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SID-lMARY 

A~mathematicalmodel of the compression, combustion"and 
" \ 

expansion phases "of :the I_.F.P. Renault Variablr Compression Ratio 
I ~ " " , 

Research Engine has "been developed which meets more of the basic 

requirements of actual engine combustion than any other model here 

tofore. 

An attempt is made to incorporate a realistic flame pattern 

development across the combustion chamber from. some experimental 

observations. Finite rates of flame propagation and heat release 

are considered and the Semenov laminar flame propagation theory is , 

the determining factor in these considerations. To cater for the 

effects of turbulence, the laminar burning velocity from the 

Semenov expression is multiplied b.1 a term derived from some flame 

speed measurements in the engine. It is shown, however, that this 

term only gives a general indication of the manner in which the 

turbulence varies with engine speed - allowances for the inclusion 

of turbulence variation with piston motion, throttling, compression 

ratio etc. are not made. 

Dissociation of the burnt gases is catered for from chemical 

equilibrium considerations and heat transfer between the charge and 

its surroundings is included. The parameters which can be varied 

are mixture composition, compression ratio, engine speed, spark and 

valve timing, charge temperature and pressure at inlet valve closure 

and the mass fractions of exhaust residuals and injected water 



(if any) in the unburnt charge. Three fuels are considered viz; 

propane, iso-octane and benzene. 

CompSrisoDs of computed and experimental results iodicate that , . 

the flame travel times for iso-octane and benzene.are. in reasonable 

agreement from· veakmixtures up to equivalence ratios· of 1;2 and 1.3· 

respecti vely. This agreement is reflected in the corresponding 

pressure-crankangle diagrams. 'At very rich mixtures, on the other 

hand, large discrepancies between the flame travel times are apparent 

and this is again indicated on the pressure-crankangle diagrams .. 

A large deviation is noted betveen the computed and experimental 

equivalence ratios for minimum flame travel times for iso-octane and 

benzene. The computed results are vell to the weak side of the 

experimental results. Possible reasons for this are discussed in 

.some detail. The computed flame travel times for the three fuels 

used do, however, occur in the order observed from experiments and 

from the literature. 

Experimental CO concentrations in the exhaust at rich mixtures 

are observed to correspond, in the eqUilibrium model, to a composition 

between the concentrations at the end of combustion and at the point 

of exhaust valve opening. The experimental exhaust NO concentrations 

at rich mixtures, on the other hand, tend to reflect the peak cycle 

temperature concentrations. For both CO and NO, equilibrium is seen 

to be a use!ass criterion on which to base predictions of such emissions 

a t weak mixtures. 

Since the application and further development of such a program 

must be towards more accurate predictions of the obnoxious exhaust 



emissions CO and NOx , a most comprehensive survey is included of the 

manner in vhich 'such emissions are formed in the combustion chamber, 

hov they vsXy'vith engine operating conditions and some possible 

means for their control. 

The computer program is written in FORTRAN 4 for use on an I.C.t. 

1905 computer. Execution times vary \11th the length of the flame 

propagation-period. T.rpically, hovever, they are betveen 25 and 

50 mins. 
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NOTATION 

fugacity of a substance in a~ given state.of 
. \ . nd 
. tem~rature a pressure 

Avogadro's number (6.025 x 102.3 molecules!gm,-mole) I 

surface area (cm2 ~r metres2). 

area of turbulent flame front 

surface area of cylinder head across which heat· 

transfer occurs (cm2) 

Ap •••••••••• . surface area of piston across which heat trans:fer 

occurs (cm2) 

Aa •••••.•••• 

A.T.D.C ••••• 

b .......... 

surface area of cylinder wall across which heat transfer 

occurs (cm2) 

after top dead centre 

bore of engine cylinder (cm) 

bA •••••••••• base area of a cone 

bh •••••••••• value in unsteady heat transfer analysis 

b.m.e.p. •••• brake mean effective pressure 

b.s.f.c. •••• brake specific fuel consumption 

B.D.C. • •••• bottom dead centre 



Dr •••••••••• , coefficient of turbulent· diffusion 

e •••••••••• 

e1 0·' 0 ••••••• 

eT 0 •••••• ••• 

ec ••••.••••• 

E •••••••••• 

f •••••••••• 

F(f) •.•.•.•. 

F •••••••••• 

Fg ••••••••• 

g .0 •••••••• 

Gt •••...•••• 

h .......... 

specific internal energy (cal/gm) . 

lamiDBr. flame front thickn6ss 

turbulent flame front thickness 

internal energy (cal/gm-mole ea) : activation 

energy (cal/gm-mole) 

fluctuating frequency of flow (c/s) : ( = ! ) 

activity in the non-standard state. 

kinetic energy of a turbulent field at a frequency f. 

molal free energy of a substance in any given state 

of temperature and pressure 

flame travel time (crankangle degrees or millisecs) 

a geometric factor in radiative heat transfer 

considerations 

mole ratio of nitrogen to oxygen in dry air 

equilibrium constants for reactions in yeak mixtures 

for k th constituent 

height of a cone (cm) : heat transfer coefficient 

(cal/cm2 sec OC) or (kcal/m2 hr QC) or (c.h.u./rt
2 



H . •••••••••• 

HP •• ~ .•.•..• 

HF •••••••••• 

i.m.e.p ••••• 

I ••••••••• 0 

I.V.C ••••• 0. 

I ~ V .c ...... . 

~ ........ . 

1tz. ••••••••• 

krl ••••••••• 

Kk ••••••••• 

~ ........ . 

hr °c I specific entbaJ.py (Cal/gm) 

enthalpy (cal) 

hydrocarbons 
\ 

I 

heat of f~rmation at 298015oK (caJ./mole) 

indicated mean effective ,pressure 

minimum ignition energy (cals) : ionization current 

inlet valve opening 

inlet valve closure 

specific rate constant for r,eaction between molecule 

and i,th active particle (cc/molecule sec) 

specific reaction rate constant (cc/mole sec) 

forward specific reaction rate constant 

reverse specific reaction rate constant 

correction factor in turbulent burning velocity 

expression 

equilibrium constants for reactions in rich and 

stoichiometric mixtures for k,th constituent 

equilibrium constants for k' th constituent 



1 .......... 
L· •••••••••• 

LEo' °
1
° ••••••• 

Lt •...•..•• 

m •••••••••• 

M •• ••• e-o •• 

~ ......... . 

n ••••••••• 

nk •••••••• 0 

Dr •••••••• 0 

nB •••••••••• 

I1l •• • ••• ·.00 

•••••••• 

NU •••••••• 0 

p .......... 

leogth of engine connecting rod. (cm) 

scale of turbulence : characteristic linear dimension 

in Convecti vEl heat transfer analysis 
. \ 

Eulerian scale of turbulence 

Lagrange scale of turbulence 

mass (gm) : DUmber of atoms of carbon in a molecule 

of a general hydrocarbon fuel 

mass n~w rate (gm/cm2 sec) : molecular weight 

- .~ 

molecular weight of dry air 

engine speed (rev/min) I. LIllIlber of atoms of ll.Yaro.;en 

in a molecule of a general hydrocarbon fuel 

moles of k' th constituent in burnt mixture lrich and 

stoichiometric mixtures). 

total DUmber of moles of species in burnt mixture 

\rich and stoichiometric mixtures) 

moles of products of combustion by stoichiometric 

equation 

moles of reactants 

oxides of nitrogen 

Nusselt number 

partial pressure 



•• ••• · •••• 0 mole fraction (partial pressure) of i· th active 

particle in bUrnt gas 

\ 
, p.p.m......... parts per million 

l 
p. • ......... ;,.. pressure (atm) 

~ ••••••••••• prandtl mlmber . 

q ........... reaction order overall .heat transfer rate (cal/sec) 

qRAD ••••••••• radiative heat ·transfer rate (cal/sec) 

••••••••• convective heat transfer rate (cal/sec) 

•••••••••• parameters of equilibrium composition calculations 

in rich and stoichiometric mixtUres 

Q •••••••••• heat transfer (cals) 

~ ......... . heat of reaction (cal/mole) 

r •••••••••• crank throw (cm) : distance of hot-,nre anemometer 

probe from cylinder axis (mm) 

rT •••••••.•• distance of flame travel in turbulent flow 

rL ••••..•••• distance of flame travel in laminar flow 

ru •••••••••• value in unsteady heat transfer analysis 

R .......... Universal gas constant (cal/mole OK) 

Re •••••••••• Reynolds ~Umber 



s 

S 

SF 

t 

t i 

.......... : 

•••••••••• 

o •••• ~ ••• 

•••••••••• 

••••••• 00 

tl ........ . 

tstr .000 •••• 

T •••••• 0.00 

Tm •••••••••• 

T.D.C. 

specific entropy (cal/gm °K)_ 

entropy (cal/gm-mole OK) : engine stroke (cm or ft.) 

