.314) (300) 

~ 1.097 g 

So fo r an automotivc engine . there is typically a gram of combustible mixture in the 

cylinder. 

AI low temperntures (T < I ()(X) K. such as in the exhaust) and carbon 10 oxygen 
ratios less than one, the overall combustion reaction for any equiva lence ratio can be 

written 

", ) C"H"O,N. + -;j; (0, + 3.76 N, --> 
(3 .44) 

"I CO~ + II~ H~O + II I N] + fI~ O~ + "1 CO + no H~ 

For reaclant C/O ratios greater UHm one we would have to add solid carbon C(s) ilnd ~v· 
eral other spccies to the product list , as we shall see. This equation assumes the dissoci­
aLion of molecules is neg ligib le, and a more general case is treated in Section 3.6. 

For lean combustion (.p < I) products ilt low temperature, we will assume no prod· 
uct CO and H~, i.e., II ~ = Ilh = O. In thi s casc atom balmcc equations ~ suflident to 
determine the product ·composition since there are [our equations und four unkno ..... ns . 

For ri ch combustion we will assume that mere is no product O!, i.e., fI~ = O. In this 
C<lse there ilfC five unknowns. so we need an <ldditional equation to supplemcnt the four 
atom balance equations. We assumc equilibrium considerations between the produt:t 
species CO2• H20, CO, and H2 detemline the product composition. TIlis reac tion i .~ temled 

the watc=r·gas reaction: 

co, + H, .=== CO + H,O 

with the equilibrium constant providing the fifth equation: 

K(T} = n~ n!o 

"I II/) 

The equilibrium constant K(T) C(IU;ltion is a curve fit of JANAF Table data fur 

4()() < T < 3200 K : 

1.761 1.611 0.2803 
In K(T) ~ 2.743 - - 1- - - ,, - + -,-,- Cl,47) 

Solutions for both rich and lean Cilses arc givcn in Table 3-4. In lhe rich case, the par..tmctcr 
II ~ is given by the solution of the quadratic equation 

- bl + Vb; - 4a lci (JAHI 'Is = :In, 
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Thble 3-1 Enthalpy of Formation, Enthalpy of Vaporiz.1tion, Saturation Vapor Pre.mlre, :lIId 
Specific Volume of Some Liquid Fllels at T = 298 K 

Formula Name h; OJ/mole) hft (kl/mole) P ". (har) t' .. (nr'/kg) 

CH)NOl NitromelhaJle - 7·1.73 3B.37 0.050 0.879 X 10 
CH~O Methanol -201.17 37.92 0. 186 1.264 X 10 
C1H6O Ethanol - 2J·1.81 42.34 0.084 1.267 X 10 ' " 

C4H10O Ethyl elher - 252.2 1 26.53 0.733 IA[) X 10 ' \ 

C,Hll n -Penlane -146.00 26.44 0.710 U97 X 10 - \ 

C6Ht4 Hexane - 1(,7. 19 31.49 0.242 1.5 14 X 10 ' • 

C~H/\ Sen7.ene ... 82.93 34.02 0.129 1.1)8 X 10 -.1 

C,H I1 Gasoline - 267 .12 38.5 1 \.449 X 10" 

C~Ht_ Oelline -201(..1) .11.51 0.022 1.423 x 10 

C,H u isooc'nne - 2,2.1.1·1 35. 11 0.07/ 1.445 x 10 

C~Hl/1 Elhylbcn7~ne +29.29 '12.01 0.013 1./53 X /0 

CIlH 1/\ n-Dodec;me - 290.R7 61.32 < 0.00 1 1.))6 X 10 

C"H JO Telr.u]ecane - 332.13 71.24 < 0.00 1 1.311 x 10- .1 

C"4HI4Q Diesel fue l - 100.00 74.08 1.17(j X 10 I 

C'6H)4 Hexadccanc (celnne) -373.34 81.14 < 0.001 1.293 X 10- 1 

C,qH~O Nonndecane -435.14 95 .03 < 0.001 1.286 X lW' 

H,O Waler - 241 .83 44 .02 0.031 1.000 X 10' 1 

SOUf'U: p ... and .... ar~ from the: CRC lIand/m(lt (II Ch .. milfrr and r">"it:~ Cl97~- 1976) ; hI, is from N. n . 
Vargllnik {I 975); and hi is from Slull el al. (1969). 

Thblc 3-2 Enthalpy or Vnpori7.ntion. Sat ural inn Vapor Pre !i ~urc nnd Atmo~pherie Specific 
Volume of O clane 

T(K) hi. (kllmole) P", (bar) ",, (ml/kg) 

298 ·11.50 0.018 1.'132 x 10- 1 

325 39.99 0.075 1.'179 x In 
, 

350 38.22 0.211 1.527 x IO -J 

375 J6A5 0.503 1.579 X 10 - .1 

400 34A6 1.058 1.639 X JO - .1 

425 32.35 2.003 1.708 X to -·1 

450 30.07 3.500 1.7R9 X 10 - 1 

475 17,49 5.707 1.890 x 10 - .1 

500 24.32 B.B37 2.022 x 10--' 

550 20.35 1J.21 2.2 1'1 x 10 . 1 

So"ru: Vllrgafti" (19751 

We wi ll also den I with lT1i~turcs of gascs in contact wilh:l liquid phase . In these cnses 
we assume: 

1. The liquid conlains no di ssolved gases . 

2, The gases are ideal. 

3, At eq uilibrium the partial pressure of the liquid's vapor is equal to tbe saturation pres­
sure corresponding to the mixture temperature. 
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Let X dcnote the quality of the condensable substance. that is , the ratio of vapor to 

liquid and vapor. The entha lpy of the system is then 

(3.34) 

or 
" 

11= Lx/h/-(I-x)xtlt/x (3.35) 
j - t 

The indexing is chosen ~o Ihat j = I com:sponds to !.he conde nsOible substance and 

i = 2 • . . . • " corresponds to all other gases. 
Likewise. lhe system volume is 

,md the specilic volume is 

" \' = LX/v; - (I - X)x 1 v/~ 
'" I 

" Lm,,·, 
'" , 

(3.36) 

(3.37) 

where the v, are com pUled al the total pressure (AmagaI-LLduc La\\' oJ Addi,;,'(' VO /llmn). 

3.4 STOICHIOMETRY AND LOW TEMPERATURE 
COMBUSTION MODELING 

Let us represent the chemical fonnu la of a fuel as C"HtJ0yNft. A sloich iometric reaction 
is defined such !.hat the fuel bums completely and !.he o nl y products are carbon dioxide 
and WOller. Let us write the following sto ichiometric reaction 

13.38) 

and solve for a
J

, !.he sioichiometric molar air-fuel ratio, and the moles fI, (; = 1,2.3) Utal 
describe the product composition. Note !.hat lhe stoichiometric reaction is expn:s~d per 
mole of fuel. We know that atoms arc conserved , so we can write 

H: 

0 : 

N: 

I' = 2n, 
r + 20, = 2n, + fll 

{j + 2 ' 3.76 ' a, = 2".\ 

Solution of these four equations gives 

I' y 
(I, = a + 4' - "2 

I' 
"l = 2' 

{, (f3 y) 
fI .l = '2 + 3.76 a + '4 - 2' 

The stoichiometric air-fuel ratio A, is 

28.85 (4.76 a,) 
A, = ()2.01 a + l.OIlSf3 + 16.OIly + 14.0 18) 

13.39) 

(3.401 

(3.4 1 ) 
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SOLUTION Using the tabular data in Appelu.Ji:'t B, the following tabl e was prepared: 

Species y, M j h; hi - hj '7 y,{!i - R~ In y,) 
co, o. lm 4·1 .01 - 31)3.522 33,397 269.30 
1-110 0.121 18.015 - 2·1l ,826 26,000 232.74 
N, 0.694 28.01) 0 21,463 228.17 
CO 0.0283 28.0[ -110.527 21,686 234.54 
H, Q.().155 2.016 0 20,663 166.22 

molar enthalpy: h = ~.\', hi = - 52.047 kJ/kmol 
molar entropy; j = - Rio In (PI Pu) + L Yi (Ji - Rw In ),,) = 213.5 kJ/kmol K 
molecular weight: M = L,V, M, = 27.3 

Therefore, 

and 

11 = hIM = -1906 kJ/kg 

s ~ ,1M ~ 7.82 kJ/kg K 

31.36 
30.28 

160.05 
7.48 
8.73 

For computer calculations it is awkward to deal with tilbular data. For ulis reason the 
specific heats are curve-fitted 10 polynomials by minimizing the least squares error. The 
function we will employ for any given species is 

CI, C" 
Ii = Rw = °1 + a 2T + OJT2 + oJT) + o~TJ 

It follows that the enthalpy and entropy at atmospheric pressure are 

Ii h (1, 0) ~ 04 a~ a - ~ - = 01 + ....:. T + -T- + - T] + - -r + 2. 
RT R"T 2 3 4 5 T 

• 1" sO' (I] , a~ a~ -4 ' - = - = 01 In T + tJ, T + - T' + - T) + - J + (J 

R R" . 2 3 4 7 

(3 .22) 

(3.23) 

(3.24) 

where 06 and 07 are constants of integration detennined by matching the enthalpy and en­
tropy at some reference temperature. Values of the curve-fit constalHs for several species 
of interest in combustion, CO!, H20, N2, °2, CO, H2, H, 0, OH, and NO are given in 
Appendix C. Similar curve-fit coefficients for seveml fuels are also given in Appendix C. 
The mass-specific enthaJpies of CO2 and H20 given by Equation 3.23 are ploUed versus 
tempernture in Figure 3-1. Note that the slope of the H20 cllrve is steeper than thot of the 
CO2 c urve, as 11 result of the g reater specific heat of the water vapor. 

Figure 3-1 Enthalpy versus 
temperature curve-filS [or CO! 
and H20. 
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3.3 LIQUIDS AND L1QUID-VAI'OR-GAS MIXTURES 

The thennodynamics involved with fuel injection. carburelion, water injection, and water 
condensation can be complicated . Fortunately, we can make some simplifications Ihat nre 
quite ilCCUfil\e for our intended use. 

First, let us consider a pure substa nce in terms of its compressed liquid. satumted liq· 
uid, saturated vapor, and superheated vapor states. The simplifications that we will intro­
duce arc: 

1. Compressed ilnd suluratcd liquids are incompressible. 

2. Saturated and superheated vapors are ideal gases. 

For un incompressible substallce. it can be shown that the internal energy and entropy 
depend oilly 011 temperature . Hence the approximation for compressed liquids can be 

" ~ ",(T) (kJ/kg) 
.< ~ s,(T) (kJ/kg K) 

(3.251 

13.261 

where the notation 1I}(1') and .1J-(T) denote the internal energy and entropy of saturated 
liquid at the temperature 1'. 

The enthalpy of a compressed liquid depends on pressure. and it is consistent with 
Equations 3.25 and 3.26 to assume that 

" ~ ",..(1") + (P - p.""),, (kJ/kg) 13.271 

where hi" is the enthalpy of the compressed liquid at atmospheric pressure. TIll! only prop­
erty remaining to be prescribed is the specific volume. Let us choose it to be lhe specific 
volume of compressed liquid at utlllospheric pressure as these data are readily available . 

" ~ ",,(T,) (m' /kg) (3.2MI 

where 1'1 is the initial temperature in the process being analY7.ed. 
To introduce the enthalpy of vaporization into our equations of state for the liquids 

is convenient since the se data are usually easier to find than the saturated liquid data. We 
Ulen have 

13.29) 

Unlike speci fic vo lume, data for the en thalpy of vaporization at saturation pressure ore 
readily available. Hence we choose 

"I, = lil,(T1) 

where. again, 1'1 is the temperature at the start of the process being analyzed . 
Typically 

so that in many cases we can write for liquids 

II = h, - "I, 
II = 11 

13.30) 

13.3 II 

13.121 

13.331 

Table 3-1 gives the ideal gas molar enthalpy of fomlation. molnr enulalpy of vaporil.ll­
tion, the saturation pressure, and the specific volume of compressed liquid, for several 
liquid fuels and water nt l' = 298 K. Table 3·2 gives most of the same infonnation for 

octane but as a function of tempefillUre. 
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The mass intensive interna l energy II is 

I' = 2>, 1', (kJ/kg) (3.5) 
; .o I 

Analogous relations for (he enthalpy If are 

H= Lm/hi (kJ) (3.6) 
; - I 

" = LX;h, (kJ/kg) (3 .7) 
i - t 

The lotn~ number of moles, N. of a mi :t ture is the sum of moles of a ll II components 

" 
N = L'" (3.R) ,. , 

and the mole fraction y, of any given species is 

(3 .9) 

The internal energy of a mixture can also be written as 

" 
U = L '" iT, (kJ) (3.10) 

i" l 

where the mo lar intensive properties are denoted with an overbar. The molar intensive 
internal energy is thus 

u = LY,u, (kJ/kmol) (3 .11 ) 
i" , 

Likewise the enthalpy is 

H= LII/hj (kJ) (3.12) 
/ " 1 

h= L )', h, (kJ/kmol) (3.13) ,. , 
Notice that capital leuers have been adopted for extensive variables nnd lowercase leHe rs 
arc reserved for intensive variables . The molecular weight . M. of a mixture 

" 
M = L .", AI, (kglkmol) (3.14) 

; .. 1 

is the conversion factor required between molar intensive and milSS intensive units. For 
example. the mass intensive (specific) gas cons tant R is related to the molar intensive (uni . 
ve rsal) gas constant R~ by 

R, 
R =­

M 

The familiar relationships betwee n pressure p. temperature T. and volume V are 

PV = N RJ 

PV = til R T 

PI' = RT 

(3 . 15) 

(3 .16) 

3.2 Ideal Gas Equ31ions of 51al(' S9 

The en tropy S of a mi.ltture is also the sum of the entropy of each component 

" " 
S = L ill, s, = L ", s, (kJ/K) (3.17) 

/ .. 1 ; " 1 

but unlike enthalpy. where the enthalpy of a component is evnlunte:d al the 101,11 pressun: 
(h i = /I I + Pili)' the entropy of iI component is evuluated at ils partia l press un:. The pilr. 
tia l pres~ure of a component i~ 

P, = )" P (kPa) 0 . 1 K) 

and the entropy SI of any component i~ 

.', = .. :. - R, In (P,IP,,) (kJ/kg K) (;\.19) 

where s;' depend~ only on lemperature and is the enlropy oftha! component when P, = P". 
Substitut ion of Equation 3.19 int o Equation 3.17 yields the convenient relations 

s = - R)n (PIP,,) + ±x,(s:' - R, )n ,v,) (~) IJ.lU) 
;_ 1 kg K 

-R,ln(PlP,,) + ±y, (?;, - R,ln),,) (~) 
; .. 1 kmol K 

13.21 ) 

TIlermodynamic data for elements. combustion products. and many pollutants ~ 
,lVa iiable in a compi lation publi shed by the National Bureau of Standards. called the 
JANAF Tables (1971). For single component fue ls. the data presented by Stu ll. Westrum. 
and Sinke (1969) is in the same format as that of the JANAF Tables. In addition 10 these 
two refere nces. a compilation by Ross ini ( 1953) is use ful fo r hydrocarbon fuel s at tern· 
peratures as high as 1500 K. Tabular data for ideal gases at P = I bar is given in Appendi1 
B. The (nb les in Appendi.lt B provide the molecular weight. enthalpy of formution (hi'). 
and tabular data of the molar enthalpy and entropy. 

TIle enthalpy of formation is the enthalpy of a substance al II specified state due 10 
its composition. The standard reference state is T = 298 K and P = I bar. For compounds. 
the entha lpy of foonation is the enthalpy required to form the compou nd from ils c1e· 
men!s in their stable state. The enthalpy of formation of the stab le form of the clemenls 
hydrogen H2• oxygen O2, nitrogen N]. and solid carbon C(s) is assigned a value of 7.cro 

at T = 298 K. The enthalpy of formation of CO} is -393.522 k1lkmoJ or .-89-'2 kJlkg . 
The negative sig n indicates that the enthalpy of CO~ ilt the lilandard refen=nce stal e is Ie!>)' 

than the enthalpy of C and O~ at the same state. Similarly. the entha lpy of formal ion of 
H20 vapor is - 241.826 kJlkmol or -13.424 kJlkg . 

EXAMPLE 3.1 Properties of Gas Mirlllres 

Compute the molecular weight. enthalpy (kJ/kg). and entropy (kJ/kg K) of a gus mi.lt lun:: 
at P = 2000 kPa and T = 1000 K. The constituc:nts and their mole fractions are : 

Species " 
CO, 0.109 
H,o 0.121 
N, 0.694 
CO 0.0283 
H, 0.0455 I 

1 
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2.14 Develop a four-stroke Diesel cycle mallei (along the lines used in E~;m\p l e 2.3) with 
the following data: r = 22, Y = 1.3, T; = 300 K, P, = 101 kPa, P/~ = 0.98 , /11 = 29, 
and q,n = 2090 kJ/kg, ... 

2.15 Using the four-stroke gas OItO cycle applct, plot the effect of inlc=t throttl ilig frolll 100 kPll 
to 25 kPa on the peak pressure, p.\. Ass ume the foHowing conditions: T. = 300 K, r = 9, 
.,.. = 1.3. and q'n = 2400 kJlkg, u' 

2.16 If the engine in Example 2.3 were a four·cylinder, four·stroke engine with a 0.1 m bore 
and an 0.08 m stroke operating at 2000 rpm, how much inc.licated power (kW) would it 
produce'! What if it were n two·stroke cngine? 

2.17 In Exnmple 2.3, T,. is thc exhaust [empernture during the constant pressure cxhaust stroke. 
It is not the samr as the avemgc tempernturc of the gases cllhausted. Ellpillin. 

2.18 Derive Equation 2.65 fo r the cP < I case. 

Chapter 3 

Fuel, Air, and Combustion 
Thermodynamics 

3.1 INTRODUCTION 

It has already been mentioned thilt an underswnding of internal combustion engines will 
require a beller thermodynamic modclthan that used in Chapter 2. In this chDpter we re­
view the thermodynam ics of combustion and develop models suitable for applicalion to 
internal combustion engines. The chapter starts with multicomponent ideal gas property 
models. followed by stoichiometry and computation of equilibrium combusti on compo-­
nellIs a~d properties. The equi librium combustion model is Dpplied to adiabatic and isen­
tropic processes. Finally. the heat of combustion Dnd the adiabutic flame temperature are 
determined for a variety of fuel-air mixtures. 

A few words about air are in order. The properties of air vary geographicDlly. with 
altitude. and WitJl time . We will assume that air is 21 % oxygen Dnd 79% nitrogen by vol­
ume. i.e., for each mole of O 2• there are 3.76 moles of N1. Selected physical properties 
of air. ollygcn. and nitrogen ilre given in Appcndill A and B. Extension of our analyses to 
different air mixtures encountered in practice is straightforward. The most frequent dif­
ferences accounted for are the presence of water and argon in Dir. 

3.2 IDEAL GAS EQUATIONS OF STATE 

TIle mass, III. of a millturc is the sum of the mass of all n components 

m = ::s m, (kg) (3.11 
i- I 

The m'lss fraction. x ,, of nny given species is defined as 

Xi = mjm (3.21 

anLi it should be clear that 

::s x, = (3.31 
" I 

The internal energy U of a mixture is the sum of the internal energy u, of all n com­
ponents 

U = LIII, II, (kJ) (3.4) 

" I 

57 
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compression rati o. especiaJly constraints im[losed by cmission s tilndards and, ror .~OIllC 

diesel e ngi ne:". proble ms or :"Iartability. 
O ne might expeci Ihal we can increase Qin by incrcas ing the fuel now rate delivered 

to an engi ne . As we !'hall see in our !'tudies o f fuel-ai r cycles in Chapte r 4, Ihi s i!' nOI 
a lway:" correct. for in ruel·rich mixtures not att of the rue l energy i:" used ~ince there i~ 

no t enoug h oxygen to bu rn the carbon monoxide to carbon dimdde nor the hydrogen to 
wOler. The fuel -air cyc le predicts that the efficiency decrenses the richer the mixture is 
beyond stoichiomet ri c. 

According to the gas cycles. and to the ruel-air cycles to be discu!'sed later, the effi ­
c iency is greates t if heat can be added at con!'tant vo lume: 

1](IIln > lJduI! > 1]Dj~~l (2.62) 

Why then do we build engines th;lt resemble co nS!;lI1t pressure heat additi on when 
we recognize that constant volume he;ll additi on would be beller? To illu strate how com­
pl icnted that question is let us ask the rollowing: Suppose that the maximum pre!'sure in 
the cycle must be less than P,nu. How should the heat be added to produce the required 
work? The answer is now 

(2.63) 

Thi s can be demo nstra ted with th e aid of th e temperature-e ntropy diag ram. If (ite Otto 
cycle and the Diesel cycle arc d rawn on s llch a diagram so that the work done in eac h 
cycle is the same. it Can Ihen be seen that the di esel is rejec ting less heat and must there­
fore be the most e fficient. 

We close this chapter with d iscuss ion of an issue wi th ga.~ cycle analy.~is: How docs 
one choose"y and qin? For hydrocarbon ruels one can choose 

(2.64) 

(2.65) 

where qr is lhe heat of co mbustion or the fuel. ¢ = FIF, the ratio of the actual fuel -air 
rati o F to the s toichiomctric fuel -air r<llio F,. These three parameters arc de fined and 
used in the combustion analysis of Chapter 3. Equation 2.65 accou nt s ror the fact that 
in rich combust ion not all the heat of combu stio n is rcleased. Equations 2.64 and 2.65 
approximate the results of a more rigorous fuel-air combustion analysis instead o f an 
equivalent heat releilse. 

In fuel·air cycle nnolysis the equivnlcnce ratio. cP is speci fied . The gas cyc le equiva­
le nt is thc specificotion of the heat added per unit mass or gas mixture inducted. qin. The 
he:tt input to the gas cycle. q,". can be e!' timated rrom Equiltions 2.64 and 2.65. The ma.~s 

or gas inducted can be determ ined using the ideal gas law wi lh known cyli nder volume. 
inlet pressure and tempera ture. and resil1ual rraction. 
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2.10 HOMEWORK 

2.1 (n) Show for an 0((0 cycle that T . .JT~ = T~T •. 
(h) Derive the 0110 cycle efficiency equation. Equation 2.7 . 

2.2 Derive !.he OUo and Diesel cycle imep equation. Equation 2.B. 

2.3 (n) Show lhat for a Diesel cycle (T J T1)"' = T ~T" 
(h) Derive Equation 2.12 and Eq uation 2.13. 

2.10 Homework SS 

2.4 For equal max imum temperature and work done. which cyc le wi ll be more effic ie:nt . the: 
Diesel or Otto? The two cycles should have a common state corresponding 10 the start of 
compression. 

2.5 What docs tbe compression ratio of a Diesel cycle need to be 10 have the same: thermal 
efficiency of an 0110 cycle engine that hos a compression rati o. r = 9? 

2.6 Show that ror the Otto and Diesel cycles as r-+ I, imep/ P.-+Q.n(-Y - I)/P.V. (ust: 
I'Hopital's rule). 

2.7 A engine is modeled with a Dual cycle. The maximum pressure: is to be 8<XX> kPn. The 
compression ratio is 17: I. the inlet conditions arc 101 kPa and 320 K. and the nondimen­
sional heat input Q,dP, V, = 30. Find the thermal efficiency and the values of a and {3. 

2.8 (a) Derive the equation for the Miller cycle efficiency. Equation 2.20. 

(h ) Derive the equation for the Miller cycle imep. Equotion 2 .2 1. 

2.9 For 0110 ilnd Miller cycles that have equal imep nnd compression ratios err = 10). what 
arc the respective thermal efficiencies? Assume thaI the parameter. A. is equal to 1.5 for 
the Miller cycle. the specific heat ratio"), = 1.3. and QidP, V. = 30. 

2.10 Develop n complete expansion cycle mode l in which the expans ion stroke continues un­
til the pre!'sure is atmospheric. Derive an expression for the efficiency in terms of 
"y. a = V.JV}. and f3 = V, I V4 • 

2.1 t Using the heal release fmction applet. 

(u) Plot the Wiebe heat release fraction curve for the foll owing rorm factor values : 

" = l. 2. J. and 4. 
(b) At what crank angle is 0. 10. 0.50. and 0.90 of the heat reJe~d? 

For (a) and (b). assume that a = 5. the beginning of he at addit ion is -IW. and Lhe 
duration of heat addition is 40°. 

2.12 U.'iing th e finite heat release applet. determine the effect or heat release duration o n the 
net work. power. mean errec tive pressure, and thermal efficiency ror a range or heat re­
lease duration of 40.30.20. 10, and 5° . Assume that the fuel is ga.~o linc at stoic hiomet­
ric conditio n!'. the spark ang le remains constant at - 10" atdc. a = 5. and n :: J. The e:n ­
gine bore and stroke are 0 .095 m. lhe connecting rod length is 0. 15 m. and the compression 
ratio is 9: I . 

2.t3 If a four cy linder unthrott led Otto cycle engine is to generate 100 kW at an engine speed 
of 2500 rpm. w hat should its bore and stroke: be? Assume: a square block wilh equal 
bore and s troke, nnd connecting rod length 1.5 x stroke. The fue) is gasoline 81 

~ toichiometric conditions. and standard atmospheric inlet conditions with n compres­
sion ratio of 10: I. The spark angle is -1 0 0

, the combustion duration is 40·. a = 5. and 

n = 3. Hint : usc the s ingle cy linder finile heal release applel. and solve for a power oul­
put or 25 kW. 
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Four Stroke Gas Otto Cycle 

Intake Pressure (kPa) I 50 I 
Intake Temperature (1<) f-1-:3:':0-::0~=~--~""--i1 
Exhaust Pressure (kPa) 1 100 I 

Compression ratio f-[":~1::0:-~ ~~_~. _~~--~--11 
Gamma [1.3 ~ 1 
qin (1<J1kg gas) rl ,::"25:O:0:::0= __ == . . =====J 

Compute Cyc le 

State 2 3 4 

Pressure (kPa): 500 99763 4BBB.BB 245.02 

Temperature (K) . 329.2 6569 3219.1 1613.4 

Exhaust Temp. (K) = 1312.0 Volumetric Efficiency= 0.915 

Residual Mass Fracllon = 0 .0502 Net !map (kPa) = 668.75 

Ideal Thermal Err. = 0.499 Net Thermal Ell = 0.4 64 

Figure 2-19 Four-stroke gas cycle applet input/output for Eumpic 2.3. 
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Figure 2-20 Fuur-streb! Dun gas cycle 0.3 0.5 0.7 0.9 1.1 1.3 1.5 
volumetric efficiency for Example: 2.3. . Intake/oxhaust pressure ratio 

shown in Figure 2- 19. For the above conditions, the inlake stroke temperature rise, 7't - Ti , 

is about 30 K, and the exhaust blowdowlI temperature decrease, T4 - T~, is about 300 K. 
The volumetric efficiency, e,. = 0.92, the net thennal efficiency, TJIlCI = 0.46, and the resid-
ual fraction, f = 0.050. . 

TIle volumetric efficiency (Equation 2.55), the residua] fraction (Equation 2.45), and 

the net !hernIal efficiency (Equation 2.59) are plotted in Figures 2-20, 2-21, and 2-22, re­
spectively, as a function of the intake/exhaust pressure ratio. As the pressure ratio decreases, 

FIgure 2-21 Four-stroke Otto ga.~ cycle 
rc,~iullal fraction for E.\alllplc 2.3. 

Figure 2-22 Four-stroh· Otto gas cycle: 
lIet thennai efficiency. 
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the volumellic efficiency and (hernIal efficiency decrease, and tIle residual frJc{ioll in­
creases. 'nle dependence of e,. on compression ratio is reversed for the thrullied and su­

percharged conditions. In addition, tIle residual gas fruction increases. TIle increa-;c in resid· 
Lial fraction is due to the decrease in the intake mass relative to the residual m;L.~S as the 
inlilke pressure is decreased. 

2.8 DISCUSSION OF GAS CYCLIc MODELS 

Maximizing the mean effective pressure is imporUint in engine design so that one can build 
a smil ller, lighter engine 10 produce a given amount uf work. As shuwn in Equation 2-H. 
there are evidently two ways to Llo this: (1) to increase the compression mtio. r. and (2) tn 
increase the heat input, Qm. However, there arc practical limitiltions to these approaches. 
For spark ignition engines of conventional design, the compression ratio must be low enough 
to avoid engine knock; whereas for diesel engines increasing engine friction limits the utility 
of increasing compression ratio. Other more complicated factors influence the selection uf 
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For example, if f = 0.05. P/ P. = 0.5. k = 1.35, T; = 320 K. and 7~ = 1400 K, thell 
T, = 365 K. 

The volumclric efficiency of the inlet stroke for a gas cycle is given by 

, = _,_,,_, = I - -''''0-/1',-,,_--;-;-1 
"P.v" y(r I) 

(2.5.1) 

During the intake process, the gas within the control volume docs work since the piston is 
expanding the cylinder volume. During ex haust, work i.~ done on the gas . TIl!:: net effect 
during the intake a~d exhaust strokes is 

\V~I~ I = (Pi - p.)V,/ (2.56) 

The negative of thnl work is called pumping work since it is a 10.0;5 of use ful work for the 
throttled engine. The pumping mean effective pressure is defined as the pumping work 
PCf unit displacement volume: 

pmep = 1! - ~ (2.57) 

The indicated menn effective pressure (imcp) is defined as the work pcr unit displacement 
volume done by the gas during the compression and cltpansion stroke . The work per unit 
displacement volumc required to pump the working fluid into and oul of the engine dur· 
ing the intake and e.'thaust strokes is termed the pumping mean effective pressure (pmep). 
We shall call the work per unit displacement volume of the whole cycle the net indicated 
mean eITective pressure (imepn<:I)' In Chapler 6. we also include rriction considerations . 
The following relations should be clear: 

(imep)" .. = imep - pmep 

1]"tl = T/( I _ ~rnep) 
Imcp 

(2.5R) 

(2,59) 

Prior to doing a gas cycle computation, the reader should be careful to distingui sh 
the mass in quantities that are mass intensive . When the residual gas fracti on is taken into 
account, the heat added is 

(2.60) 

where q,n is tile heat addition per unit mass of gas inducted (kJ/kg~~,) . Now suppose Ihal 
we compute the work done during compression as 

(2.(, I ) 

In the metric system of units, this compression work is expressed as kJlkg . Conrusion can 
arise as to whether that i!oi per kilogram of ga!oi mixture in the cylinder (it is!) or per kilo­
gram of gas induc ted . TIle reader is advised to beware because here and in the litemture 
the meaning is implicit in the conlext in which the symbol in question nppears. 

Four·Strokc OUo Gas Cycle Analysis 

When we include the exhaust and intakc strokes. we Im ve two additional equations for 
the gas cycle .malysis , the exhaust energy equation, and the intake energy equation. The 
two unknown parameters in these equations are the residual gas fraclion, f, and the gas 

temperature at the end of the intake stroke, r l . Since it is difficult to solve these two equa­
tions algebraically, the solution is found by iteration, as shown in this section. The over­
all cycle input parameters in this analysis are summariz.cd in Table 2·3. 