\ 
entropy at 298.l50 K and 1 ATM pressure (cal/gm-mole OK) 

time (seconds) : time of contact between an eddy and 

the flame front (seconds) 

reaction time (seconds) 

autoignition delay period (seconds) 

'" ! : I~~ ... 

characteristic time defining the Lagrange scale of 

turbulence 

ionization current rise-time in a laminar flame (secs.) 

fall-off time in a laminar name icllization current (secs.) 

time for piston to travel from B.D.C. to T.n.C. 

mean name travel times to ionization probes 1 and 2 

(milliseconds) 

temperature (OK) 

mean temperature (OK) 

ignition temperature (OK) 

top dead centre 



00 •••••••• apparent delay period (seconds) 

.......... charge temperature (OK) 

\ 
combustion chamber vill tempera.ture (OK) 

\ 
Tw •• e.-•••. - ••• 

TgM •••••••••• time averaged value of the charge temperature 

over a complete engine cycle (OK); 

Tv •••••••••• maximum deviation of Tg from TgM in an engine cycle (OK) 

Ts •••••••••• steady state combustion chamber vall temperature (~) 

•••••••••• 
i 

periodic combustion chamber vall tempet' ... tv~: pis!:on l:emp (01<) 

Tc •••••••••• coolant temperature (OK) : cylinder vall temperature (OK) 

TH ••••••••••• cylinder head temperature (oK) 

ui ' vi' vi ••• instantaneous flow velocities in the x, y and z directions 

u:, v, w time averaged components of the instantaneous flov . 

ul , ~, yl ••• momentary fluctuation components of~, Vi, wi • 

JP ......... root mean square value of the flow fluctuation 

components i.e. turbulence intensity 

u •••••••••• a directional flow velocity 

an average flow velocity 



Ux •••••••••• velocity fluctuations 

U\ •••..•••••• 

UT •••• 0 ••••• 

u . TlDl.cro 
• ••• 0 

u c 

v 

v 

••••••••• 

0 •••• • •• 0 

•••••••• 0 

•• 00 •••••• 

•••••••••• 

~s 0 ••••• 0 •• 

VL •• 0 ••••••• 

Vf ••••.•••• 

Vp .0 ••••••• 

'Wb ••••••• 0. 

'Wr •.•••..•• 

mean flow velocity (cmVsec) .or (metres/sec) 

unburnt gas velocity (cm/sec) 

turbulent burning velocity (cm/sec) 

burning velocity due to. microcsopic turbulence 

laminar burning velocity. ( cm/sec) 

turbulent movement velocity 

flame generated turbulence 

specific volume (cc/gm) 

volume (cc) 

apparent flame speed i.e. velocity of flame front 

relative to combustion chamber (cm/sec) 

laminar flame speed (cm/sec) 

fluid velocity in convective heat transfer analysis 

mean piston speed (cm/sec) or (metres/sec) or (ft/sec) 

fraction of charge mass burnt 

mass fraction of exhaust residuals in unburnt mixture 

-- -- .-



·.···.00 •. mass fraCtion of air in unburnt mixture 

. ·0···.· ... mass fraction of fuel in unburnt mixture 

w ••••••• 0 ••••• 
. ster!S or probability factor 

x ••••••••••• distance in reaction zone (cm) : distance into 

cylinder wall (cm) : fraction of chemically correct 

·a1r entering a particular reaction 

Xl' x2 •• ~... • distances from the spark plug to the ionization 

probes 1 and 2 (cm) 

2 x ••..•••• average displacement of element in flame front under 

influence of turbulent fluctuations 

y •••••••• 0. 
c 

distance from piston instantaneous position to the 

top of the cylinder hlock (cm) 

Jf' ....... . root mean square displacement of a flame element 

from the mean flame front position 

.......•. parameter of equilibrium composition calculations 

in weak mixtures 

z 0 ........ 0 an impact coefficient (No. of collisions/cm) sec) 

Am •••.•••.•• element of mass burnt during a specified stage (gm) 

DS .........• change in specific entropy (cal/gm OK) 



AQ .......... . 

~F •••••••••• 

• ••••••••• 

e •••••••••• 

heat transferred during· a specified stage (calories) 

change in free energy in apy given state of 

temperature and pressure \ 

\ 
thermal c~nductivity (cal/cm sec OK) 

crankangle (degrees) 

L\.e •••••••••• change in crankangle during a particular stage (degrees) 

eo •••••••••• microturbulent fluctuation period (sec) 

•••••••••• macroturbulent fluctuation period (sec) 

· ........ . equivalence ratio 

r7 •••••••••• 
~v 

volumetric efficiency 

1 · ........ . value in unsteady heat transfer analysis 

f ......... . density (gm/cc) 

E •••••••••• . eddy diffusivity 

v ......... . kinematic viscosity (cm2/sec) 

CA) •••••••••• reaction rate (molecules/cc-sec) angular frequency (c/ s) 

· ........ . viscosity (gm/cm sec) 

· ........ . Stefan _ Boltzmann constant (1.]6 x 10-12 cal/cm2 sec °K4) 



•......... emissivity factor 

.......... value in unsteady heat transfer analysis 

\ 

Subscripts 

(\{hen DOt used in symbols above) 

b •••••••••• 

B •••••••••• 

f .........• 

i .......... 
j .......... 

k .......... 

°2 ......... . 

u .......... 
o •••••••••• 

1 o ••••••••• 

2 .......... 

Superscripts 

- ......... . 

relating to products of combustion 

conditions at computed equilibrium flame temperature 

relating to fuel 

relating to i,th active particle 

j,th estimate within step iteration 

k,th constituent of gas mixture 

relating to oxygen 

relating to unburnt charge 

initial conditions : properties at start of stage I 

standard conditions 

properties after combustion step 

properties at end of stage 

average or mean 
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CHAPTER l.. 

INTRODUCTION. 

l..l.. GENERAL COMMENTS. 

Computer simulations of internal combustion engine 
aid 

cycl.esare desirable because Of\ thetthey provide in design 

studies, 'in predicting trends, ~n serving as diegnostic 

tools,-in giving more compl.ete data than is normal13 avail.­

able from experiments and in helping to understaIrl the 

complex processes which occur. The advent of high speed 

computers in the 1950's facilitated the detailed study of 

both spark ignition and diesel engine combustion processes. 

Most of the effort, however, has been confined to simulations 

of diesel engine combustion, mainly because the heat rel.ease 

patterns in such engines can be predicted fairly accurately 

from considerations of the characteristics of the fuel 

injection equipment. 

In spark ieni tion engine combustion, on the other haro, 

the heat release pattern is not so easy to define since it 

is a function primarily of the rate at which the flame from 

the ignition point propagates outwards across the combustion 

chamber. The speed of this propagation is, in practice, 

determined by many variables including the temperatures of 

the burnt and unburnt fractions of charge and the degree of 

turbulence and swirl. existent in the combustion space. 

No analytical model has yet been devised which accurately 

simulates actual spark ignition engine combustion over the 

complete range of operating conditions. The requirement for 

such a model. has accelerated in recent years because of the 

aid it might provide in the study and control of the obnoxious 

eXhaust emission gases. 