, 
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Table 2-3 Input Param~ter5 for Four-Stroke Ga.~ Cycle 

T/ inlet air or mixture lemperatur~ 
I! exhau~t pressun: 

eompr~s~ion rat;n 
P. inl~1 pressure 
l' ideal gas spcdlie heat ratio 

qi~ heat added per unit mass of gas induc~d 

Since T, is dependent on the residual gas fraction. f, and the residual gas temper.:!.­
tUfe, T" if values ofJand T, lire assumed, the cycle calculation cnn proceed. and improved 
values of f nnd T, calculated. 

6, i-I: iTaake stro~ 

T, = (J - J)T, + 111 - (I - Pj",),, - IV']T, 

PI =- Pi 
1-2: /utll lUpic compression stroke 

'PI = P1(V I/V2P' = Plr"f 

T, = T,r"f - ' 
2·3: COlistallt "olllme heat additioll 

3-4: isentropic expansion stroke 

4-5: Isentropic bloll'doll'lI 

T, = Tz + qin(i - J)/c~ 

P, = P,(T,IT,) 

P, = P,( Ilr)' 
T4 = T.,(I/rp - ' 

T~ = T~(P~P.t - '11t 

P~ = P.. 
5-6: COllslmlf pre.rSlfre adiabolic exhaust stroke 

T, = T~ 
P" = p~ = P,. 
f = Ilr(P';P,)'" 

EXAl'vIPLE 2.3 Four-Stroke 0110 Cycle 

Compute the volumetric efficienc),. net thermal efficiency, residual fmction, intake stroke 
temperature rise, and the exhaust stroke temperature drop of an engine thai operJleS on 
the ideal four-stroke Otto cycle. The engine is throttled with an inlet pressure of P, = 50 kP3 
and an inlet tempemture of TI = 300 K_ The exhaust pressure is P, = 100 kPa. The 
compression ratio, r = 10. Assume a heat input of q,n = 2500 kJ/kg and 'Y = 1.3. Plol 
the vo lumetric efficiency, net themml efficiency. and residual fraction as a functiun of the 
intake/ex haust pressure ratio for 0.3 < PIP;. < 1.5. 

SOLUTION The web pages accompanying the le;t;! contain an applel entitled: Four-Stm/u Dna 

Gas Cycle which iterates through the four-stroke ano gas cycle equations to determine 
the pressures. temperature!oi. nnd other cycle parameters. The applet input/output page is 
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The work term is 

and if the flow is assumed to be adiahatic, the first law becomes 

or 

116 = "3 
7~=7i,=T3 

(2.39) 

(2.40) 

(2.4 1 ) 

(2.42) 

Thererore, during an adiabatic exhaust stroke, the enthalpy and temperature or Ute exhaust 
gases remain constant 'IS they leave the cylinder, and the enthalpy of the residual gas left 
in the cylinder clearance volume is constant. 

The residual gas fraction, J, is the ratio or t.he residual gas mass, mo, in the cylinder 
at the end of the exhaust slroke (stale 6) to ule mass, 111~ = 1111 = /TI, of the fuel-air mi};ture; 

V~/V6 I V~ I T4 P.. j=-=--=---
V~/v~ r Vo r ~ P~ 

(2.43) 

Since 

(2.44) 

the residual fmction is 

(2.45) 

For c};ampic, for a compression ratio of r = 9, ~ = 101 kPa, P4 = 500 kPa, and y = 1.3, 
f= 1/9(101/450)1/1.) = 0.035. Typical values of the residual gas fraction,J, arc in the 
0.03 to O. I 2 range. The residual gas fraction is lower in Diesel cycles than in Ouo cycles, 
due to the higher compression ratio in Diesel cycles. 

Intake Stroke 

When the inlake valve is opened, the imake gas mixes with the residual gas. Since the in­
take gas temperature is usually less than the residual gas temperature, the cylinder gas 
temperature at the end of the intake stroke will be greater than the intake temperature. In 
addition, if heat transfer is neglected , the flow across the intake valve, either from the 
intake manifold to tile cylinder or the reverse, is at constant enthalpy. 

There are three different flow situations for the intake stroke. depending on the ratio 
of inlet to exhaust pressure. If the inlet pressure is less than tile exhaust pressure, the en­
gine is throttled. In uli s case there is flow from the cylinder into the intake port when the 
intake valve opens. In the initial portion of tile intake slroke, the induced gus is primarily 
composed of combustion products tilal have previously flowed into the intake port. In the 
latter portion of ule stroke. the mixture flowing in is fresh charge, undiluted by any com­
bustion products. 

If the inlet pressure is greater than the ex.haust pressure, the engine is said to be su­
percharged (turbocharging is a special case of supercharging in which a compressor driven 
by an exhaust turbine raises the pressure of atmospheric air delivered to an engine). In 
this case there is flow from the intake port into the engine until the pressure equilibrates. 
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In ac[ual engines, becau~e of valve overlap. there may be a flow of fresh mixture from 
the inlet to the exhaust port. which can waste fuel and be a source of hydrocarbon e1;­
haust emissions. The third case is when inlet and exhaust pressures are equal; the engine 
is thell said [0 be ulHhrottlcd . 

The unsteady open system mass and energy equations can be used to detennine the 
slate of the fuel air mixture and residual gas combination at state ), the end of Ule intake 
stroke. The initial stale of the gas in the system at the beginning of the intake process is 
at stale 6. 

As discussed above. there is il flow of a gas mixture into or out of the cylinder when 
the intake valve is opened. depending on the relative pressure difference. TIle net gas flow 
into the cylindtr control .... olume hilS mass, In" enthalpy, h" and pressure, Pi. As the pis­
ton moves downward, it is assumed thilt the cylinder pressure remains constant at the in­
let pressure. P;, which is consistent with experimental observations. For the overall process 
from slate 6 to slnte I wiu1 the inlet flow at stute i, the conservation of mass equation is 

(2.46) 

The unsteady energy equation is 

(2.47) 

Ifheililransfer is neglected, Q~ _ I = D. and the work done by the gas is WI> _ I = P I { VI - V",). 
so 

(2.48) 

Since III = hi 
of enthalpy: 

- PI VI and 116 = JIb - P,V6' we can e1;press the energy equation in terms 

(1.49) 

hi = flJ
h [h~ + (~- 1)11, + (PI - p~)Vl:Jl 

flIl I1Ib 
(2.50) 

Therefore, the enthalpy at the end of the intake slroke is not just the average of the initial 
and intake en thai pies. as would be the case for a steady now situation, but also includes 
the flow work term. 

The equation ror Un: enthalpy at the end of the intake stroke, Equation 1.50, can also 
be expressed in terms of the residual gas fraction, f From Equation 2.43. 

(2.5) 1 

and rrom the ideal gus law, , 
Pfvt> = RT6 (2.52) 

Upon substitution of Eqs. (2.5 I) and (2.52) into Eq. (2.50), 

II, =( I-J)II,+jll' -(I-~yRT, (2.53) 

If ule referencc enthalpy is chosen so lhat hi = CpT,. then 

(2.54) 

~ 

.) 
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Figur~ 2-17 The (om-stroke inkl ami exh:\U~ 1 model. Po = inlet pressure , p.. = exh:lUsl pressure . 

strokes . During the exhaust stroke, the exhaust valve is assumed to open in stan taneously 
at bottom dead center and close instantnneously at top dend center. Similarly. during the 
intake stroke, the intake valve is assumed to open at the dead center and remain open un­
til bottom dead center. The intake and exhausl volve overlap, that is. Ihe time during which 
they arc open simultane ous ly is assumed to be lero. 

The intake and exhaust strokes are also assumed to occur adinbatically' and at constant 
pressure. ConSlnnl pressure intake and exhaust processes occur only at low engine speeds. 
More rcalislic computations model the instantaneous pressure drop across the valves and 
further would account for the heat trl1ll.~fer which is especially s ignificant ouring Ihe 
exhaust. Such considerations tire deferred to Chnpters 7 tlnd 8. Referring to Figure 2-17. 
lhe ideal intake and exhaust processes are ns follows: 

4 10 5a Constant cylinder volume blowdown 
5a to 6 Constant press ure exhaustion 
6 10 7 Constant cylinder vo lume reversion 
7 10 I Constant pressure inducti on 

I Exhaust Stroke 

• / The exhaust s troke h:1S two processes: gns b lowdown nnd gas displacement. AI the end of 
~ the expansion stroke 3 to 4, the pressure in the cy linder is greater than the exhaust pres­

sure. Hence, when the e:dlaust valve opens. gas will now out of the cy linder even ir the 
• piston docs not move . Typically the pressure ratio. P.JPr • is large enough to produce sonic 

now at the valve so lhat the pressure in the cy linder rapidly drops to the exhaust mani-
__ fold pressure, Pr , and the constant vo lume approximation is justified. 

• 
TIle remaining gas in the cylinder that ha s not nowed out through the exhaust valve 

undergoes an expansion process. If heat tr.msrer is neglected. this unsteady expan:>ioll 

• process can be modeled as isentropic. The temperature and pressure or the exhaust g;l.~es 
remaining in the cylinder arc 

(2.36) 

(2.37) 
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As the piston moves upward from bollom dead center. il pushes the remaining cylin­
der gases out or the cylinder. The cy linder pressure is assumed to remain constant al 
p.\ = Plo = P4 • Since internal combustion engines ha ve II elearance volume. not all of the 
gases will be pushed oul. There will be exhaust ga.>; left in the clearance volume. called 
residurll ga.~. This gas will mix with the incoming fuel-nir mixture in an 0110 cycle. and 
th e incoming air flow in a Diesel cycle. 

The slale of the gas remaining in the cylinder during lhe exhnusl s iroke can be found 
by Dpplying Ihe closed system firSI IDW to the cylinder gas from slale 5 to stnle 6 as shown 
in Figure 2-18. The closed system control volume will change in shape as the cylinder 
gases now ou t the exhaust port across the ellOhaust valve. 

The energy equation is 

t 

" I J 

State 4 
Bottom dead center 

BOC 

Isentropic expansion 

, 

Volume ~ 

Intake Exhausl 

Siale 5 
BOC 

Control mass is shaded 

Slato 6 
Top dead center 

TOC 

Figure 2-18 The exhaust stroke (4 to 5 to 6) illustr.lting residual mD5s. NOle thai while 
the blowdown is assumed to occur at constllnl cylindc:r volume. the control man is 
3s!>umc:d to e:a:pand i~entropicnlly. 

f2.JH) 
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Figu~ 2·15(1 Pressure 
profiles for Example 2.2. 

Figu~ 2·15b Temperatufe 
profiles for Example 2.2. 

Figure 2·15c Work profiles 
for Example 2.2. 
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Engine 2. The temperature profiles afe compared in Figure 2·15b. Engine I has a peak 
temperature of about 2900 K, almost 400 K above that of Engine 2. The work profiles 
are shown in Figure 2-15c. Note that the localion of peak work oW, 0 = 25° aIde for 
Engine I and 30° atdc for Engine 2, is not the same as the location of maximum pres­
sure, since the incremental volume change dV(O), see Equalion 2.32, increases with 

increasing crank angle. 

Figure 2-16 Effect uf ~tart uf heat 
rdease un thefmal dliciency fur 
Ex-ample 2.2. 
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Table 2·2 Effect of Start of Ht!al Release on imep and Peak Pressure Crunk Angle 

Stan of heal release Illlep Peilk pressure crank angle 0 ..... 
0, (deg aide) (bar) (deg aide) 

-40 12 .01) 0 

-30 12 .1)6 5 
-25 J).20 7 
-20 13.29 10 

-15 13.23 " -10 13.02 17 

-5 12.68 21 

0 12.23 27 
10 11 .0f) l7 
20 9.71) 50 
3D It·I·1 6Q 

The r~sults of Example 2.2 show Ihat if the s tart of heal release begins too late. the 
heal rtl~ase will occur ill all expanding volume, resulting in lower combustion pressure, 
and lower net work. If lhe start of heal release begins too early during the compression 
stroke. tllC negative compression work will increase. since the piston is doing worK against 
the expand ing combustion gases. Using the engine specified in Example 2.2. the effect of 
the start of heat release on the thermal efficiency is show n in Figure 2·16. and the effect 
on imep and peak pressure is tabulated in Table 2·2. FOf this computation. the optimum 
slart of heat rele'lse is about IJ, = - 20". 

III practice. the uptimum sp>Lrk timing 1Iiso depends on the engine load.. and is in Ule 
runge of 0, = _:20 6 tu 0, = - 5~ . The resulting locat ion of lhe peak cumbustion pressure 
will typically be between I rand 18" atdc. 

2.7 IDEAL FOUR·STROKE PROCESS AND RESIDUAL FRACTION 

TIle simple gas cycle models assumc that the heat rejection process occurs at constant 
vo lume, and ncglectlhe gas flow that occurs when the intake and exhaust valves are opened 
and closed. In tllis section, we usc the energy equation 10 model the exhaust and intake 
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TobIe 2·1 Engine Parameters for Finite Heat Release Model 

Q. Total heat addition (1) 

0, Start of heat release (degrees) 

0, Duration of heat release (degrees) 

n Weihe efficiency factor 

n Weihe fonn factor 

T, Initial gas temperature (K) 

P, Initial gilS pressure (kPill 

M Ga~ molecular weight (kg/kmol) 

y Ga.~ speci fic heat ratio (e,.lc,.) 
, Compression ratio 

Connecting rnd length (m) 

I> Cy linder bore ern) 
., Cy linder stroke (m) 

N Engine speed (rpm) 

TIu: differential energy equation, Equation 2.30, is integrated numerically for the pres· 
sure using an integration routine such as fourth order Runge·Kutta integration. The integra· 
tion starts al bottom dead center (0 = -180°), with initial inlet conditions PI' VI> Tl> the gas 
molecular weight, M, and specific heat ratio, y, given. The mass of gas, m, is PI VIM/RJI' 
The integration proceeds degree by degree to top dead center and back to bottom dead cen­
ter. Once the pressure is computed as a function of crank angle, the work and cylinder tern· 
perature can also be readily computed from oW = PdV and the ideal gas law T = PV/mR. 

TIle differential energy equation, Equation 2.30, can also be used "in reverse" to com­
pute heat release curves from experimental measurements of the cylinder pressure. As dis­
cussed in Chapter 5, commercial combustion analysis software is available to perfoml 
such analysis in real time during an experiment. 

TIle engine parameters required for soluti on of the cylinder pressure as a functi on of 
the crank angle arc summarized in Table 2-1. 

, EXAMPLE 2.2 Finite Heal Release 
,, ' 

A single cylinder Otto cycle engine is operated at fuJI tilroule. The engine has a bore of 
0.1 m, stroke of 0.1 m, and connecting rod length of 0.15 m, with a compression ratio of 
10. The initial cylinder pressure, PI' and temperature, TI , at bottom dead center arc I bar 
and 300 K. The engine speed is 3000 rpm. The heat addition. Q ;n' is 1800 1. Compare the 
effect of start of heat release at 0, = - 20 and fJ, = O~ atdc on (a) the net work, the ther­
mal efficiency of the cycle, and the mean effective pressure, and (b) the pressure, tem­
perature, and work profiles versus crank angle. Assume that the ideal gas specific heat ra­
tio is lA, the gas molecular weight is 29, the combustion durntion is constant at 40°, and 
that the Weibe parnmeter.~ arc a = 5 and /I = 3. 

I 

SOLUTION The web pages accompanying the text contain an applet entitled "Simple Heat} 
Release Apple!''' which can be used to compute engine perfonnance. and compare tho 
effect of changing combll.~tion ami geometric parameters. The applet computes gas cycJ~ 
performance by numerically integrating Equation 2.30 for the pressure as a function of 
crank angle, then uses the ideal gas law to compute the temperature as a function of crank 
angle. The above engine parameters arc entered into the "Simple Heat Release Applet" :IS 

2.6 Finile Heat Releu.c 4J 

Simple Heat Release Applet 

Combustion Parameters 

Spark Timing 

DUration of combusllon 

Welbe parameter a 

Weibe parameter n 

JnllaJ Temperature II<] 

Innal Pressurs [bar] 

Gas molecuJarwelght 

Heat Atftfrtion 

Heat Input (J) 

Gamma 

Engine 1 

~i L~ "'\J · \J i 

[4oOl 
f5I 
~ 
Uoo _I 
I.~ d _ I 
I 2~ __ 1 

L~ 800 1 
1.~4 _ d 1 

.' 'tf.! . ... ; 

EngIne 2 Geometric Parameters 

ro.o-i s' stroke [mm] 

~I b. bore [mm] 

rs--- I, conneclino rod [mm[ 

f3! r· compression rallo 

~ En!;llne speed (rpm! 

1'1 

Flgu~ 2·13 Finite hent release npplet input for EXilinple 2.2. 

Engine Performance Table 

Qin IJ) 

Max. Temperature (K) 

Max. Pressure (kPa) 

Mean Effective Pressure [bar) 

Indicated Work I J) 

Indicated Power 1kW] 

Thermal Efficiency 

Figur(' 2·14 Engine perfonnance tahle for Example 2.2. 

Engine1 

1800.0 

2924.3 

8730.0 

13.29 

1043.93 

26.1 

0.58 

-
Engine 1 _2 

!1OoTJ [1000 
[1oOF1 [1000 
f150Tl f1500 
f10J r;-o-
I 3000 i I 3000 

Eng1ne2 

1BOO.ll 

2572.5 

4845.0 

12.23 

960.3 

24.ll1 

o.5Ja 

shown in Figure 2.13. Note that the start of heat rdease is 0, = -200 for Engine I and 
0, = 0° for Engine 2, and all other parameters arc the same for both engine conditions. 

(n) As shown in Figure 2-14, as the start of heat release is changed from 0, = -20 to 
n, = 0°. the work output i.md the mean effective pressure decrease. and lhe thennal 
efficiency decreases from 0.58 to 0.53. 

(b) The pressure profiles arc compared in Figure 2·1501. The pressure ri~ for Engine I 

(at 0, = -20°) is almo.~t double Ihill of Engine 2 (at 0, = 0°). The maximum pressure oc· 
curs at 10" after top dead cenler fur Engine I, and at about 25° after top dead cenler for 
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and II = 3 have been repon ed to fit we ll with experimental data (Heywood, 1988). 
However. the parameter values a lso depend to some deg ree on the engine lond and speed . 
as well as the particular type of engine . Discussion of the heat re lease curve for the com­
pression ignition engine is deferred until Chapter 9. 

The rate of heat release as a function of c rank angle is obtained by differentiating the 
cumulative heal release Weibe function . 

dQ drh 
tlO = Q,n do 

= fla Q,,, ( 1 
\ 0" 

EXAMPLE 2.1 Heal Release FraciiOlIS 

(2.23) 

Compare lhe hea t rel ease fraction cu rves for three types of combustion events. One event 
( I) has the heal re lease s tarting at 0, = -40· after top dead ce nter with a duration of 
OJ = 20 0

• The seco nd eve nt (2) has the hCilt release starting al 0. = - 20 0 atde w ith a du­
ration o f OJ = 40°. The third event (3) hus the hem release slaning at 0, = 0° aIde with a 
duration of 0" = 60°. For the heal release process, the value of the Weibe e ffi c iency fac­
tor a is 5 and the value of the Weibe form factor 11 is 3. At what cronk angle is half the 
heat released for each eve nt? 

SOLUTION The three heat re lease curves arc shown in Figure 2-1 2 . By symmet.ry, the (I) eye nt 
starting at 0, = -400 has a half- heal release angle of about 30" before top dead centt!f. 
The (2) event start ing at 0, = -200 has a half-heat release angle at top dead center. TIle 
(3) event Sinning at 0. = 0° has a half-heal release angle at 30° atdc. 

The finile heat reJeast! models are derived by incorporati ng the heat release equation, 
Equation 2.23, into the differential energy eq uation. The analysis nssumes thai the heat 
release occurs during the compression and expansion strokes. As shown in the following 
dcrivution, the resulting differential form of the energy equation does Jlot haYe a simple 
analytical so lut ion due to the heat release tem), nnd so it is solved numerically. 

Figure 2-12 Heal release curves for 
Exnmple 2.1. 

Event 

x" 0.5 

-90 -60 60 90 
Crnnk ang!o 0 
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The d osed-system differe ntial enc rA:lY equation (note that WOrk and heat interaction 
terms are not true differentials ) for a small crank ang le change . dB. is 

6Q - 61V = <IV (2 .24) 

since lHV = PdV. and dU = me" ciT 

liQ - PdV = me, (IT 

Ass uming ideal gas behavior, 

PV = mRT 

which in di fferential fonn is 

mdT= '!'( PdV + VdP) 
R 

The energy equation is tht!rcfore 

per unit crank angle, 

c,. 
5Q - PdV = Ii (P<lV + VdP) 

<lQ <IV c,. (<IV dP) - - p- =- P -+ V­
dO dORd8 dO 

Solving fo r the pressure, P, 

dP = _ ~ dV + .,. - I (dQ) 
dO "'VdO V dO 

(2.25) 

(2.26) 

(2.27) 

(2 .28) 

(2.29) 

(2.30) 

This is a first orde r differential eq uation of the form dP/dO = f(O.P.Q) for the cylin­
der pressure as a functi on of the cran k angle. 8, press ure, P. and the heat release, Q. 
In order to integrate the differt!nliaJ ent!rgy eq uation an equation for the cy linder vol­
ume as a function of crank ang le is needed. By reference to Chapter I, the cylinder 
volume V(O) is 

VJ VJ 
V(O) = -- + - [R + 1 - cos 0 - (R' - sin' 0)''') 

r - I 2 

upon differentiation. 

dV V". 
dO = 2 Sill o[ I + cos O(Rl - si n~ Or Ill] 

where 

. w • 
VJ = d isplacement volume. - b-s 

4 

r = comp~ss ion ra tio 

R = 2//s 

(2.31) 

(2.32) 

For the portion of the compression and expans ion strokes with no heat n::leasc . where 
o < 0, and 0 > 0, + 0J.6Q/dO = O. With no heat release. the energy equation can be 
integrated and the isen tropic aJgebr;lk pressure -volume relation recovered: 

tiP P dV 
- = 
dO 

(2.33) 
V dO 

<lP 
-= 
p 

(2.34) 

PV" = constnnt (1.35) 
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The tJlennal efficiency of the Miller cycle is not only" runction of the compression 
ratio "nd specific heat ratio. but also a function of the expansion ratio and th~ load ~;n ' 
TIle ratio of the Miller cycle thermal efficiency to an equivalent 0 11 0 cycle effiCIency with 
the ~ame compression ratio is ploued in Figure 2·9 for n range of compression ratios and 
A va lues. For example , with A = 2 and rr "'" 12. the Miller cycle is nbout 20% more ef­
ficient than the Otto cycle. 

The ratio of tJle Miller/Otto cycle imcp is plolled as a functi on of A in Figure 2-10. 
As ,.\ increases. lhe imep decreasc. .. signi fi cant ly. since the fracti on of the displacement 
volume that is filled with tJle inlet fuel -ai r mixture decreases. This decrease in imep is a 
disadvantage of the Mill er cycle. Supercharging of the inlet mixture is one tcchnique tJmt 
can be used to increase the imep. 

1.4,--- - - ,----,----,--- -

1.3 

1.1 

1.5 2 

Lambda (r,Ir, .) 

r," a 

12 

...fh "" 30 p.v. 
., = 1.3 

2.5 

Figu re 2-9 Miller/Otto cycle thermal efficienc), ratio. 
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FINITE HEAT RELEASE 

In the 0110 and Die~c1 cycles the fucl is il ssumed to hum at ra tes which n:suh in cor..suru 
volume top dead center combustion. or conslant pressure combustion, respectively. Actu:li 
engine pressure and temperature profile data do not match these simple models. and mort' 
real islic modeling. such as a IInile heat release model. is required. A finite heat releas.e 
model is a differential model of an engine power cycle in which the heal addition is spec­
illed as a function of the c rank angle. 

Heat release model s can answer questi ons that the simple gas cycle models cannot 
address. For example, if one wan Is to know about the effeci of spark timing or heal trans­
fer on engine work and efficiency. a heal rel ease mode l is required. If heat 1r.Ulsfer is in­
c luded, as is done in Chapter 8. then the stilte changes fo r compression and expansion art= 

no longer isentropic, and cannot be e)tpressed a .~ simple algebrilic equations. 
A typical cumulative heat release or "bum fraction" curve for a spark ignition engine 

is shown in Figure 2-1 J. The IIgurc plots the cumulative heal release fraction XI-(O) ver­
sus the crank angle. TIle characteristic features of the heal release curve are an initial small 
slope region beginning with spark ignition, followed by a region of rapid growth. and then 
a more gradual decay. TIle three reg ions correspond to the initial ign ition delay. a rapid 
buming region. and a burning com pleti on region . This S-shaped curve can be represented 
analytically by a Weihe function (similar 10 a Weibull function) 

I\'JIt:rt: 

o = crank angle 

0, = start of heat release 

0,/ = duration of heat release 

" = Weibe form factor 

a = Weibe efficiency factor 

(2 .22) 

The parame ters a and" arc adjustable parameters used to III experimental data. Thc 
start of hent release is at 0 = 0,. with f(O,) = I - CXJl (0) = O. Since the cumulative heal 
re lease curve nsymptoticnlly approaches I. the end of combustion is dellned by an arbilr.uy 
limit. suc h as 90% or 99% complete combusti on; i.e .. XI> = 0.90 or 0.99. Corresponding 
values of the efficiency factor a arc a = 2.3 and (l = 4.6, respectively. Values of a = 5 

.r~ (O) 

Figure 2-1 1 Cumulative heat rdc;l.~c fun ction. 

o L-~~------~----~ 
0, 

Crank angle 9 
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The expansion stroke is s till described by Equation 2.11 provided we wrile f3 == VJ Vn . 
In terms of a = Pj P:!. , ,I pressure rise parameter, it can be shown that 

(1)'-'[ 0/3' - I 1 ~ = I - -r -;-(0---;7''------;-;:-77
1

) 
I) + yo(/3 

(2.15) 

The constant-volume and constant-press ure cycles can be considered as special cases 
of the Dual cycle in which f3 = I and a = 1, respectively. The use of the Dual cycle 
model requires information about either the fractions of constant volume and constant 
pressure heat addition, or the maximum pressure, Pl' A common assumption is lO 
equally split the heat addition. Results for the case of PlP I = 50 and )I = 1.3 are 
shown in Figure 2-7 , showing efficiencies and imep thai are between the 0 110 and 
Diesel limits. For the same compression ratio, the 0110 cycle has the largest ne t work, 
fo ll owed by the Dual, and the D iesel. Tra nsformation of /3 and a to more natUf!lJ vari­
ab les yields 

Figure 2·7 TIle Dual cycle 
compared wilh Diesel and 
QIIO cycles. 

y - I [Qi" I 0 - I] /3= I +-- ------
0')1 PIYI r')'-I l' - 1 

I P, 
u =-­

r')' PI 

'0 

(2.16) 

(2.17) 

:5' 0.6 ~= 30 
1> P,V, 

PJ/P, = 50 lor the Dual cycle 
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2.5 MILLER CYCLE 

The efficiency of an inlcma l combustion engine will be increased if the cxpansion ratio 
is greater than the compression ratio. There have been many mechanisms designed and 
patented to produce dirferenl compression and expansion rollios. The Miller cycle (R. H. 
Mi ll t!r, 1890-1967) uses carly or laic inlct va lvc c1using to decrease Lhe compression 
ratio. 

Thl! Miller cyelt! is shown in Figure 2-8. TIle air intake is unthrottled and is controlled 
by the intake valve. As the piston moves downward on the intake stroke, the cy linder 
pressure follows the constant pressure line from point 6 to point I. For early inlct valve 
closing. the inlet valvc is closed al point I and the cy linder pressure decreases during the 
expansion to point 7. As the piston moves upwurd on the compression stroke, the cy li n­
der pressure retrdces the path from point 7 throug h puint I to point 2. The net work done 
ldong the two paths 1-7 and 7-1 cancel, so UHH the effective compression ratio rr = VI/V, 
is dlCre fu re Jess than the eApunsion ratio rr = V~/V, . -

For late inlet valve closing, a portion of the inl<lke air is pushed buck illlo the in r..ake 
manifuld before the intake valve closes at point 1. A relutt:d cycle. the Atk..i nson cycle . is 
one in which the expansion stroke continues until the cylinder pressure at point 4 de­
creases (0 atmospheric pressure. 

The parameter, A. is defined as the ralio of the expansion ralio to the compression 
ra tio: 

r) rr 

The heat rejection has two componenls 

QUII' = mc,( T~ - T)) + mc,,(Tj - TI ) 

In this case the thermal efficiency is 

1'/ = I - (Ar,)I ' 7 -
A' - ' - A( I - y) - y P,V, 

(y - I) Q," 

Equation 2.20 reduces to the OtiO r.:yde themull efficiency as A -+ I. The imep is 

imep = Q", ( ___ r,. __ ) ~ 
PI PIY1 Ar .. - I 

p 

3 

2 

(2. 181 

(2.19) 

(2.20) 

(2.2 1) 

, 
P,.I', 6 ----------~~~~5 

7 

Figure 2-8 TIle Miller cycle . v 

• 



• 

34 Chnpter 2 Gns Cycles 

where we have defined the parameter f3 :IS 

In this case the indicated efficiency is 

I J3' - I 

? [y(ll- 1)1 

(2.11) 

(2.12) 

The tenn in brackets in Equation 2.12 is gre:ltcr than one, so that for the same com­
pression ralio, r, the efficiency of the Diesel cycle is less than that of the Otto cyc.le. 
However, since Diesel cycle engines are not knock limited, they operate at about tWice 
the compression ratio of Otto cycle engines. For the same maximum pr~ssllre. the 
efficiency of the Diesel cycle is greater than that of the Otto cycle .. Dlesel cycle 
efficiencies arc shown in Figure 2-5 for a specific heat ratio of 1.3. They Illustrate that 
high compression ratios are de sirable and that the efficiency decreases as the heat input 
increases. As f3 approaches one, the Diesel cycle efficiency appro,lChes the Otto cycle 

efficiency. . . 
Although Equation 2.12 is correct. the utility suffers s0m.ewhat tn t:lat f3 IS n?t a nat­

ural choice of independent variable. Rather. in engine operation. we thtnk more tn terms 
of the heat transferred in. The two arc related according to Equation 2.13. 

Figure 2-5 Diesel 
cycle charilcterislics. 
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2.4 DUAL CYCLE 

Modem compression ignition engines resemble neither the constant-volume nor the 
constant-pressure cycle, but rather an intermediate cycle in which some of the heat is 
added at constant volume and then the remaining heat is added al consllml pre!>sure. The 
Dual cycle is a gas cycle model that can be used to more accurately model combustion 
processes that are slower than constant volume, but more rapid than cons[ant pressure. 
The Dual cycle also can provide algebraic equations for performance parameters such as 
the thermal efficiency. The distribution of heat added in the two processes is something 
the designer can specify approximately by choice of fuel. the fuel injection system. and 
the engine geometry, usually to limit the peak. pressure in Ole cycle. Consequently this 
cycle is also referred to as the limited-pressure cycle. 