The purpose of this work was, therefore, to study the 



~Qmpression, combustion and expansion phases of the 4-stroke, 

spark ignition engine cycle from a fundamental viewpoint. To 

this end, an analytical model was developed and programmed 

for use on a digital computer which incorporates the salient 

f~atures of the above mentioned phases of the engine cycle. 
I 

It, thus,allows for the varying effee:ts of mixture compo-
~. : . 

sition, dissociation according to chemical· equiLi.brium con-

siderations, finite rates of flame propagation, heat transfer, 

spark and valve timing, compression ratio,charge temperature 

and pressure at inlet valve closure, engine speed, piston 

motion, exhaust residuals and the presence; of injected water 

as a possible means of controlling certain obnoxious exhaust 

emissions. Allowance is also made for the use of three differ-

ent types of fuel, viz. propane, iso-octane and benzene. The 

investigation was performed for one particular engine only 

the Renault Variable Compression Ratio Research Engine. 

This work is primarily concerned with the development 

of the model and the subsequent evaluation of the individual 

effects of some of the variables. A comparison is made 

between experimental and computer predicted results with regard 

to both flame speed and pressure-time diagrams in order to 

test the reliability of the model. Its ability to estimate 

trends in the obnoxious emissions CO and NO according to x 

chemical equilibrium considerations is observed over a range 

of engine operating conditions and means of reducing these 

emissions are studied. 

1.2 HISTORICAL 

Prior to the appearance of high speed digital computers, 

attempts to predict the performance of spark ignition engines 

suffered from the difficulties of great arithmetical complex-

ity and tedious repetitive calCUlatio 
ns 

The development of 

3. 
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thermodynamic charts eliminated many of these tedious cal­

culations especially with regard to the thermal dissociation 

of the burnt gases. Such charts have been widely used in 

the· analysis of theotto cycle engine from the time of. their 
1 

introduction in 1935 by Hershey, Eberhardt and Hottel. 

They have additionally 

allow for improvements 

been revised a number of times to 
. 2,3,+ 

in:fundamental data. While 

they allow a considerable reduction in the mathematical 

difficulties of the .otto cycle analysis however, they are 

not general as they are invariably presented for a particular 

fuel and a selected.number of air/fuel ratios. Also, a 

constant volume combustion is considered so that the effect 

of engine design parameters cannot be effectively determined 

without great difficulty • 

. Attempts to consider the effects of the progressive 

burning of the Charge were first made in connection with 

thermodyna~ic studies of combuztion in constant volume bombs. 
5 

Among the earliest was the study of Nagel in 1908. Similar 
6 

analyses were made by Fl~~m and Mache 
7 

in 1917 and Rosecrans 
8 

in 1926 which made use of some equilibrium studies. Endres 

was among the first to consider the effects of piston motion 
9 

whilst Hottel and Eberhardt, in 1937, proposed a method for 

calculating the temperature gradients in an engine consider­

ing both piston motion and spark advance. These workers also 

took account of mixture composition, variable specifiC heats 

and dissociation. 

Rassweiler and Withrow 
11 

10 
and Rasswe iler, Withrow and 

Cornelius suggested a method for treating the combined 

effects of flame propagation and pi::;ton motion in engines 

from photographs taken through a quartz window installed 
12 

in a cylinder head and in 1940, Vlithrow and Cornelius 



proposed a method of calculating the pressure rise in an 

internal combustion engine utilising the thermodynamic 
1 

charts of Hershey et al. 
13 

Rabezzana, !Calmar am Camelise in 1939 conceived 

of a method for the analysis of flame propagation and ex-

pansion during combustion which took .account of combustion 
\ 

chamber geometry, spark advance and piston motion. Although 

this analysis considered the thermodynamics of the working 

fluid in an uncomplicated manner, pressure-time diagrams 

could be calculated from measured flame propagation rates. 

These analyses were hindered because fumamental data 

about flame propagation was not available.. However, even 

if such data had been available, the sheer magnitude of 

the calculations involved would have prec luded any extensive 

analysis. 

The problem of considering the combined effects of 

mixture composition, variable specific heats, dissociation, 

flan:e propagation, heat transfer and piston motion sim'.ll­

taneously presented such a formidable mathematical obstacle 

that not until the widespread use of digital computers was 
14 

such an analysis contemplated. In this context, Edson, 

in 1960, proposed an analytical model for combustion in 

the spark ignition engine which was suitable for program­

ming on a digital computer. His analysis included the 

effects of flame propagation, dissociation and piston motion 

but did not include heat transfer. No computed results have 

been reported from his analysis. Edson visualizes three 

separate subsystems existing in the combustion chamber 

during combustion viz. the burnt, the unburnt am the small 

segme nt of ;naSS being trtlnsferred from the unburnt to the 

burnt condition. The combustion process itself was assumed 
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to consist of three separate, sllccessive steps": 

i) a combustion step - the constant pressure burning 

of a small segment of the total: mass contained in 
the combustion chamber. This is followed by an 

-
\isentropic compression of this segment and of the 

.unburnt and previollsly burnt fractions to a final 

pressure such that the total energy am volume of 

the system are egual to the total energy and volume 

before the combustion step was initiated. 

ii) a piston movement step - to the next crank angle 

position followirig the combustion step. This move­

ment isentropically compresses (or expands) the 

burnt, unburnt am. the newly burnt segment of mass 

to a new volume determined by the physical character-

istics of the engine. 

iii) a mixing operation - the newly burnt small mass seg­

ment and the burnt gas fraction are mixed into one 

burnt gas fraction. This is envisaged as a two-

step process. First, a maxing at constant volume 

and, secondly, a simultaneous isentropic compression 

(or expansion) of the mixed burnt fraction and unburnt 

fraction to a uniform system pressure at the specified 

total volume. 

Edson's work was followed, in 1962, by the spark ignition 
15 

engine combustion simulation of Patterson. A spherical 

flame propagation was assumed in this study and the position 

of the flame front relative to the ignition source was 

determined from the volume of the burnt gas and the length­

volume distribution for the combustion chamber. The rate 

of flame travel was based on the laminar flame theory of 



16 
Semeoov. Combustion was assumed to occur in numerous 

sma11 increments each of which consisted of seven steps. 

Each increment inc1uded the burning of some of the charge, 

piston mqtion and heat, transfer according to the expression 
17 

of Eicheiberg. The seven steps weres 

i) a :coilstantpres'surEi combustion of a sma11 mass in-

crement. 
, , 

The tota1 vo1ume of burnt andunburnt gases 

was a110wed to increase to maintain this constant 

'pressure. 

ii) a constant pressure mixing of the inf1amed mass 

increment with the previously burnt portion., 

iii) a recompression of both burnt and unburnt gas to 

the volume prior to combustion in step i) such that 

the unburnt gas followed an isentropic path. 

iv) an isentropic change of state of both gaseous regions 

to allow for piston motion. Initially, the time 

required for combustion of this increment was estim-

ated.iater, this step and the successive ones were 

recomputed using a more accurate time interval. 

This interval was computed in step vii) below. 

v) a constant volume heat transfer. 

vi) at the same volume, the system was allowed to attain 

pressure equilibrium which had been disrupted in 

step v). This was done adiabatically with the un­

burnt gas undergoing an isentropic expansion to the 

final uniform pressure. 

vii) finally, the flame propagation velocity was computed 

from the initial conditions in the unburnt gas (step 

i) and the final conditions in ~~e burnt gas (step 

vi). From this and a kno'lIledge of the extension of 

the fla~e front into the unburnt gas during this 
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increment, the time interval for combustion was 

calculated. This was compared with the value used 

in step iv) and, if an appreciable difference existed, 

steps iv) to vii) were redone. 

\ 
Patterson considered the expansion process to conl3ist 

of two stepsl 

a) a constant volume heat transfer. 

b) an isentropic change of state due to piston motion. 

He went on to simulate the complete 4-stroke cycle making 

simplifying assumptions for the exhaust and induction pro­

cesses. Results are presented of the comparison made between 

an experimental pressure-time diagram and a computed diagram , 

but, however, only at one particular operating point. 
18 

Strange published some work in 1964' on an analysis 

of .an ideal otto cycle which included the effects of heat 

transfer, finite combustion rat~s, chemical dissociation 

and mechanical losses. During combustion, the system was 

assumed to comprise ten ce lls of e'iual mass. These were 

allowed to react one at a time to form equilibrium products. 