The cycle notation is illustrated in Figure 2-6. In this case we have the following 
difference: 

Heat addition 
Qi" = I1Ic,.(Tu - Tz) + I1Ic,.(T.1 - T,,) (2.14) 
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Figure 2-6 TIle Dual cycle. Volume (V1V:t) 
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Figure 2-3 Quu . 
cycle characteristics. 
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Compression ratios found in actual spark ignition engines typically range from 
910 II. The compression ratio is limited by two practical considcr.ltions: material strength 
and engine knock. The maximum prt!sstlre, p ), of the cycle sca les wilh compression ra­
tio as r'~. Engine heads and blocks have a design maximum stress, which should nOI be 
exceeded, Ihus limiting Iht! compression rati o. In addition, the maximum temperature 7) 
also scales with the compression r.ll io as r". If T} exceeds the aUla-ignition temperature 
of the air-fucl mix ture, combustion will occu r ilhead of the flume, a condition temled 
"knock". The pressure waves that are produced are damaging to the engine, and they re­
duce the combustion efficiency. AU la-ignition is d iscussed funher in Chapter 9. 

2.3 CONSTANT PRESSURE HEAT ADDITION 

This cycle is often referred to as the Diesel cycle and models the special case of an in­
lemal combustion engine whose combustion is controll ed so lhat the beginning of the ex­
pansion stroke occurs at constant pressure . The Diescl cycle engine is also called a com­
pression ignition engine . The Diesel cycle is named after Rudolph Diesel (1858-1913), 
who in 1897 developed an engine designed for the direct injection of liquid fuel into the 
combusti on chamber. The compression rat io is higher in n Diesel engine, wilh typical val­
ues in the range of 15 to 20, than that of an OUo engine , so thai the cylinder temperature 
will be high enough for the air-fuel mixture to self-ignite . The durution of the combus­
Lion process is controlled by the injection and mixing of Lhe fue l spray, wh ich is disc ussed 
further in Chapter 9. Fuel is sprolyed directly into the cylinder by a high-pressure fue l in­
jector beginning at about 15° before top dead center, and endi ng about 5° after top dead 
center. The inject ion durat ion is a func ti on of the cngine load. S ince tht! compressed air 

, 
2 4 8 12 18 20 

Ficun! 2~ The Diesel cycle. 

is at a temperatu re above the auto-ignition tempenuure, combustion wi ll begi n in regions 
of the fuel spray that have an ai r-fuel ratio close 10 stoichiometric . The other processcs in 
the Diesel cycle arc the same as in an Quo cycle. 

The cycle for analysis is shown in Figure 2-4. The four basic processes are: 

Ag:lin assuming 
equations: 

Heal addition 

£rpwuiwJ stroke 

I lu 2 
2 tu 3 
3 \0" 

.. 10 I 

isentropic compression 
constant pressu re heat addition 
isentropic expansion 
COnslnnl volume heat rejection 

constan t specific.: heats, the student should recognize the following 

12.9) 

'!! = (I!.), .. 
T.I r 

(2 .10) 
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The reader shou ld be :Iblc to show that the following relations are valid: 

Hent addition 

He(/{ rejection 

Compression ,rlrvke 

£xpOfuioll .woke 

where 

p, 
......: = r1 
p, 

!2 = r1 - 1 

T, 

m = mass of gas in Ihecylinder, P,V./ RT, 

C,. = constant volume specific heat 

r = compression ralio 

')' = specific hea t ratio 

The compression rati o of an engine is defined 10 be 

V, 
r= -

V, 

For a thermodynamic cycle such as this. the lhenna l efficiency is 

If we introduce the previously cited relations for Qin and Q'IUI' we gcl 

(T, - T,) 
T/ = I - = I - r'-l' · 

(T, - T,) 

TIle indicated mean errectivc pressure (imep) is 

(2.1) 

(2.2) 

(2 .3) 

(2.41 

(2 .51 

(2.6) 

(2.7) 

(2.8) 

The imep is nondimensionalized by the initial pressure PI' nnd the heat inpul Q", is 
nondimensionalized by PI VI' The indicated mean errective pressure is plotted ver.;us com­
press ion ratio and the heat input in Figure 2-3 . As expected. the imep is proportional to 
Ule heal addition. The thermal erficiency or the OUo cycle depends onJy on the specific 
heal ratio and on the compression ratio. Figure 2-) plots the thennaJ efficiency versus 
compression ratio for a range of specific heal ratios from 1.2 to J.4. The efficiencies we 
have computed: for example. '1 - 0.56. for r = 8. and l' = J .4. are about twice as large 
as meas ured for actual engines. There are a number of reasons for thi s. We have not 
accounted for internal friction and combustion of a fuel within the engine; and we have 
ignored hea t losses. 
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6. The volumetric efficiency of the fud injected marine engine in Problem 5 is 0.80 and the 
inlet manifold density is 50% greater than the standard atmospheric density of 
P~",b = 1.17 kglnrl. If the engine speed is 2600 rpm, what is the air now rate (kg/s),! 

7. A 3.8 L four-stroke fuel-injected automobile engine has a power out put of 88 kW at 4000 
rpm and volumetric eflkicm:y of 0 .85. The bsft: is 0.35 kg/kW hr. Ir the fuel has a heat 
of combustion of 42 MJ/kg. \vhat are Ihe blnep. thennal dficiency, and ilir \0 fuel ratio? 
Assume atmospheric conditions of 298 K and I bar. 

8. A six-cylinder two-stroke engine prodUl.:es a torque of 1100 Nm at a speed of 2100 rpm. 
Ii has a bore of 123 mm and a stroke of 127 mOl. What is its bmep and mean pislOn speed'! 

9. A 380 cc si ngle-cylinder two-stroke motorcycle engine is operating lit 5500 rpm. The 
engine has a bore of 82 mOl and a stroke of 72 mm. Perfommnce testing gives a bmep of 
6.81 bar, bsfc of 0.49 kg/kW hr. and delivery ratio of 0.748. (n) What is the fuel to air 

ralio'! (b) Wh:H is the a ir flow rale (kg/s)'! 

Chapter 2 

Gas Cycles 

2.1 INTRODUCTION 

A study of gilS cycles as models of internal combu:;tion engines is useful for illustrat ­
ing some of the important parameters influencing engine perfomulIlce. Gas cycle cal­
culations treal the combus ti on process as an equivalent heat release. The combustion 
processes are modeled as constant vo lume. constant pressure. and finite heat release 
processes. By modeling the combustion process as a heat release process, the analy:,is 
is si mpJifieu since the detail s of the physics and chemistry of combustion are not 
required. 

This chapter also providl!s a review of themlooynamics. The gas cycle serves to in­
troduce mallY of the ideal prot:esses that arc also used in more comple.li combustion cy­
c le model:;, sllch as the fuel-air t.:yde. that an:: inlroUuced in Chapter 3. TIlis chapter flrst 
uses dosed-system fir:;1 law analysi.~ for the compression and e.lipansion strokes and then 
illco[l)or:ncs open-systeJ1l iumlysi s for the in take ilnd exhau~t strokes. 

2.2 CONSTANT VOLUME HEAT ADDITION 

This cyc le is often referred to as the Otto cyde .HIl] considers the special case of an 
internal combustion engine whose cumbus tion is so rapid that the piston docs not move 
lhlring Ihe combustion process. ;lI1rJ thus t:ombustion is assumed to take place at con· 
stan l volume. A spark initiates the combustion, so the Otto cycle engine is also called 
a spark ignition engine. The Otto cycle is a four-stroke process, with intake, com­
pression, expansion, and e.lihaust strokes. so that there are two crank.shaft revolutions 
per cycle . 

TIle Ono cycle is named after Nikolaus 0110 (1832-1891) who developed a four­
stroke engine in 1876. Otto is considered the inventor or the modem internal combustion 
engine. and founder of the internal combustion engine industry. His production engine 
produced about 1.5 kW (2 hpj at;J speed of 160 rpm. 

The working fluid ill Ihe Otto cycle is assumed to be an ideal gas. Additionally. let 
us assume, to keep our mathematics si mple, that it has constant specific heats. lllis iLS' 

sUlllfltion results in simple analytical expressions for the efficiency as a functiun uf tJle 
compressiun ratio. 111e specific heal r.u io. ")' = cle" of air is plottcd in Figure: 2·1 liS a 
fUllction of lempcralU re. Typica l v.!lues of y chosen for an Otto air cycle: calculation range 
from 1.3 to 1.04. to corrcspond with measured cylinder temperature data. 

Thc 0110 cycle for .malysis is shown in Figure 2-2. TIle four basic processes are: 

1 tu 2 
2 to 3 
3 to 4 
4tol 

isentropic compression 
constant-volume heat addition 
isentropic e}(pansion 
constant-volume hent rejection 
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1.7 

One ndvnntnge a ga.~ turb ine engine offers to the designer is thnt the hardware 
responsible for compression, comhustion, nnd expansion arc three different device.~, 
whereas in a piston engine all these processes arc done within the cylinder. The hard­
ware for each process in a gns turbine engine can then be optimized separa tely: whereas 
in a piston engine compromises must be made with any given process, since the h.ml­
ware is expected to do three tasks. However, it shou ld be pointed a lit that turbochar­
ge rs give the des igner of convenlional internal combustion engines some new degrees 
of freedom toward optimi 7.al ion . 

With lemper:l!ure limits imposed by malerials, the reciprocnting engine can hnve n 
greater peak cycle temperature than the gas turhine engine. In an internal combustion en­
gine. the gases at any position within thc engine vary periodically frol11 hot to cold. Thus 
the average temperature during the heat trall.~ fer to the walls is neither very hot nor cold. 
On the other hand. the gas temperature at any position in the gas turbine is steady, and 
the turbine inlet temperature is always very hot. thus tending to heat material ilt this point 
to a greater temperature than anywhere in a piston engine. 

TIle themlal effic ie ncy of a gas turbi ne e ngine is high ly dependent upon Ule ad iahatic 
efficiency of its component s, which in tum is highly dependent upon their si7.e nnd their 
operating condi tions. L.arge gas turhines tend to he more eHiclent than sOl:111 gas turhines. 
That airliners arc larger thnn automobiles is one reason gas turbines h;\Ve di splaced pis­
ton engines io airliners. but not in automobiles. Likewise gas turbines arc beginning to 
penetrate the marine industry. th ough not as rapidly. as power per unit weight is 1101 n .~ 

important with ships a .~ with airplanes. 
Another factor favoring the u.~e of gas turbines in airliners (amI ships) is that the time 

the engine spends operating a1 part or fuHload is small compared to the time Ule engine 
spend.~ cruisi ng. Ulerefore the engine can be optimi 7.ed for maximum efficiency at cruise . 
It is a minor concern that at p:U1 load or at tnke -off conditions the engi ne's e ffici ency is 
compromised . Automobiles. on the other hand. nrc ope rated over a wide ra nge of load 
and speed so a good efficiency at all conditions is better than a slightly better efficiency 
at the most probahle ope rating condition and a poorer efficiency at all the rc..<;t. 

Steam- or vapor-cycle engines are much less efficient than interna l combustion en­
gines. since Uleir peak temperatures are about 800 K. much lower thnn the peak tempera­
turc..o; (-2500 K) of an internal cnmbusti on engine. 1lley are used today almosttntally in 
stati onary app lications and where the e nergy source precludes the usc of internal combus­
tion engines. Such energy sources include con i. waste feed slocks, nuclear. solar. and waste 
heat in the exhaust gas of combustion devices including interna l co mbustion engi nes. 

In some applicalirms, engine emission characteristics mi gh t be a cOlltroll ing facto r. 
In the 1970s. in f:lCI, a great deal of deve lopment work was done toward produc ing an 
nutomotive steam engine when it was not known whether the emissions from the intern:!i 
combustion engine could be reduced enough to meet the standards dictated by concern 
for public hea lth . However. the development of catalytic conveT1ers. as discussed in 
Chapler 9. made it possible for th e internal combustion engine to mee t emiss ion standards 
at that time . and remain a dominant prime mover technology. 

SOURCES OF ADDITIONAL INFO RMATION 

The Society of Automotive Enginee rs (SAE) ilnd the American Society of Mech;mical 
Engineers (A.SME) hold regular national and reg ional meetings. as we ll as rllhli.~h confe r­
ence andjoumal proceedings on topics relatetJ to internal combustion engines. Their Internet 
web nddresses arc \\·\\"\I' .. Wlt'. 0r,t.'. and 11'1I·11'.(l .fl1rt'.nrg. The lext web page has a listing of web 
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sites related to internal combustion engines. The sites include internal combustion engine 
manufacturers . professional societies. univer.;ity research Inboratories. nationru Inboratorie3. 
and application areas such as :lutomobiles. trucks. mot orcycles. and airplanes. 
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1.9 HOMEWORK 

1. (0) Deri ve a formula for the dimensionless cylinder volume V(O)/V(O) as a function of 
the cr:lnk angle. O. compression ratio. r, and dimensionless stroke. e = s12/. 
(h) Plot the dimensionless cyli nder volume for the cnse of r = 1O . .r .,. 100 mm. and 
1 = 150 mill. 

2. (n) Derive Equation 1.6. 

(h) Plot the dimension less piston ve loci ty for .r = I ()() mm and I = 150 mm. 

3. To illustra te the effect of comhustion chamber geometry on swirl amplification consider 
an uxisymmelric engi ne where at bottom center the velocilY field of the air inside the 
ey linder is ilpproximately I', = I': = 0 and "e = V,,(2r/b) . The cylinder has a bore. b. IlJld 
the pi ston has n disk-shaped bowl of diamete r. d. and depth. II . TIle motion is said to be 
solid body since the gas is swi rling as though it were a so lid . If at top dead cen ler the 
motion is also solid hody and angu lar momentum is conserved during compression. what 
is the ratio of the initial to final .~ wirl speed, IV, as a function of the compression ratio and 
the cylinder geometry? The moment of inertia of solid body rotation of a di~k of diame­
ter. d. and depth, II . is I = 7f plu/'!/ 32. 

4. Assuming that the mea n effective pressure. mean piston .~ peed. power ~r unit piston an-a. 
and mass per unit displacement vo lume arc all size independent. how will lhe power per 
unit weight of an eng.ine depe nd upon the number of cylinders if the tala I di sp lacement 
i.~ cO II.~tant ? To make the analysis easier, assume Illat the bore and stroke are equal. 

5. Compute the mean pislon speed, bmep (bar). torque (Nm). and the power pcr piston area 
for the following engines: 

Bore Stroke Sr«d P')\Io'cr 
Eng. ine (mm) (111m ) Cylinde~ Irpm) (kW) 

Marine 136 127 12 2600 III K 
Dragster lOR 95 R r..IOO •• 7 
Formula One: R6 57 R 10500 522 
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consl<lnl speed condition,typically 1200 rpm. Each cy li m.lcr has two intake and two ex haust 
valves. The piston has ;1 combustion bowl wiul a deep dish concelllrated near the cenl~r uf 
UIC piston, so most of the clearance vo lume is in the piston bowl. 

Since natu ral gas e ngi nes arc opcratell le~ln to reduce nitrogen Dxi lles (NO.). prech;lIl1-
bers arc used to initiate iI stable combust ion process. Pressurized natuml g.IS is inj~ t.: tcd 

into a prechambcr above Ihe piston, and a spark plug in Ihe prechamber is lIsed lu igllite 
me natural gas. The inc rease in pressure projects the burning mix lUre inlo the main com­
bustion chamber, where the finul stages of the combustion take p lace . Precharnbcrs are 
also used in high-speed diesel cngines to achieve acceptable mixing. 