An iterative procedure was used to determine the correct 

system pressure and individual cell temperatures and to 

satisfy overall mass and energy balances. When these had 

been proved to be correct, heat transfer and system volume 

changes were considered. The expansion process was simply 

treated as an extension of the combustion process, the only 

change being that the calculations of the effects due to 

cell combustion were not made. 

The rate of flame propagation was examined for three 

sets of criteria, viz: 

i) a constant mass conversion rate. 

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



11) a constant react10n front propagation rate. 

111) a variable reaction front propagation rate of the 

form 

( 
« ) 

VR =\ VT>;" ( ( P1) 
.'V « ) 

( ( Po) 
( 

• 

) 
( » 
( d
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where 

dl , d2 and d3 are constants. 

VBo , Po and To are the 1nitialvalues of flame speed, 

pressure and temperature respectively, and 

the subscript 'i' is an index used in the incremental 

calculation scheme. 

) 

The constants ,in this expression were chosen after' 

some experimentation to increase the flame speed by approx­

imately a factor of three at peak temperature and pressure. 

Simplified expressions were also used to evaluate 

instantaneous heat transfer rates and mechanical losses 

due to friction effects. De'spite the allowances an:l 10-

clusion of many variables, Strange's model cannot be con-

templated as a serious atteL'pt at simulating actual engine 

combustion because t~ many 

In 1966, Phillipps and 

simplifications are involved. 
19 

Orman proposed a completely 

new analytical model of spark ignition combustion. The 

mathematical procedures used have also been adopted in the 

mode 1 be ing developed in this work (see Chapter 3). These 

workers attempted to simUlate the combustion in a Ricardo 

E6 engine and, in so doing, utilised the concept of a spherical 

burning pattern. The flame propagation was assumed to follow 

that predicted by the thermal laminar flame theory of Mallard 
20 

and Le Chatelier with a modification to alloVl for the 



effects of turbulence. Heat transfer effects were catered 

f b th . h b ' . 17 or y e E1C el erg expresslon 

Many results are given id th~ Philiipps and Orman 

study of the influence on engine performance and flame 

travel times of varying many parameters including mixture 

composition, ignition: timing, initial change temperatures 

and pressures, eng'irie' speed and exhaust' residual fract'ions: 

It is claimed that the resulting pressure-time diagrams 

compare favourably with' experimental ones although no 

comparisons are actually given. One of the major failings 

of the \'iOrk "'as th'e inabil'i ty to predict accurately and 

correctly the air/fuel ratio at v/hich the flame traveJ, time 

,"as a minimum for the three fuels they used, viz. iso-octane, 

benzene and di-isobutylene. 

10. 

" 21 
In 1969 Krieger et al simulated on a computer a ~rank-

case scavenged, two-stroke spark ignition engine and made 

some comparisons with experimentaJ. data. A nlJrnerical inte-

gration routine ~as used. The effects of dissoci2tion ;';ere 

included by using empirical curve fits for .!~he !~i-:;.Jj lib.ci_um 

thermodyn2Jnic: 9roperties of the combllstj.on nroduct? o"E a~r 

and the fU21 b0ing examined. To riescribe the ~r~~r~~s of 

the combustion process, a scheme proposed by Walker 22 was 

adopted in which the mass fraction burnt is specified by 

the functions: 

v/here 

;'"!b - 1 - C'2' (J. - X )Nb 

10 ',,)hi,ch 

~'J, = 
D 

fr:cction ("',.r- mess burnt 

X 

Nb -
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= some intermediate value of X called the synchronous 

value. 

, and C~, C2 = constants.· 
2~ 

Krieger et a~ converted the mass fraction burnt 

in the above expressions into a mass burning raie b~ using 
~7 

differentiation. TheEich~lberg correlation is again· 
i 

used in this simulation for the gas side heat transfer 

coefficient. 

~. 3. GENERAL REQuIREMENTS FOR AN .ACCURATE SPARK 

IGNITION En7INE COMBUSTION· SIMULATION. 

The computer program derived in this work endeavours 

to take account of the followi~: 

i) a finite rate of combustion - this is fundamental 

to a~ realistic attempt to simulate combustion in 

a spark ignition engine. The rate at which the mass 

of charge is burnt is governed by the speed of flame 

propagation in the combustion space. This is deter­

mined from the temperatures and other physical prop-

erties of the burnt and unburnt gases according to 

the Semenov laminar theory of flame propagation. A 

correction factor is included to account for the 

effects of turbulence and swirl. Chapter 4 contains 

a most detailed account of the development of this 

section of the work along with the actual mechanisms 

involved in turbulent flame propagation. 
v 

ii) dissociation - thermal dissociation of the burnt 

gases must be allowed for in any adequate model of 

the combustion process. Several methods for the 

calculation of these effects are available in the 

literatur~. Most of these are enumerated in Chapter 



6 together with an account of the development of 

the particular one used in this work. 

12. 

iii) an accurate flame propagation pattern - Chapter 5 

contains the considerations which were involved" in 

"the choice of a\ realistic pattern which is adjudged" 

to resemble closely that in the actual engine. . ..: t : . 

'iv) heat transfer - it is necessary to make some estimate 

of the quantity of heat transferred from the combus-

tion chamber during every stage of the compression, 

combustion and expansion phases of the engine cycle. 

"This is very difficult to gauge accurately as is 

explained in detail in Chapter 7. This Chapter 

also includes a review of the large amount of pub­

lished literature on the SUbject. The various em~ 

pirical equations available which attempt to depict 

instantaneous heat losses have been found to give 

widely varying results and there is no indication 

as to which is the best expression to use. For 

the reasons explained in Chapter 7, the formula 
23 

proposed by Annand was eventually adopted. 

Other considerations which are fundamental to spark 

ignition engine combustion simulation are allowances for: 

v) mixture composition variations. 

vi) piston motion. 

vii) spark and valve timing variations. 

viii) compression ratio changes. 

ix) variations in change temperature and pressure at 

inlet valve closure. 

x) engine speed. 

xi) changes in the mass fractions of exhaust residuals 

present. 



xii) variable specific heats. 

The constituents of all. gas mixtures are assumed to 

behave as ideal gases. The methods of calculating the ther­

modynamic properties of id.ea1 gas mixtures at a known tem­

perature, pre ssure and COowosi tion are given in. Aprerrlix 7. 

The resulting computer program has been written in 

Fortran 4 for use on an leT 1905 computer. A listing of 

it is given in Appendix 8~ 

1.4. SCOPE. 

One of the most important uses of a theoretical analysis 

of spark ignition engine combustion is to provide an insight 

. into the physical processes underlying various observed 

phenomena. In this connection, its application to the study 

of the possible causes of cyclic dispersion is cited as 

being potentia1~ significant. Also, the ability of such 

an ana~sis to predict trends in the obnoxious emissions 

carbon monoxide and the oxides of :.-dtrogen with variation 

in engine operating conditions is apparent. Some means of 

reduction of the se emissions can also be easily deduced and 

compared e.g. exhaust gas recircu1ation and water injection. 

From a more pragmatic viewpoint, such a facility, when 

developed to a sufficient degree of reliability, could 

provide a means of reducing the amount of engine testing 

required at the design stage. It, thus, should help to 

optimize an engine design. 
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CHAPTER 2. 

REVIEW OF COMBUSTION .AND EXHAUST EMISSION 

-FUNDAMENTALS IN - SPARK IGNITION ENGINES. 

2.1.- INTRODUCTION. 

-Although combustion is a\chemical process, the engine 

specialist is interested _ in bpth Its physical.and its chem­

ical-consJquences. Its physical consequeroes are concerned 

primarily with the development of temperature and pressure 

whilst its chemical consequences are of importance in ob­

taining better control of the combustion process and of the 

engine's -tendency to produce certain obnoxious _combustion 

reaction products. 

_ The _ purpose of this Chapter is to define some of the 

fundamental processes and phenomena involved in spark ignitiori 

engine combustion and in the combustion reaction products 

which these processes generate. It is also intended to 

serve as a criterion by which the computer simulated analyt­

ical combustion model can be compared with regard to its 

capacity for meeting the requirements of actual combustion. 

Of the three major pollutants which are of primary 

concern in attempted reductions of exhaust emissions from 

engines (i.e. carbon monoxide, the oxides of nitrogen and 

the unburnt hydrocarbons), only carbon monoxide and the 

oxides of nitrogen are considered in the computer simulation. 

This is because they are products of the more or less homo-

geneous region in the main bulk of the charge. This general 

review, however, also considers the unburnt hydrocarbons. 

The reasons for this ares 

i) their generation is intimately involved with the 

flame propagation process in the combustion chamber. 

ii) out of considerations for their effect on the com-
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bustion efficiency. 

iii) because it is necessary to realize the trends involved 

in the appearance of these emissions in engine exhausts 

whenever aI\Y particular variable is altered to try and 

\ reduce carbon monoxide or"the oxides of nitrogen. 

iv) because the continuance o:tthis work in the future 

(see Chapter 9) requires" an extensive "background 

knowledge of the modes of generation and control of 

all the obnoxious emissions. 

2.2. COMBUSTION FUNDAMENTALS. 

A typical four stroke, spark ignition engine cyclic 

process is shown in Fig. 2-1. The combustible mixture of 

fuel and air is drawn into the e"ngine" during the induction 

process A to C i.e. from inlet valve opening to inlet valve 

closure. This mixes with the residual exhaust gases to 

form a virtually homogeneous mixtu"re the temperature and 

pressure of which is raised considerably by the compression 

process from point C to point D. At point D, the charge is 

ignited by a spark discharge and a flame propagates through­

out the mixture until combustion is completed at around 

point E. The expansion phase of the cycle then follows from 

E until the exhaust valve opens at F when the combustion 

products begin to be exhausted from the combustion chamber. 

This exhaust process persists until approximately point B 

at which time the inlet valve has already opened to begin 

a new cyc le. The crankangle period during which both inlet 

and exhaust valves are open (i.e. from point A to point B) 

is termed the "valve overlap period." During the entire 

engine cycle, there is a heat eXChange between the working 

fluid and the surroundirgs. 
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The period of the cycle under study in this Ylork is 

that from inlet valve closure to exhaust valve opening 

(i.e .• from C to F in Fig. 2-1). It thus includes the com-

pression, combustion and expansion phases.· As already 

stated, the compression phase increases the temperature 

aoo pressure of the charge. The extect of the increase 

depends upon the conditions at inlet valve closure, the 

compression ratio of the engine and the degree of heat 

exchange between the charge and the surroundings. 

During this compression process, preflame reactions 

take .place in the. charge and the rates of these increase 

as the temperatures and pressures get higher. If conditions 

get severe enough, it is possible for a condit~on to be 

attained at which the entire charge ignites spontaneously. 

There is no control over this type of combustion at all 

and, in order to achieve some degree of control, the charge 

is forcibly ignited invariably by a spark discharge across 

the electrodes of a sparking plug. This discharge is usually 

generated externally from a high tension coil and interrupter 
24 

and it usually consists of two components: 

i) a capacitive component which is oscillatory in nature 
-6 

and lasts for approximately 10 seconds. 

ii) an inductive component which follows on directly from 
-3 

the capacitive component end lasts for about 10 

seconds. 

There is much controversy as to the relative importance 

of these two components in initiating combustion. It is 

unanimously agreed, however, that the spark provides the 

energy (in the form of heat and active particles) re~uired 

to bring about the chemical reactions necessary to achieve 

a self-propagating flame. Such a progressive flame propa-
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gation only ensues when the release of heat and the dif­

fusion of radicals from the spark is great enough to achieve 

a combustion reaction in the adjoining portion of the mixture. 

In other words, the reaction rate has to overcome the heat 

losses. \ 
It is clear that ignition processes obey the law of 

. \ . 

the conservation of energy. This means that there is a 

balance of energy between that provided by the external 

source, that released by chemical reaction am that dissi­

pated to the surroundings by means of thermal conduction, 

convection, radiation am mass transfer. .As a result, 

there must be a certain minimum quantity of energy necessary 

to initiate combustion under a given set of conditions. 

This is a function of many parameters, the most important 

of which are air/fuel ratio, fuel composition, charge tem-

perature and pressure, the degree of mixture motion, the 

distance oetween the electrodes of the sparking plug, the 

configuration of the electrodes and the type of spark. 

Detaile,j discussions of such influences on the minimum 

ignition energies are given in Refs. 24, 25 and 26. Many 

simplified theories have been developed in attempts to 

predict these energy values. These have usually been de-

rived from experiments on quiescent mixtures in constant 

volume bombs where conditions are not really compatible 

with thOGe in highly turbulent engine combustion chambers. 

Typical of such expressions, however, are those of Lewis 
27 28 

and Von Elbe ,Spalding 
29 

and We inberg and Odgers 

equations are of the general form 

(Tt - Tu) ......... 2-1 
• 

where 

whose 



I is the minimum ignition energy (calories) 

A is the charge thermal conductivity (cal/cm sec oK) 

a is a constant 

d is the quenching distance (cm) 

Su ls the burning velocity (cm/sec) 

and Tb and Tu are the temperatures of-the burnt and unburnt 

gas 
. . 0 

respectively ( K). 

24, 26 
Ma~ authors have quoted results to show that, 

providing the energy of the spark is sufficient, it has 

little or no influence on the establishment of combustion. 

Nevertheless, it should be supplied in a relatively efficient 

manner, within a small volume and in a sufficiently short 

time to ensure that only a negligible amount is lost other 

than to establish the flame. Typical values of the energy 

per spark in conventional spa.'k ignition engines vary within 
30 • 

the range 10-100 millijoules In this work, the value is 

taken to be 20 millijoules (i.e. 0.004777 calories), all of 

which is assumed to be released in the chemical reaction 

which begins the combustion process. 

The flame which is generated at ignition propagates 

outwards from the sparking plug through the entire charge. 

Two distinct gaseous regions exist in the combustion chamber 

at this time viz. a region of burnt gas aOO a region of 

unburnt gas. These two regions have been found to be sep-

arated by a distinctly luminous flame front. The flame 

does not travel at a constant speed throughout the combus-

tion Chamber but, for a normal combustion, moves very slowly 

at first for 1 or 2 milliseconds, then gathers speed through 

the main part of the chamber and finally slows down at the 

end of its travel. Such observations have been noted by 

19. 
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31,32,26,33,34 
many workers • The period of time when flame 

travels very slowly after ignition is often called the 

'delay period' although, strictly speaking, there is no 

delay in spark ignition engine combustion at all •. 

The finite time interval during which the flame traverses 

the combustion chamber has an important bearing on the be­

haviour· of the engine. In theory, the charge should burn as 

quickly as possible in order to minimize the heat losses 

and to permit. the maximum expansion of the burnt gases. In 

practice, however, very rapid burning causes excessive com­

bustion .pressures am high rates of heat transfer .to. the 

engine structure ~ The result is noisy engine operation 

and somet imes piston failure. Very slow burning, on the 

other hand, is uroesirable because heat is wasted during 

expansion and passes into the exhaust causing h~h fuel 

consumption and poor exhaus t valve life. It is thus important 

to ensure that combustion occurs at exactly the right speed 

for any conditions of engine operation. 

There is presently much controversy over the relation-

ship between flame propagation and pressure development 

during the combustion proce ss. On the one iland, 
35 

the school of thought (represented by Starkman 

there is 
26 

and Clarke ) 

which disputes the premise that the complete chemical re­

action and heat release occurs in the flame front. Starkman's 

objections stem from some experiments he performed on correl-

ations between the flame travel progress (measured by ioniza­

tion gap techniques) and the pressure development. He con­

cluded that the entire charge had begun to react we 11 before 

the peak pressure of the cycle was reached. In other VlOrdS, 

the peak pressure was developed many crankangle degrees 

after the reaction front had completely traversed the com-

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



bust ion space. This hypothesis is supported by C1arke who 

obtained direct visual information on the combustion process 

by fitting a quartz window into the cylinder head of a single 

cylinder, research engine. C1arke maintains that the advanc­

ing flame front is followed by the main heat releasing front 
\ 

which lasts an appreciable time after the whole charge is 

alight. 