1.6 At:rERNATlVE POWER PLANTS 

In this section aitemat ive power p i;lIllS w ill be disc ussed in terms of a parti cu lar applk .. -
tion whe re they dominate the fi eld by ha vi ng some advantllge over the internal combus­

tion eng ine. 
, First , consider elcctrk motors whi..:h compete in the range of powers less Ihan athlut 

sod kW. They are used, ror exampk, in rorklirts operated within a r:H::tory o r warehuuse. 
Interna l combustion engines are not applied in this case because they would build li p hi gh 
leve ls of pollutants such as carbon monoxide or nitric oxide. Electric motors arc found in 
a variety of applications , sut.:h as where the noise and vibration of a pi ston engine or the 
handl ing of a rucl arc unacceptable. Other examples are easy to think o r in both inuus ­
trial and residential sec tors. Electric mo tors will run in the absence of ilir, suc h as in oute r 
splice o r under water; they arc explosion proof; and they can operate at cryogen ic tem­
peratures. If one can g~ncrali ze , one migh t state with respect to e lectric molors that internal 
combustion engines le nd 10 be found in applicat ions whe re mobilit y is a requirement or 

electricity is not available . 
Propo ne nl s of eleclric vehicles poillt out th at almost any fue l c an be used to ge n­

erate e lectri c ity. therefore we can reduce our de pendence upon pe tro leum by switc h­
ing to e1eclfic vehi cles . T he re wo ul d be no ex huust emissions emi tted throughout an 
urban e nvironment. The emiss ions produced by the new electric generuting stations 
could be loca li zed geographically SO :l S to mini mize the erfect. Thl.! main prob lem with 
electri c ve hicles is the batteries used for e ne rgy storage . The elec tric vehicles that ha ve 
been built to date have a limited rang e of only 50 to 100 rni (80 to 160 km), on the 
order of one -fi ft h of whal can be easi ly real ized with a gaso li ne eng ine powe red vehi­
cle. It is ge ne rally recog nized that a break through in battery tec hno logy is requ ired if 
electric vehicles arc to become a signifi ca nt part of the automotive fleet. B;lI te ries have 
about I % of the ene rgy per uni l mass of a typi cal vehicular fuel. and a lift! span of 

about 2 years. 
Hybrid electric ve bides (HEV), whkh incorpora te a small inlemai combustion en ­

gine with an elec tric motor ;1Od S10rJge ba tteries, have been the subjec t of recent research, 
and as of the year 2000, have reac hcd the produc tion stage , primaril y due 10 the ir luw fuel 
consumption and emiss iun levels. The first HEY was Ule Woods "Dual Power" automo­
bile, introduced in 1916. A hybrid electric vehicle has more prumist! than an electric 
vehicle. since the HE V has an intemal combustion engi ne to provide Ihe energy to mee t 
vehi cle range requirements. The battery Ihen providcs the addit ional power needed for ac­
celeration and c lim bing hills . The fuC:!s used in the HEY engi nes in current produclion 
include gasoline, diesel. and natural gas. 

As shown in Figure 1-25, the engine and electric mo tor are pl uced in cither II series 
or paralic:! configuration. In a series co nfigura tion only the electric motor with power frolll 
the b:lltery o r generator is lIsed to dri ve Ihe wheels. The inlenml co mbustion engine is 
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mailllaineLl at its most effi ci enl and lowes t emi ssiu n operJting poi nts to run the genemtur 
;Uld charge the s torage balleries. Wi th the par-Jllci cunfiguration, the engine and electric 
motor CUll be used scpar..t!cly or toge ther to power the vehicle. The motors can be used 
as generators during braking 10 int.:n:ase vehicle e fficiency. 

TIle fucl ce ll dectrie vehicle (FCEV) is c urre ntly in lhe develo pment phase. The chem­
ical reacti on in a fue l cell produces lower emiss ions relati ve to combust..ion in an internal 
combusthm engine. Recent developments in prOton exchange membrane (PEM) technol· 
ogy have been appl ied to vehicu lar fuel ce ll s. Cu rrent PEM fuel cells arc: small enough 
to fit be neath a vl.:hit.:lc·s noor ne~t to storage balteries and deli ver 50 kW 10 an electric 
mutm. The rEM fuel cell rC 4uires a hydrogen fuel so urce to operate . Since there is 
presently no hydrogen fucl s torage infrastruct ure, oll-boanJ reforming of methilOol fuel to 
hydrogen ami CO~ is abo required. The reformi ng e ffi c·iency is about 60%. so coupled 
with a fuel ce ll eflici ent.:y o f 70%, and u molor effic iency of 90%, tIle overa ll fuel ce ll en­
g ine efficie ncy will be .. bout 4U%, compar.Jblc with high efficiency internal cumbusti on 
ellgi ncs. Curren t estimates an: that fuel cell vehicles will be in production by 2005. 

Gas tu rbi ne engines co mpete wi th intefllul co mbustion engines on the uthcr end of 
the power spectrum. al powe rs greater than about 500 kW. The advantages offered depe nd 
U I\ the applic;ltio ll . Facto rs to I.:Onsider arc [he efficie ncy and power per unit weigh t. A gas 
turbine cons ists basica lly of a compressor- bufller· turbine co rnbinulionlhal provides u sup­
pl y of hOi , high· pressure g;IS. Thi s molY then be expanded through a noulc (turbojet). 
Ihrough a turbi ne, to drive a fan, and thl.: n through a nou le (turbofan), through u turbine, 
10 drive a prope ller (turboprop), or through a turbine 10 spin n shaft in Q sta tiunary or 
ve hicular applicOition. 

1 
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Figure 1·21 A 5.9 L l(i nn . highway die .~eI engine (Counesy PriceWeher.). 

' ''----

Figure 1-22 A ]·Ui L L6 hCJvy duty tn.K"k die.~cl 

engine cr(lS~ ~c~linn (Bakk and I-/ciI7.111;UI. 199·1). 
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].5 Engine Examplc~ 13 

Figure 1-23 A stationary natura] g;'\~ engine (Coune~y of Cooper Energy 
Ser\"ice~, inc.). 

Fi~lm~ )·24 A 9·1 L LR stalinn:ITY 
naturJ\ g<ls engine crms ~cction 
(Co\Jne.~y of Cooper Energy 
Service~, Inc.). 
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charge is greater. The power availahle 10 dri ve the compreS!;or when turhochnrg ing is a 
nonlinear funcrion of engine speed such th;11 at low speed!; Ihere is lillIe, if any, bO() .~1 

(density increase), whereas al high .~ peed .~ the boost is maximum. It is ;lIso low at part 
throttle nnd high at wide-open throttle. These nrc desirable characteristics for an nutoma­
Li ve engine si nce throliling or pumping losses arc minimi7.ell . Most Jarge and medium si ... e 
diesel engines arc turbocharged to increase their efficiency. Super and turhocharging are 
discussed further in Chapler 7. 

Fucl Injectors and Carburetors 

Revolutionary changes have taken place with computerized engine controls and fuel de­
livery systems in recenl years and the progress continues. For, el.ample. the ignition and 
fuel injection are computer controlled in engines designed for vehicular applications. 
Conventional carburetors in automobiles were repl aced by throttle body fuel injectors in 
the 1980s. which in turn were replaced by port fuel injectors in the I 990s . A thrall Ie body 
injector is a fuel injector located at Ihe intake manifold before the manifold branche s to 
the individual cylinders. Due to its distance from the cylinders. it injects a continu ous 
spray of fuel into the manifold. Port fllel injectors nrc located in the intake port of each 
cylinder just upstream of the intake valve. so there is an injector for each cyli nder. The 
port injector does not need to maintain a continuous fuel spray, since the time lag for fuel 
delivery is much less than that of a throttle body injector. A port fuel injec tor is shown in 
Figure 1-16. 

Direct injection spark ignition engines are available on some production engines. With 
direct injection, the fuel is sprayed directly into the cylinder during the late s tnges o f the 
compression s troke. Compared wiUI port injection. direct injection engines call be operalcd 
at a higher comprcssion ratio. and therefore will have a higher theoretical efficiency. since 
they will not be knock limited. They will also be unthrottled. so they will have a grealer 
volumetric e ffi ciency at part load . nle evaporation o f the injected fuel in the combustion 
chamber will have a charge cooling effect , which will also increase il<; volumelric efficiency. 

Cooling Systems 

Some type of cooling system is fCqu ired to remove the approximately 30% of the fuel energy 
rejected D..~ wa.~le he;lI. There nre two main types of cooling systems: waler and air cooling. 

j 

Aa\um line 
check volve 

Filter sock 

Fuol return 

Fuel rail 

Intake 
manilold 

Prossure 
regulator 

Figure 1· 16 A muhipoint fud injct::tinn ~ystcll\ (Allen :lIlU Rinschlcr. 19R4). Reprinted wilh 
pc=rmi~~ion (;I 19f1,1, Socit::ty of Automnti ve Engineers. Inc. 

J.S Engine Ex.ample, 19 

Healer core 

Figure 1·11 Pl1r:llleJ coolanl now. GM L-4 (Walker. 1982). Reprinted with pc:nniuion 0 
1982. SocielY of Automotive Engineers. Inc. 

As shown in Figure 1·17, the water cooling system is usually n single loop where a water 
pun~p sends c~lan t to the engine block, and then to the head. Warm coolant nows through 
lhe Inl.'lke mamfold 10 wann il and thereby assist in vaporizjng the fuel. TIle coolant willlhcn 
flow to a radiator or heat exchanger. reject the waste heat to the atmosphere, and flow back 
10 ~Ie pump. ~e~ the engine is cold, a themostal prevenl~ coolant from returning to Ihe 
radlat~r. resultmg '~ a more r.lpid wann·up of the engine_ Wnler.-cooled engines are quieter 
than mr-cooled englncs. but have leaking. boiling, ;lOd flUling problems. 

. Eng~nes with relatively low power output. less than 20 kW, primarily uS(: air cooling. 
Air coohng ~ystems use fins to lower the air sille surface temperature (see Figure 1-5). 
An early engine. Ihe Mars, had a finned air-cooled cy linder and water.cooled heads. Engine 
heat transfer is the topic of Chapler 8. 

1.5 ENGINE EXAMPLES 

Automotive Spark Ignition Four-Stroke Engine 

A 60° V6 3.2 L automobile engine is shown in Figures 1· 18 and 1·19. TIle engine has 
a R9 mn~ bore and ... s troke of 86 mm. TIle maximum power is 165 kW (225 hp, at 5550 rpm. 
1!1C englllc has a .slOgle overhead camshaft per piston bank with (our valves per cylinder. TIle 

~Istons are fl.al wllh n.OIche.~ for valve cJeilrance . TIle fuel is mixed wilh the inlet our by spr.l)" 
Ing Ule fuel Into the IIllake port al the V-junction just nbove the inl.tke valves. A!o shown in 
Figure ' -20. the overhead cil m.dmft aels on both the intake and exhnlL~1 valves via rocker 
anns. NOle that roller bearings arc used on the rocker anns to reduce fricti on. nle clear.lnce 
volum e is formed by an angled "pent roof" in the cylinller heOO. with the valvl:s also angled. 

The engine has va ri<lble v<llve timing applied to the intah valves with a shiff from 
low-lift s.hort duration . cam lobes to high·1ifllong durution cam lobes abovl: 3500 rpm . In 

the low-11ft ~~ort dura~lon c~lm operation the two intake valves have slaggc:relltiming whiL'h 
creales addilio nal SWirl to IOcrease name propaga tion nnd combustion s tability. 
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Figu~ 1·14 Exnmple or overheau c:LII1!ohafl (Newton, 1983). 
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Figure 1·1S Turbocharger schelllatic. (Counts), of Schwitzer.) 
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The reciproc:lIing ~otion of th e connecting rod and pi.~ton create.~ inertia l forces and 
moments that need 10 b~ cons idered in the choice of an engine configuration. The in ­
stanlaneous accelerlltion of Ihe rec ipmC:lI ing ma.~se.~ can be ohtained by djffer~nlialjng 
Equation 1.4 with respcct Iu lime. Rel1rrangement of Equation 1.4 and replacing 0 wilh 
WI gives Ihe inslnnt:lOeuus position y: 

(I. r 3) 

The a/I values for Ihe slider-crank gcometrics IIsed in modem engines nrc approximately 
1/3. so thelenn (a/If - 1/9. Using the seriesc:tpansion approximalion (I _ f:) 1/Z - I - r:/2. 
the displacement y call be approximated as 

0' 
y = n( I - cos wr) + 2i sin 2 wi (I. r <I) 

From the trigonometric identity sin~ lUI = ( I - cos 2W1)/2. we have 

( 
",) of 

)' = a + - - acoswl- - co~2wr 
41 4/ . (I. r 5) 

TIle velocity and acceleration arc therefo re 

dy (. a. ) 
dt = aw Sin tv( + ii Sin 2wt ( 1.16) 

-1 = nw' cos w( + ~ cos 2tvr d~ ( ) 
d{ I (I. r 7) 

If these terms arc multiplied by the mas.~ of tile pislon lind the effective mass of the 
connecling rod, Ihe vertical (y-direclion) momentum and inertia terms result. Note th at 
Ihese Icons have two components. one varying with the same speed as the crankshaft, 
known as the primary tenn, and the olher vary ing al twice the crnnkshaft speed, known 
as the secondary term. In the limit of an infinitely long connecting rod, the motion is 
simple harmonic. 

In multicylinder engines, the cylinder arrangement and firing order are chosen to min­
imize the primary and secondary forces and moments. Complete cancellation is possible 
for the following fou r-stroke engines: in-line 6- and 8·cylinder engines: hori7.0nla lly 
opposed 8- and 12-cylinder engines, and 12- and 16-cylinder V engines. 

Intake and Exhaust Valve Arrangement 

Gases arc admitted and expe lled from the cylinders by valves lilal opcn and close at the 
proper times, or by ports that are uncovered or covered by the piston. TIlete afe many 
design variations for the intake and exhaust va lve type and loca tion. 

Poppet va lves (see Figure 1-12) arc Ihe primary valve type used in internal com­
bustion engines since they h:lve excellent scaling characteristics. Sleeve va lves have 
also been used, but do not seal the combustion chamber as well as poppet va lves. The 
poppet valves can be located either in the engine block or in th e cylinder head, 
depending on manufactu rin g and cooling considerations. Older automobiles and small 
four-stroke eng ines have the va lves located in the block, a configuration termed ""_ 
derhead or L·head. Currently. most engines usc valves located in the cylinder head, an 
overhead or [-head conliguration, as this configuration has good inlet and exhaust flow 
characteristics. 

Rockor 

Bnso clrdn 

Figure 1·12 Poppel-valve nomenclature (Taylor, 1985). 

t.4 Engine Configur:lIioru IS 

Valve-seal 
Inser1 

The valve timing is controlled by a camshaft that rotates at half the engine !'ipccd for 
four-slroke engine. A valve timing profile is shown;n Figure 1-13. Lobes on the camshaft 
along with lifters, pushrod~. and rocker arms control the valve motion. Some engines uS(! 
an overhead camshaft (~ee Figure 1-14) to eliminate pushrods. The valve timing can be 
varied to increase volumetric cfliciency through the use of advanced camshafL~ that ha\'e 
moveab le lobes, or wilh electric va lves. Wilh a change in the load. the valve opening 
duration ;lIld timing can be 'Idjusted. The gas now through an engine is discusscd in 
Chapter 7. 

Superd~argcrs and Thrbochllrgers 

AI/lhe eng ines discussed ~o far arc nalurnlly aspirated. nOI5I1put:harg~d or turbocha'Rl'd. 
Supercharging is mechanical compression of the inlet air 10 a pressure higher th~n stan­
dard atmosphere by a compressor powered by the crank.shaft. The compres!.or ralSCS the 
density of the incoming clt:1rgc so that more fucl and air can be delivered 10 the cylinder 
to increase the power. 