~I. 

Opposing these contentions are those investigators who 

suggest that the heat release process is effectively completed. 

at the flame front. 
10 

Supporters of this theory are Rasswei1er 

and Withrow and 
36 

Curry • From correlations of motion 

pictures of flame propagation with pressure-time diagrams, 

Rasswei1er and Withrow obtained good agreement between the 

combustion chamber pressure deve10pment and the volume of 

charge consumed by the flame at various positions of the 

flame front throughout the combustion process. Moreover, 

such correlations were found to exist at many different 

engine operating conditions e.g. at various mixture strengths, 
11 

spark timings and throttle positions • Curry also obtained 

good agreement between the combustion chamber pressure devel­

opment and the volume of charge consumed by the flame front. 

His measurements of burnt gas volumes were achieved by detect­

ing the position and progress of the flame front by ionization 

gap techniques. He did, in fact, use no less than 49 of 

these gaps in the combustion cha'llber. In all his measure-

ments, the occurrence time of peak pre ssure was before the 

end of flame propagation. 

In this work, the process of combustion is based on 

the assumption that the complete combustion reaction and 

heat liberation takes place in the flame front. Tilis is 

.;;robably untrue of the processes which actually occur since 



the chemical reactions take place at a finite rate and equi­

librium is not instantaneouslY established (see Chapter 6). 

The errors involved from this assumption will tend to vary 

with the speed of the flame propagation but, however, they 

are not considcired to be very great. The flame front should 

reallY be called the "reaction" or the "combustion" zone in. 

this context since it is the region in which the oxidation 

of the hydrocarbons in the fuel take place. Withrow and 
37 

Boyd found it to be greenish-blue in colour and the after":' 

glow in the main body of the burnt charge behind the flame 

front to be bluish-white or reddish-yellow depeming on the· 

mixture ratio. 

Fig. 2-2 shows the mechanism of combustion which ensues 

from assuming that all the heat release takes place in the 

flame front. Briefly, it consists of the complete burning 

of a small volume increment and the expansion of this into 

the already burnt and the still unburnt portions of the 

mixture until pressure equilibrium is attained. 'rhus, it 

is clear that the flame speeds, which are measured or observed 

in engine combustion chambers relative to the cylinder head, 

are the vector sums of two fundamental quantities: 

i) the linear velocity of the flame front with respect 

to the unburnt gas. l'his is here called the turbulent 

burning velocity, UT' 

ii) the velocity of the unburnt gas itself is moving away 

from the flame front. This is due to the expansion 

of the burning gases (see Fig. 2-2) and it is conven­

iently called the unburnt gas velocity, Ug • 

The fundamental mechanisms involved in progressive flame 

propagation are described in Chapter 4. Briefly, ,10wever, 



it can be stated that the conduction of heat and the diffusion 

of active particles and radicals ahead of the flame front into 

the unburnt mixture are primarilY involved. The condition of 

the charge itself is highly turbulent which enables a high 

rate of propagation to be achieved. 

As already:stated, immediately after ignition, the so~ 

called "delay period"exists during which there is no notice­

able increase in pressure due to combustion alone. Theoretic­

ally, it is most difficult to define the extent of this period 

since no critical point can be indicated either on pressure-
31 

time diagrams or :on flame photographs. Some workers have 

circumvented this problem by utilising the concept of an 

I apparent I delay. period as be.ing proportional to the time 

taken for the flame to propagate a certain small distance 

from the sparking plug. This technique has enabled nwnerous 

investigators to observe the influence of many different 

engine operating conditions and variables on the magnitude 

of the period. Obviously, the faster the xate of burn, 

the less time does the period occupy and since the rate of 

burn has been found to increase with increases in the temper-

atures of the burnt and the unburnt portions of charge and 

with the degree .of mixture motion, the "delay period": 

i) is at a minimum at an equiValence ratio of;' 1.1 to 
31,38 

1.2. 
31,38 

ii) decreases with increasing engine speed • 
31 

i11) is influenced slightly by spark timing variations • 

iv) is reduced by the use of faster burning fuels. 

v) is reduced by the presence of deposits in the combus-
31 

tion chamber • The mechanism for this reduction is 

that the heat losses frolD the small flame kernel which 

exi!)ts just after ignition are less when deposits are 
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present. 

At this stage of the combustion process, the expansion 

· of the burnt gases accounts for the greater part of the flame 

speed i.e. the gas velocity, Ug, is much greater than the 

• turbulent burning velocity, UT' Th ' . b th· \ • 

~s ~s ecause e expans~on 

• takes place almost entirely in the direction of the unburnt 
i 

portion (see the simplified analogy in Fig. 2-2). 

An explanation for the generally slow flame travel 

during the delay period can be found in the lower temperatures 

of the burnt and unburnt fractions of charge and in the visual-

· ization of a "boundary layer" covering the entire combustion 

chamber walls and separating them from the turbulent main mass 

· of charge. In this layer, the gas is practically stagnant and 

it is invariably in this that the sparking plug is positioned. 

Thus, until the flame has propagated out of it into the more 

turbulent mass, the burning velocity relative to the unburnt 

gas must be laminar in nature. From correlations of computed 

and experimental pressure-time diagrams in this study, the 

thickness of this layer was estimated to be approximately 

3.5 mm. Obviously, this isn't a true boundary layer in the 

accepted sense but is the distance that the flame has to travel 

before the turbulent eddies of the main mass of charge act on 

the flame front thereby enabling the turbulent burning velocity 

to "take over" from the laminar burning velocity. Such an 

explanation accounts for the short~ned delay periods found 

when turbulence and swirl are deliberately induced around the 
38 

spark plug. 

The slow manner in which the flame propagates after 

ignition is clearly shown on photographs in the works of 
10 11 

Rasswe iler >lnd wi throw ,Rasswiler et al ,Wi throw and 

-- --------- -----_. --- ---- ---- -- ----_. 
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Cornelius 

26 
, Clarke 

39 
and Wentworth and Daniel • 

The main period of combustion follows the "delay period. n 

'This is the phase of the combustion process during which-the 

flame speeds am heat release rates are greatest since the 

temperature, pressure anq density of the unburnt gas is being 
I . .' • 

:continuously increase,d owing to its compression by both the 
, I ' , 

I 
expanding burnt gases and the movement of the piston when this' 

is on the upstroke. To ensure a reasonably efficient combus­

tion, it is important to arrange for the flame propagation at 

this time to be occurring, and nearing completion, when the 

piston is within the close vicinity of top dead centre. For 

a given compression ratio, this criterion is primarily deter­

mined by the crankang1e at which ignition occurs and by the 

duration of the "delay period." 

A detailed discussion of the action of the turbulence 

existent in the combustion chamber during this combustion 

phase is given in Chapter 4. It should be noted that the 

piston is continuously in motion which not only modifies the 

degree of turbulence but also changes the volume and shape 

of the combUstion chamber with consequent effects upon the 

flame pattern development (see Chapter 5). Because the tem­

peratures and pressures are highest during this main period 

of combustion, the heat transfer rates from the engine are 

also at a maximum. 

In normal combustion, the final period of the fleme 

trave 1 is charac terized by the s 10'!I ing dOVln of the f leme 

speeds and by a reduction in the heat release rates. The 

reasons for this are: 

i) the piston is usually on its downstroke wi'le n this 

phase of the combustion process is reached. This has 

the effect of expandiJ'e thG final unburnt charge 



volume with consequent reductions in its temperature, 

pressure and density. 

ii) the generally low degrees of turbuleme near the com­

bustion chamber wall at the end of the flame travel. 

The expansion of thepewlyburnt increments of charge 

at this time takes place mainly in the direction of the 

burnt portion (see Fig. 2-2). Thus, the main component 

of the f la.me speed is the turbule nt burning ve loc ity. 