The concept of turbocharging is illustrated in Figure I-I S. E~haust gas leaving an en­
gine is further expanded through a lurbine that drives a compre~sor. The benefits are 
twofold: (I) the engine is more efficient because energy that would have othcrwi~ been 
wasted is recovered rrom the exhaust gas; and (2) a smaller engine can be conlitructC'd to 
produce a given power because it is more efficient and because the density of the incoming 
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Figure 1- 10 Brake 
menn effective pressure 
al WOT versus lUeall 
piston speed of IWO 
automotive engines . 
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efficiency is also innuem:cd by [he valve size, valve lift. and valve timing. The shape ami 
locut ion of the peaks uf the volumt!tric efficiency curve an! very sensitivc to the manifold 
conliguration. Some configurations prouuce a nat curve, o thers prm.luce a ve ry pt!akt!d 
and asymmetric curvc. 

TIle bmep of Iwa diffcrcnl di splaccment aUlOnlubile engi nes is compared vcrsus IIIt'lIl 
piston speed in Figure 1-10. Notice that whc n performance is scaled 10 be size indepemlenl 
there is considcfilble similarity. 

1.4 ENGINE CONFIGURATIONS 

Internal combustion engi nes can be built in man y di fferen t configurations. For II givcn 
engine, using a four- or two-stroke Otto or Diesel cycle, the configurations arc char­
acterized by the piston-cylinder geometry. the inlet and ex haust valve geometry, the 
usc of super or turbochargers, the type of fucl delivery sys tem. and Ihe type of cooling 
sys tem. 

Piston-Cylinder Geometry 

Since Lhe invenlion of the intenlal combustion engine. many different piston-cylinder 
geometries have been uesigned, as show n in Figure 1-11 . The choice of a given arrange­
llIent depends 011 ,ll1umber of factors and constraints, such as engi ne! balancing amI avail­
able volume. The ill-lilll: engine is th t! moSI prevalent as it is the simplest to manufacture 
and lIlainlai n. The V engine is fomlcd from two ill-line b'.IIIks of cylinders set at an ang le 
to each other. fOnlling the letter V. A horiwnlally opposed or nal engine is a V engine 
with 180" offset piston banks. The W engine is formed from three in -line banks of cylin­
ders set at an angle to cach other, forming Ihe letter W. 

A rudia/ cngine has all of Ihe cylinders in one plum! wilh eqllill spacillg between 
cy linder axes. Radial engines are used in air-cooled airc raft applications si nce each 
cylinder can be cooled equally. Since the cylinders afc in il plane, il master connecting 
rod is uscd for one cylin(]er, and articulated rods are altached 10 the master rod. 

Ahematives 10 Ihe reciprocating piston-cylinder arrangement have also been devel ­
oped. such as the rolary Wankel engine!. Huwever, the reciprocating piston-cy linder 
combination remains the dominant form uf the internal combusti on engint!. 

(u) In line 

(/1) Horizontally opposod 

Figure I-II Varillm pislOu cylinder 

geumetnes (a-e) (Obert. 11)50) and 

(0 (Courtesy of Adapcu. 1m:.). 

(c) Opposed pis Ion 
(crankshnlts geared togolher) 

IJ) V 

V) Radial 
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Fi~urc 1-7 Marine engine. ( Cou rte.~y Mall 13&W Dic~c:t .) 

There is good re;lson ror this: all engines tend to be made from simililr m;lteriil [S. TIle 
snmll differences noted could he illlrihl11ed 10 dirferent service criteria for which the engine 
was desig ned . TIle illlt01l1nl ive and model airplalle mobile ellgines arc 1110re hi ghly .~Iressed 
,mel ligh ler than lhe diesel ~Ialionary engine. Since material stresscs in ill1 engine depe nd to 
a first order on ly 011 the h111ep and mea n pi."hm speed, it ro llows Ihat fo r Ihe same stress 
limit imposed by the TTlOll eria!' all cngines shou ld have the SOllne blllep and mean pi ston 
speed. Finally, si nce the engi nes geflllletrit:ally resemhle (lIle another independent of size . 
the mass pe r unit di!'iplace111eru volume is mure or less independent or eng ine .~ i 7.e . 

n\{~ wide npen thrott le perfoTluancc of " 1.0 L aut omoti ve rour-stroke engine is 
rllllled in Figure' -R. As with mos t eng ines. the lorque and power hOlh ex hihit maximO! 
with engine speed. Viscous fri ction c ffcr.:t.~ i11l:re;l.~e qU:ldmlica ll y with engine .~ peed. 

causing thc tOHI"C Cllrvl' In decreasl' OIl hig h eng ine speeds. The lIl;u imu m Inr'llle 01.:­
CUT!'i at lower speed Ihal1 111a:<imll l11 power. sillce power I!> Ihe prnuuci of torque ,UHf 
!>pceu. The speeu al which peak wrquc ncc llr.~ is called th e 111a xill1\1111 hrakc torqu L' 
(MBT). Noticc that th e torque curve is rippled. This is due to hnth inlet :lOtI exhall~ t 

airnow dynamics :!mlmechan ica l frict ilill. di sclISsed in Chaplers 6 amJ 7. 
111C vnl ull1ctri e crri cie ncy \'ers \l .~ engine .~pccd for various intake manirold configu ­

rations of nn automotive rour-stroke cngine is .~ hown in rigurc I-C) . The voIU n1 ctril.: 

Fi~ure 1.8 Wide-open Ihronk 
pcrfonn ance of an automotive 
fn\Jr-.~tmke engi ne . 
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would occupy Ihe displaced volume al the dcnsity Pi in the intake manifold. Note Ihat 

volumetric efficiency is <I mass ratio and not a volume ralio. For a four- s troke engine the 
volumetric efficiency is 

2(';1" + Jill) 

Pi Vd N 
e,_ = ( 1.12) 

In Equation 1.12, ';11 is the flow rate of the fuel inducted. For a direct injection engine 
tit! == O. The factor 2 accounts for the two revolutions per cycle in a four-stroke engine. 
TIle intake manifold density is used as II reference condition ;nsle,ld of the standard 
atmosphere, so that supercharger performance is nOI included. For two-stroke cycles, a 
parameter related to volumetric efficiency called the delivery ratio is defincd in terms of 
the air flow only and the ambient air density instead of the intake manifold density. 

It is desirable to maximize the volumetric efficiency of an engine since the ,lIllount 
of fuel that can be bumed <lnd power produced for a given engine displacement (hence 
size and weight) is maximized. The volumetric efficiency depends on the intake manifold 
configuralion, valve size, lift, and timing. Although it does nOI influence ;'n lilly way the 
thermal efficiency of the engine, it will inlluence the efficiency of the system in which it 
is installed. Clearly, heavier engines in a vehicle will reduce the fuel economy. If Olle cun 
realize the same power from an engine that is lighter but of thermal efficiency compara­
ble to the heavier one, the fuel economy will go up. 

The perfonnance charactcristics of a small two-stroke compression ignition model 
airplane engine (see Figure 1-5), a four-stroke spark ignition automobile engine (sec 

!
,.-.-..... 
(-<~' .. , ..•. ~ '-

... ~' . . . 
l '. : 

1<' 

Figure 1~5 Moderairplane engine. (Courtesy Roger J. Schroeder/Classic Model Airplane 
Engine Construction Kits.) 

Figure 1-6 Automobilc cngine. 
(Councsy Merecdes· Bcnz 
Photo Library.) 

J.) Opcr.lIionlll Purarnelers 9 

Figure 1-6), and a l'lrge two-stroke stationary compression ignition engine (see Fig­
ure 1-7) arc compared in Table I - I . These engines represcntlhe smallest, average, and 
largcst sizes of internal combustion engines. It should be noted that when scaled 
corrcctly, all piston engincs arc remarkably similar. As Table I-I illustrates. the mean 
piston speed is about 5 mIs, and the bmep is about 5 bar for the three engines. 

Table I-I Comparison of lliree 11Itcnlill Combustion Engines 

Modd 
Characteristics Airplane Automotive: Marine: 

Bore (Ill) 0.0126 0.0119 tl.737 

Stroke: (ml 0.0131 0.0110 1.01b 

Displacement per cylinder (Ill I) 1.6 x JO " -1.98 X 10 ' 0.·0) 

Power per cylinder (kW) 0.1 \6 .S 529 

Engine speed (rpm) [ 1,·100 2500 160 

Mass pc:r cylinder (kg) 0.12 ).t) 356 X 10' 

Mean piston speed (m/s) 5.0 6.6 5.6 

Bme:p (bar) 3.2 8.0 ' .5 
PowerNolulllc (kW/m)) 6.3 x 10' ).4 x 10' 1.2 x 10' 

MassNolume: (kg/llI l
) 7.5 X 10 · ~ 8.2 X 10 ' 6.9 X 10 1 

PowerlMass (kWlkg) 8.4 X 10-' 4.1 x 10' l.7 x 10" 
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1.3 

die~e1 or fuel injcctcd gasoline engine. loss of fucl is 1101 a prob lem since air only is used 
for scavenging. Two-slroke er.gi nes arc discussed furthe r in Chapter 7. 

OPERATIONAL PARAMETERS 

The perfonnance of the internal combustion engine is characterized with several geomet­
ric and thennodynllmic parameters. For nny one cylinder, the cranks hart, connecting rod . 
pi ston, and head assembly can be represen ted by the mechanism shown in Figure I-I . Of 
particular interest are t11e following geometric parameters: bore, b; connecting rod length, 
I; crank mdius. n; stroke .. r; and crank angle. n. The crank radius is one-half of the stroke. 
The top dead center (tdc) of an engine refers 10 the crankshaft being in a position such 
thnt 0 = 00. The volume in this position is minimum Ilnd is often called the clearance 
volume, V, .. Bollom dead center (bdc) refers 10 tbe crankshart heing at n = IROft. The 
volume VI is nHlll.imum at holtom deml center. 

The compression mtio. r. is defined as the ratio of the maximum 10 minimum volull1e. 

V!1<lc VI 
r=--=-

VIde Vr 
(I.I ) 

The displacemen t volume. Yd. is the difference between the maximum and minimum 
volume; for a single cy linder. 

1r 
V~ = V, - v =-b2 r 

IJ r 4 . ( 1.2) 

For multicy linder engines, the lolal di splacement is the producl of the number of cylin­
ders. II r • and the displacement volume of a cy linder. 

nle instantaneous volume at any crank ang le is 

( 1.J) 

where y is Ihe inslanlaneOlls stroke 

y = I + a - [(I~ - n~ s in ~ (})Ir. + II cos OJ ( 1.4) 

TIle mean piston speed is an important parameter in engine design since stresses and 
other factors scale with pislon speed rather than with engine speed. Since the piston trav­
els a distance o f twice the stroke per revolu ti on it shou ld be clear that 

Up = 2N.r ( 1.5) 

The engine speed. N. refers to the rotational speed of the crankshaft and is expressed in 
revolutions per minute. The engine frequency. w. also re fers to the rotation rate of the 
crankshaft bUI in units of radians per second. The il1stantnneous piston speed is 

[

cosO ] 
U'-(O) = !!: sin 0 I + ((')' ., )'fl 

U 2 - - Sln - 0 , a 
( 1.6) 

The brake power. \Vh , is the rate at which work is done; and the engine torque, T, 

is a meas ure of the work done per unit rotation (rad ians) of the c rank. The brake power 
is the power output of the engine. and measured by a dynamometer. Early dy­
namometers were simple brake mechanisms. The brake power is less than the bound­
ary rate of work done by the gas. called indicated powe r, partly because of friction. As 
we shall sec when discussing dynamometers in C hapter 5. Ihe brake power and torque 

1.3 Opcriilioniil Pan.melen 7 

arc related by 

11.71 

TIle net power is from the complete engine: whereas gross power is from an engine with­
out the cooling fan. murner. and lail pipe. 

The mean effective pressure (n¥:p) is the work done per unit displacement volume. 
It scales out the effect of engine size. Two usefu l mean effective pressure parnmelen are 
imcp and bmep. The indicated mean effective pressure (imep) is the net work per unit di~­
placement volume done by the gas during comprc.!ision and expansion. The pressurc in 
the cylinder initially increases during the expansion stroke due 10 the hent addition from 
the fuel, and then decreases due to the volume increase. The brake mean effective prc~­
sure (bmep) is the external shaft work per unil volume done by the engine_ 

The mean effective pressure is the llverage pressure that rcsults in the same amount 
of indicated or brake work produced by Ihe engine. Based on torque. the bmep is 

41rT 
bmep = - (4 stroke) 

V, 

21rT =v; (2 stroke) 

and in tenns of power the bmep is 

2lV/t 
bmep = - (4 strOke) 

V,N 

= Wb 
V,N 

(2 stroke) 

(~) = ( J rev k: in CYcle) 
cycle m - -- . -- . -­

min 60 s rev 

( I.RI 

( 1.9) 

since the four·strokc engine has two revolutions per cycle and the two-slJ'Oke engine h:t!i 
one revolution pcr cycle. 

The brake specific fuel consumption (bsfc) is the fuel now rate mf. divided by the 
brake power Wh 

(1.10) 

The bsfc is a measure of engine efficiency. In fact. bsfc and engine efficiency are inversely 
related. so that the lower the bsfc the beller the engine. Engineers use bsfc rather than 
thennal efficiency primarily because a more or less universally accepted ddini tion of Iher· 
mal efficiency docs not exist. We will explore the reasons why in Chapter 4. Note (or now 
only that there is an issue with assigning a value to the energy con lent of the fuel. lei us 
call that energy the heal of combusti on qr; the brake thennal efficiency is then 

Wit I 
~=-- =---

m,qr bsfc . qr 
(1.11 ) 

Inspection of Equation 1.11 shows that bsfc is a valid measure of efficiency provided q, 
is held constant. Thus two different engines can be compared on a bsfc ba .. is provided 
that they arc operated on the same fuel. 

Another perfonnance parameter of importance is the volumetric efficiency. t',. II is 
defined as the mass of fuel and air inducted into the cylinder divided by the mass that 
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Figure 1-3 Dicsel cycle intake, comprcss ilill and combustion processes (Merrien, 
1994). Reprinted wilh penllission «:I 191)4. Society of Automotive Engineers, Inc. 

3. Evuporution, mixing, ignition, and combustion of the diesel fud during Ihe latcr stages 
of the compression stroke and the first part of the expansion stroke. 

4. An exhaust stroke th,lI pushes OUI the bumed gases past the exhaust valve. 

The inlet air ill the diesel engine is uuthrolllcd. The power is controlled by the alHuulll 
of fuel injected illlo the cylinder. In order to ignite tile fuel-air mixture, diesel engines IIrc 
requin::d to operate at 11 higher compression ratio. resulting in u higher theoretical effi­
ciency compared to spark ignition (SI) engines. Since the diesel fuel is mixed wilh cylin· 
der air just before combustion is to commence. knock similar to thai in SI engines does 
not limit the compression ralio of a diesel engine . Diesel engine perfomlance is limited 
by the fannation of smoke, which forms if there is inadequate mi)(ing of Ihe fuel and air. 
As we shall see, many different diesel combustion chamber designs have been invented 
to achieve adequale mi xing. 

1.2 Engine Cycb 5 

'(\vo-Stroke Cycle 

The twu-strokt! cycle was uevelopcd by Dugald Clerk in 187M. As the name implie~. 
two-stroke ellgine~ !Iced only two strokes of the piston or one revolution to complete a 
cycle . There is a power s trok!! every revolution instead of every two revolutions as for 
four-s LIokc engines. 'f\'JO-strokc cng ines are mechanically simpler than four-stroke en ­
gines, ,lIld have a higher power to weight ratio. The principit.: of operation of a crJnkca.\e 
scavenged two-stroke cycle is illustrated in Figure 1-4. 