During the propagation of thefa&ms throughout the 

combustion chamber, the unburnt gas is subject to a further 

source of heat supply in addition to those from compression 

by the burnt gases and .the piston motion. This additional 

source is caused by some chemical energy release in the 

unburnt gas itself, an 
41 

Salooja 
40 

by Harrow , 

effect which has. been found to exist 
42 

and Johnson • Johnson, in fact, 

attempted to derive a technique for calct"lating its magni­

tude under various conditions. Such a phenomenon should 

strictly be incorporated in the analytical model in this 

work. It is not because of the difficulties involved in 

relating the time dependent kinetic quantities to the time 

independent thermodynamic considerations. 

It should be noted that an abnormal combUstion situation 

could be attained in the final stages of flame propagation 

under certain conditions. This occurs when the remaining 

unburnt gases (the end gases) reach a corxiition at which 

drantically high heat release rates are evolved, which result 

in the phenomenon known as 'knock.' Whether in fact such a 

condition is reached depends on whether the normal flame, 

spreading from the spark plug, engulfs the remaining unburnt 



volume with consequent reductions in its temperature, 

pressure and density. 

ii) the generally 10"; degrees of turbulenee near the com­

bustion chamber wall at the end of the flame travel. 

. \ . 
Th.e expansion of the: newly burnt increments of charge 

at this time takes placie mai;nly in'the directiob of the 
- .'- " . 

burnt portion (see Fig. 2-2). Thus, the main component 

of the flame speed is the turbulent burning velocity. 

During the propagation of the f!&me throughout the 

combustion chamber, the unburnt gas is subject to a further 

source of heat supply in addition to those from compression 

by the burnt gases and .the piston motion. This additional 
! 

source is caused by some chemical energy release in the 

unburnt gas itself, an.effect which has been found to exist 
41 42 40 

by Harrow , Salooja and Johnson • Johnson, in fact, 

attempted to derive a technique for calculating its magni-

tude under various conditions. Such a phenomenon should 

strictly be incorporated in the analytical model in this 

work. It is not because of the difficulties involved in 

relating the time dependent kinetic quantities to the time 

independent thermodynamic considerations. 

It should be noted that an abnormal combustion situation 

could be attained in the final stages of flame propagation 

under certain conditions. This occurs when the remaining 

unburnt gases (the end gases) reach a coniition at which 

drastically high heat relea£)e rates are evolved, which result 

in the phenomenon known as 'knock. I Whether in fact such a 

condition is reached deperos on whether the normal flame, 

spreading from the spark plug, engulfs the remaining unburnt 



charge before it reaches its explosive state. If it does, 

normal combustion will result. If it does not, knocking 

combustion ensues. 

The rea.son for the em gases attaining such explosive 

proportions has been attributed to many causes. It seems 
o : . . 

clear, however, that certain preflame reactions are taking 
l . . . 

place in these gases, the rates of which increase with 

increases in: 

i) the rates of change of temperature and pressure. 

ii) the levels of temperature and pressure. 

iii) the time lag before the arrival of the normal flame 

front. 

Although the actual mechanism of knocking combustion 

is still the subject of great debate and conflicting views, 

it appears that there are at least three possibilities for 

its occurrence: 

i) spontaneous ignition in the end gases at either a 

point or at a number of points in advance of the 

normal flame front. 

ii) spontaneous combustion of the entire unburnt charge. 

iii) an acceleration of the flame front to many times its 

normal speed owing to the increased temperatures in 

the unburnt charge am the increasing concentrations 

of active particles and radicals from the freflame 

reactions. This mechanism has been suggested by 
36,43· 

Curry 

The ability to set a criterion to differentiate between 

knocking and normal combustion in such an analytical model 

as is being derived in this work is most difficult and is 

beyond the scope of this work. 

27. 



charge before it reaches its explosive state. If it does, 

norma~ combustion will result. If it does not, knocking 

combustion ensues. 

'The reason for the en:1 gases attaining such explosive 

proportions has been attributed to many causes. It seems 

clear' however, that certain preflame reactions are taking 

place'in these gases, the rates of which increase with 

increases in: 

1) the, rates of change of temperature and pressure. 

il) the levels of temperature and pressure. 

lil) the time leg before the arrival of the nOI"fllal flame 

front. 

A:Lthough the actual mechanism of knocking combustion 

is still the subject of great debate and conflicting views, 

it appears that there are at least three possibilities for 

its occurrence: 

i) spontaneous ignition in the end gases at either a 

point or at a number of points in advance of' the 

normal flame front. 

ii) spontaneous combustion of the entire unburnt charge. 

iii) an acceleration of the flame front to many times its 

normal speed owing to the increased temperatures in 

the unburnt charge and the increasing concentrations 

of active particles and radicals from the preflame 

reactions. This mechanism has been suggested by 
36,43· 

Curry 

The ability to set a criterion to differentiate between 

knocking and normal combustion in such an analytical model 

as is beir~ derived in this work is most difficult and is 

beyond the scope of this work. 
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Flame progression in spark ignition engines has been 

the subject of much study and observation for a period of 

about 40 years. Numerous techniques have been used to gain 
\ 

what information we now have on it. These include: 

i) gas. sampling: ati various pointsthraughout the com-
44 .. .. 

bustion process • In this, the disappearance of 

the oxygen indicates the presence of the flame. 

ii) the fitting of quartz windows into cylinder heads 
10,26 

This method provides a useful means for easy observa­

tion and photography of flame progress, the accuracy 

of which is beyond reproach. 

iii) the use of ionization gaps in the wall surfaces of 
45,46,34 . 

the combUstion chamber • The presence af the 

flame front is indicated by the ionization of the gap 

and the generation of an electrical discharge across 

it. 

These techniques have indicated that any factor, which 

tenooto increase the temperatures of the burnt or unburnt 

fractions of the charge or the turbulence levels also in­

creases the burning velocities in the combustion chamber. 

Also, any effect which reduces the temperatures or turbulence 

levels (e.g. heat losses, the presence of diluents etc.) 

reduces the propagation rates. 

Other phenomena which are know to be assoc iated with 

spark ignition engine combustion are: 

i) variations in the temperature of the burnt fraction. 

ii) cyc lie dispersion. 

• 
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Flame progression in spark ignition engines has been 

the subject of much study and observation for a period of 

about 40 years. Numerous techniques have been used to gain 

what information we now have, on it. These includes 

i) gas sainpling at variohspoints throughout the com-
44 ' 

bustioD process • rn this, the disappearance of 

the oxygen in:1icates the presence of the flame. 

ii) the fitting of quartz windows intocylin:1er heads 
10,26 

This method provides a useful means for easy observa­

tion and photography of flame progress, the accuracy 

of which is beyond reproach. 

iii) the use of ionization 'gaps in the wall surfaces of 
45,46,34 

the combustion chamber • The presence of the 

flame front is indicated by the ionization of the gap 

and the generation of an electrical discharge across 

it. 

These techniques have indicated that any factor. which 

tends to increase the temFerature s of the burnt or unlmrnt 

fractions of the charge or the turbulence levels also in­

creases the burning velocities in the combustion chamber. 

Also, any effect which reduces the temperatures or turbulence 

levels (e.g. heat losses, the presence of diluents etc.) 

reduces the propagation rates. 

Other phenomena which are know to be associated with 

spark ignition engine combustion are: 

i) variations in the temperature of the burnt fraction. 

ii) cyclic dispersion. 

• 



47 
Hopkinson was the first to notice variations in the 

temperature of the burnt fraction during flame propagation. 

Its -cause is attributed to the compression of the previously 

burnt fractions of charge by the expansion of the newly 

burnt small increments (see Fig. 
- 30 

2-2). For an enlarged dis-

: cussionon this,: see Lichty • The proces.s leads to a 

:<9. 

. - - I 
condition where the temperature of the products at the point-

of ignition is much higher than at the flame front. This 

occurrence has 
48 

been recognised by both Newhall and starkman 
49 

et a1 in relation to predictions of obnoxious emissions 

(see Section 42). In this work, such an effect is not catered 

for since the temperature of the combustion products is 

assumed uniform throughout. 

Cyclic dispersion is the name given to the variation 

in the combustion development from one cycle to another. 