During compression of the crankcase scavengetltwo-stroke cyde. a sub-aunosphcrit.· 
pressure is crealed in the crankcase . III the example shown. Ihi s opens a reed valve Ict· 
ting air rush inlo the cfilllkcase. Once the pistoll rever.;es direction during combustion anti 
expansion begins, the lIir in the crankcase closes the reed valve so that the air is com· 
pressed. As the pislUlI travels fun her, it uncovers hules or exhaust pons, and exhaust gases 
begin to It!uve, rapidly dropping the cylinder pressure to that of the utmosphere. Then the 
ioWke ports arc opt!lIed ami compressed air from the cr.mkcase nows iolo the cylinder 
pushing out the remaining exhaust gases. This pushing oul of exhau!)t by the incoming air 
is called scavenging . 

I'-Icrein lies one problem with two-slroke engines: Ihe scavenging is not perfecl: some 
of the ilir wi ll go straight through the cylinder and out the exhaust port, Ii process called 
shon ci rc uiting . Some of the air will also mix w ith exhaust gases and the n::mnining in ­
coming air will push oul a portion of this mixture . The mngnitude of the problem is strongly 
tlependcnt on the port designs and the shape of the piston top. 

Less than perfect scavengi ng is of parlicular concern if the engine is II carbun::ted 
gasoline eng ine, for instead of <lir being in the crankcase there is 11 fuel-air mix ture . Some 
of thi s fud-air miXlurc will short ci rcuit ilnd appear in the exhaust. wllsting fuel nnd in­
creasing the hydrocarbo n cmissions. Carburet cd two-slroke engines are used where effi­
ciency is 1101 of primary COIlCt!fIl and advantage can be taken of the engine's simplicily: 
this translates inlo lower cost and higher power per unit weight. Familiar examples include 
motorcycles. chain suws , outboard mOtors. and lIludel airplane engines. With a two-stroke 
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. V II Crankshaft 

As a consequence, the thermal efficiency has increflsed from about 10% to values as high 
as 50%. Since 1970, with the recognition of lhe importance of air quality, there has also 
been a great deal of work devoted to reducing emissions from engines. Currently, emis ­
sion control requirements arc one of the major factors in the design and operation of in ­

ternal combustion engines. 

1,2 ENGINE CYCLES 

There are two major cyclc.c; used in internal combustion engines: Otto and Diesel. The Otto 
cycle is named after Nikolaus Otto (1832-1891) who developed a four-stroke engine in 1876. 
It is also called a spark ignition (SI) engine, since a spark is needed 10 ignite the fuel-air mix­
ture. Otto is considered the inventor of the modem internal combustion engine, and the founder 
of the internal combustion engine industry. The Diesel cycle is named after Rudolph Diesel 
(1858-1913) who in 1897 devclope:d an engine designed for tlle direct injection of liquid fuel 
into the combustion chamber. The Diesel cycle engine is also called a compression ignition 
(CI) engine, since the fuel will auto-ignite when injected into the combustion chamber. 11le 
Duo and Diesel cycles operate on either a rO\lr~ or two-stroke cycle. 

Otto Cycle 

As shown in Figure 1-2, the four-stroke Quo cycle has the following sequence of 

operations: 

1. An intake stroke that dmws a combll.~tible mixture of fuel and air past the throttle and 
the intake valve into the cylinder. 

2. A compression stroke with the valves closed which raises the temperature of the mix­
ture. A spark ignites the mixture loward the end of the compression stroke . 

3. An expansion or power stroke resulting from combustion of the fuel-air mixture. 

4. An exhaust stroke tlmt pushes out the burned gases past the exhaust valve. 

Air enters the engine through the intake manifold, a bundle of passages 10 distribute 
the air mixture to individual cylinders. TIle fuel. typically gasoline, is mixed using a fuel 
injector or carburetor wilh the inlet air in the intake manifold, intake port. or directly 

Intake 

Spark 
plug -~--',d 

Cvlinder ~::::::::~~~JI 
Piston -

Figure 1-2 A four-stroke 
spark ignition cycle. 
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injected into the cylinder. resulting in the cylinder filling with a homogeneous mi,;ture. 
When the mixture is ignited by a spark, a turbulent flame develops and propagates through 
the mixture, raising the cylinder temperature and pressure. The flame is extinguished when 
it reaches the cylinder walls. If the initial pressure is too high. the compressed gao;es ahead 
of the flame will auto-ignite. causing a problem called knock. Knock limits the m:uimum 
compression ratio of Otto cycle engines. The burned gases e,;it the engine pa"t the e,;­
haust valves through the exhaust manifold. The exhaust manifold channels the exhau~t 
from individual cylinders into a central exhaust pipe. 

In the Qtlo cycle. a throttle is used to control the amount of air inducted. As the throt­
tle is closed, the amount of air entering the cylinder is reduced. causing a propor1ional re­
duction in the cylinder pressure. Since the fuel flow is metered in proportion to the air 
flow. tlle throttle in an Otto cycle. in essence. controls the power. 

Diesel Cycle 

111e four-stroke Diesel cycle (see Figure 1-3) has the following sequence: 

1. An intake stroke that draws inlet air past the intake valve inlo the cylinder. 

2. A compression stroke that raises the air temperature above the auto-ignition tempera­
ture of the fuel. Diesel fuel is sprayed into the cylinder near the end of the compre­

ssion stroke. 



Chapter 1 

Introduction to Internal 
Combustion Engines 

1.1 INTRODUCTION 

In this chaplcr we di scuss the performance ,haraclcri:.lics of internal combustion engines. 
Major engine cycles alilI Iypes arc discussc4.l . ESI.ablishing engine nomenclature and ex­
p lai ning how various Iyp(:s of engi ne s work an: emphasized. An imcmal combustion cn­
gine is tldined as an engine in which the chemical energy of the fuel is released inside: 
th e cnginc and used dircl.:lly for mechanical work. as opposed to un external combustion 
engine in which a sc:paralc combustor is usetl \0 bum the fuel. 

The inh:ma l combustion cng ine was conceived and de veloped in the lale I BOOs. II 
has had a sig nificant impaci all soc iety, and is considered one of the most s ignificant in­
ve ntions of the: last CClltUry. The in ternal combustion engi ne has been the fo undation for 
the successful development o r many commercial techno logies. For example, consider how 
the intcm ul combustion engine has transronned the transpon,afion industry, nJJowing the 
invcntion an d improvcmcnt of automobiles, trucks. airplanes. and !.rolins. 

Internal combust ion cngines can deliver powe r in the r.mge from 0.01 kW to 
20 x 101 kW, depending on their displacement. They compete in the market place with 

electric motors, gas IUrbincs, anu steam engines. The major applications ore in the vehit:. 
ular (automobilc and truck). ruilroad. marine. aircraft, home use, and stationn.ry areas. TIle 
vast majority of internal combust ion cngines arc produced for vehicular app lications, 
requi ring a power output on the order of 10l kW. 

Intcntal combu sti on engin es have become the dominant prime mover technology in 
sever;l l areas. For example , in 1900 most automobiles were steam or electrically powered. 
but by 1920 most automob iles were powered by gasoline engines. As of the year 2000. 
in the Unitcd Stules alone there are abou t 200 million molar vehic les powered by inler· 
nill combustion engines. In 1900, steam engines were used to power ships anu railroad 
locomotives; today two - and four-stroke diesel engines are used. Prior to 1950, aircraft 
relied almost exclusively o n pislon engines. Today gas turbines ~ lhe power plant used 
ill large pl anes. ami piston engincs cuntinue to dominate the market in small planes. The 
udop tion and continued usc of the illteOlal combusti on engine in different application areas 
hits resulted from its relati vely low cost, ravorable power to weight ratio. high efficiency. 
and relati vely si mple and robust opcr.lting characteristics. Alternatives to the internlll com­
bus ti on engine arc discussed in Section 1.6. 

The Jirsl internal combustion cngi ncs used the reciprocating piston-cylinder principle 
show n in Figure I-I. in which a piston osci llates back and fOM in a cylinder and Irnns­
mits powe r 10 a drive sha ft through a connecting rod and cntnksha fl mechani sm. Valves 
lire used 10 control th t: flow o f gas into and out o f the en gine. The compo nenl) of Ii re­
ciprocatin g internal combustion engi ne. block. piston. valves, cnmkshafl. and connecting 
rod, have rcnmined b;ts ically unchanged since the 1;lIe 18oos. 

The main di ffe rellces be twl!CII it modeOl day ent;i ne and one built 100 yea~ ago are 
the thermal effic iency and the emiss ions leve l. For muny years, internal combustion cngine 
rcsearch was aimed al improving thermal effic iency and reducing noise untl vibration. 
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vi Preface 

Chapter Two The Miller cycle has been added. Javn applels :Ire used 10 Ilumericnlly 
compute the heal release, pressure, temperature, optimum spark timing. etc., for a finite 
henl release model. The ana lysis of four stroke cycles has been revised, ilnd Java applcts 
for the computati on of compression and exhaust strokes, volumetric efficiency, residual 
!Taction, clc. for an ideal gas four sunkc cyc le have been added. 

Chapter Three The sections on ideal gas equations of slale, and liquids and liquid­
vapor-gas mixtures have been rearranged into concurren t sections. The combustion ca l· 
culations in the low temperature stoichiometry section have been changed to a per mole 
of fue l basis. Equilibrium combustion mole fractions and mixture propcnies fo r a 
varie ty of fuels at g iven temperatures, pressures, and equivalence ratios are computed 
using J,lva applet!>. Java applets are also used to compute isentropic changes of state. 
constant pressure and cnnstant vo lume combustion Slales for fuel·air mixlUres; and 10 

comp ute adiaba tic name temperatures for a vuriety of fuds us functio n of pressure and 
residual fraction . Examples illustrating fuel·nir equilibrium combustion calculations 

have been added. 

Chapter Four The comparison of first and second law effic iency bas been revised. A 
fuel·air ideal Duo cycle is computed using Java applets. Java applets are also used to com· 
pUle stale properties, volumetric efficiency. residuul fraction, eIC., for a fuel · air four stroke 
OUo cycle for a variety of fuels. A section comparing fuel·air cycle PY diagrams with 
actual spark ignition and compression ignition cycle PY dingrams has been added. 

Chapter Five 111is chapter h'IS a new title to reflect the e mphasis on engine testing and 
control. The dynamometer and nuid flow measurement sections have been expanded. 
Material on cylinder pressure measurements, combustion analysis, veh icle emissions test· 
ing, engine sensors and acutators. and engine digital control systems has been added . 

Chapter Six The c hapter has been revised to present ana lysis and modeling o f fric tion 
first, followed by engineering correlations for various engine components. Updated fri c­
tion models and correlations are introduced. Use of Java appleLS to compute the friction 
mean effective pressure for various compone nts is described. Grolphs have been added to 
compare t.he relative magnitudes of the various frictional processes. 

Chapter Seven TIle topics of valve n ow, discharge coefficients, valve timing, and their 
effect on volumetric efficiency have been revised and expanded. The new material on in· 
take and exhaust now includes discuss ions of intake lind exhaust tUlling and computa· 
tional nuid dynamics codes. Material on PlY measurement systems, turbulent length scales 
and turbulence models has been added. The discussion of spark ignition and compression 
fuel injection systems has been expa nded. 

Chapter Eight The chapter has been reorgani zed to put engine cooling sys tems and 
energy balance first, followed by measurements , heat transfer modeling, and tben cngi· 
neering correlations. Javn app le ts are used to compute effect of heat transfer on finite heat 
release models, and to compllre the predictions of two widely used heat lmnsfer corre1;t· 
tions. Recent material 011 radiation heat transfer is added. 

Chapter Nine The chapter has been revised with spark ignition engine combus tion 
experiments covered first, followed by knock, combustion experiments in compression 
ignition engines, combustion analysis, :lOd ending with emissions. Add itional material in 

Prdacc \'11 

the chapler includc.=s combustion modds for compression ignition engines. and emission 
control for vehicles, primarily the catalytic co nvener. 

Clwpter 1'en The chapter has been reorganized to first introduce hydrocarbon chemistry, 
then refining. The section on alternative fuels has been signi ficantly expanded to include 
prop.me, n<l1uml gas, hydro.£e n. me thanol, and ethanol. Reformuhlled gasoline is also 
discussed. 

Chapter Elevell The chapter has undergone parti al reorganization. A section on vehicle 
perfomlance testing has been added. 
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Preface 

Inlroduclion 

This Icxlbook prcsenls a modem approac h 10 the study of intemal combustion engines. 
Internal combustion engines have been. and will remain for the foresce.:lble future. a \.j­

tal and active area of engi neering cdUClllion and rc .~earch. The purpo!>C of thi s book is 10 

apply the principles of thcnnodynamics. nuid mechanics. and heal Imnsfer 10 the: analy­
s is of inlem .. 1 combustion engines. TIlis book is intended lirsl 10 demonSlr.lle 10 lhe slu ­
dent the application of engineering sciences. especi;llIy the Ihennal sciences. and Sttond. 
it is a book about inlernal combustion engines. Consider..lble etTon is expended making 
the requi si le Ihermodynamics accessible to siudents. This is because most students have 
lillie, if any. ex.perience applying the first law 10 unsteady proces~s in open syslerru or 
in differential fonn 10 closed systems and have e:\perience with only !.he .~implest of 
reacting gas mixtures. 

The text is designed for a one-semester course in internal combustion engines at the 
advanced undergraduate level. At Colorado State University. this second edition is used 
in a senior level class in inlemal combustion engines. The class meell for a lecture two 
times per week and a rcc itationllaboratory once a week. for a term of fifteen weeks. The 
cOllfse follows the subject mattcr in the text. and finishes with (I student projcct. 

New in the Second Edition 

Building upon the foundation of !.he first edition, the book has been completely revised. 
with each chapter reorganized and updaled. The content changes include: up-to-d.lIe dis­
cuss ion of new engine technologies and presentation of new material on !hemodynamic 
modeling. intake and cxhaust now. combustion analys is. alternative fuels , emissions , 
instrumentation and control syslems. nle lex I also features modem web-based compULl· 
lional methods. Java based computational applets arc used for solution or problems in 
engine combustioo anu thennodynamics, hent transfer, and rriction. The computational 
applets arc useful for open-ended design oriented problems and projects, and are accessed 
using a web browser. such as Netsc:lpe Communic:ltor or Microsoft Internet Explorer. at 
www.wiley.comlcollegelferguson or www.engr.colostate.eduJ -nJlanlengines.html. 

The text is also useful as a reference text by practicing engineers, Each chapler has 
detailed refere nce lists 10 guide entry into the research IileratuJ"C. The second edition of 
the text includes additional problems, and a fully worked oul solution manual. 

The chapler sequence is (hc same as in the first edition, with some minor changes in 
thc chaplcr hcadings to rcnect ncw material. A chapler by chapter break. down of s~i(jc 
changes rollows: 

Chapter One Some hislorical details, including imponant inventors of inlern:.iI 
combustion engines. have been added. Operntional parameters such as bore. slroke, meOln 
effective pressure, power, vol um etric efficiency, eIC., have been reorganized into one sec· 
lion. A discussion of engi ne dynamics and balancing has been added. A guide to engine 
configllr;ltions and components has been added . The engine examples have tx=en rellr­
gani7.~d into one section. and have been re vised 10 include an Butomolive spar .. ignilinn 
engin~. a heavy duty truck diese l engine, and a large stationary natura] gas engine. The 
alternative power plants section has been updated with a discussion or elecLric vehicles. 
fllel ce lls. ga .~ turbines, and steam engines. 
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