Numerous investigat:ox.S have studied the se irregularities 
50 33 51 52 

including Vichnievsky ,Sol tau ,Patterson ,Karim , 
34 31 

Curry and Harrow et al • In this connection, there is 

general agreement that the faster the mixture burns, the 

less is the extent of the dispersion. Many hypotheses have 

been made regarding its underlying causes including: 

i) fluctuations from cycle-to-cycle in the time occupied 
51 

by the "delay period. tI Patterson in fact made some 

hot wire anemometer measurements of the gas velocities 

around the spark plug and proposed that cyclic disper­

sion is primarily a fu~tion of the mixture velocity 

variation near the spark plug at ignition. 

ii) variations in the gas flov! pattern in the mass of 

the turbulent charge from cycle-to-cycle. Harrow et 
31 

al support this view since they found that a large 

\ 
\ 
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part of the cyclic dispersion originates from variations 

in the speed of the fully developed flame. 

It is more than likely, however, that both of these 

mechanisms are involved. The need ffr a. more uniform flow 

pattern from cycle-to-cycle in the engine combUstion chamber 
. .50 

is thus apparent. It has been suggested, tliat, if the flame 

propagation rate under a given set of engine operating con­

ditions could be maintained at a uniform constant maximum 

level, power increases of from 2 to 10% could be achieved 

with subsequent savings in fuel econo~ and obnoxious emissions. 

2.3. EXHAUST EMISSION FUNDAMENTALS. 

2.3.1. GENERAL. 

In view of the current legislation in the U.S.A. end 

the proposed legilation in many other parts of the world 

against the encroachment of motor vehicle emissions on man 

and his environment, the study and control of these have 

assumed enormous importance in recent years. Such emissions 

are introduced into the atmosphere. from the engine exhaust, 

the crankcase vent, the ca:..burettor and the fuel tank. How-

ever, it is only these products which are produced as a con-

sequence of the combustion process which are of direct 

interest here. These are by far the more complex, the more 

plentiful, the more easily measured, the potentially more 

harmful and the less easy to control. They contribute about 

85% of the total unburnt hydrocarbon emissions from 'un-
53 

treated' motor vehicles , most of which reach the atmosphere 

through the exhaust pipe. The remainder are emitted from the 

crankcase vent as a result of leakage from the combustion 

Chamber past the piston and piston rings into the crankcase. 



Exhaust gases have been found to contain all of the 

following: 

i) unburnt hydrocarbons. 

ii) carbon monoxide. 

ii'i) oxides of nitrogen. 
\ 

iv) carcinogens. 

v) particulate matter. 

vi) lead. 

vii) odour. 

viii) oxides of SUlphur. 

-31. -

Thus far, the solution of the exhaust. emission problem 

has been confined almost exclusively to the attempted elim­

ination of those polll.itants which are' considered to be 

present in the greatest quantities viz. the unburnt hydro-

carbons, carbon monoxide and the oxides of nitrogen. Such 

partially oxidized constituents represent a loss in the 

efficiency of the combustion process. It will be appreciated 

that the mode of engine operation exerts a controlling in­

fluence on the concentrations of the se pollutants. This is 
54 

shown in Table 2-A from which it is clear that: 

i) the idle and deceleration modes are the most produc-

tive of unburnt hydrocarbons. 

ii) the idle, acceleration and deceleration produce the 

highest concentrations of carbon monoxide. 

iii) the cruise and acceleration yield the most oxides of 

nitrogen. 

Jlnformation such as is given in Table 2-A must be 

related to a time base in order to be meaningful in terms 

of air pollution control. These time bases are conceived 

to represent arbitrary typical driving schedules of motor 



TYPICAL V .ARIATIONS IN EXHAUST GAS 
" ,". -... '. . , 

COMPOOITION. WITH· THE . MODE OF ENGINE 

OPERATION. 

Mode of Unburnt· 
Operation. Hydrocarbons 

p.p.m. 

Idle 7'50 

Cruise. 300 

A.cceleration 400 

Deceleration 4000 

54 
From Starkman 

Carbon Oxides of 
Monoxide Nitrogen 

$ p.p.m. 

'5.2 30 

0.8 1500 

5·2 3000 

4.2 60 

3;i? 



vehicles e.g. the U.S.Federal and·European test cycles 

·-(Fig. 2-3). These cycles show the approximate contributions 

of each driving mode to the total amount of emissions. As 

ye t (1969), the re are' no limits on the pollutant amounts 

'relating to the European cycle. 

.problem in the. Los ~Angeles. basin 
I of legislation in California and 

However, the intense smog 
\ 

has accelerated the onset 

the U.S.A. This isbecom-

ing progressively more severe with the passage of time. 

2.3.2. THE UNBURNT HYDROCARBONS, He. 
55 

Haagen-Smith in 1952 established that unburnt hydro-

carbons and the oxides of nitrogen in the presence of ultra­

violet radiation were the factors mainly responsible for the 

irritating and damaging consequences of' "smog" in Los Angeles. 

He further postulated that a photosynthetic chemical reaction 

was involved. 

In spark ignition engines, the mechanism of formation of 

the hydrocarbons in the combustion chamber varies with the 

mode of the engine operation. At low intake manifold de­

pressions (i.e. at quite large throttle openings), the follow-

ing are considered to be involved: 

i) when the combustion chamber wall temperatures are 

high, the predominant mechanism of He formation is 

thought to be 

at the vlalls. 

the quenching of the propagating flame 
56 

Daniel found that the flame failed 

to propag&te through the mixture located within about 

0.905 to 0.038 cm. of the combustion chamber wall. 

Thi[ region of the charge he termed the "quench layer." 

ii) at low wall temperatures, 

quenching is augmented by 

the He formation by wall 
57,66 

fuel condEonsation • 

:5.5. 



iii) very small concentrations of hydrocarbons can be 

formed as equilibrium products of the combustion 
56 

reaction • 

iv) the highly turbulent condition of the gases in the 

combustion . chamber can allow small pockets of un-
\ 

. burnt mixture to pass through the reaction ·zonewith-
" 

out being ignited. Again, the concentrations from 

this source are bound to be small. 

v) inhomogeneity in the unburnt gas can result in regions 

of very rich and very weak mixtures in which the flame 

might fail:to propagate. Under such copditions,·quite 

large concentrations ofbydrocarbons would be exhausted. 

During idling (i.e. at quite high manifold vacua), the 

sources of HC generation listed above are swamped by the 

effects of incomplete burning of the charge. At such times, 

the throttle is only open enough to prov ide a small flow 

necessary for the engine to run slowly and this condition 

engenders a comparatively high depression in the inlet 

manifold. When the inlet valve opens towards the end of 

the exhaust stroke, this depression draws some of the exhaust 

gases from the cylinder and the exhaust manifold back into 

the inlet manifold so that the imcoming fresh charge is oon-

sider&bly diluted before the subsequent compression and com­

bustion phases of the engine cycle. During combustion, 

owing to the presence of comparatively large amounts of 

inert exhaust gases, the fuel molecules have great difficulty 

in finding oxygen molecules with which to combine and burn. 

Thus, in order to use up all the limited supply of oxygen, 

it is usually necessary to supply proportionately more fuel 

than would be required for cruise conditions with the result 



that the mixture for best idle is always richer than stoichio­

metric and generates high CO and quite high HC concentrations. 

The actual amount of exhaust dilution present and the amount 

of enrichment required will depend on a number of fac tors, 

one of which is the degree of valve overlap. 

During deceleration, the e;ngine is rotating faster than 

at idle and the. manifold vacuum is increased beyond that .. at 

idle. This results in a much increased exhaust dilution and 

a grave deterioration in comiJustion which is often so bad as 

virtually to amount toa complete misfire. Unburnt fuel is 

· thus exhausted .in large. proportions and appears as excessive 

· HC emission. 
39 

Wentworth and Daniel have observed and photographed 

· combustion under such _ light load conditions in an engine 

having a quartz window in its cylinder head. They found 

that the flame usually failed to propagate throughout the 

entire mixture and that the two main reasons for this were: 

i) either it was quenched at some point before the com-

pletion of its travel. 

ii) or it travelled so slowly that the exhaust valve 

opened before flame propagation was completed. 

Both these effects can be attributed to the presence 

of excess exhaullt rellidual gases. It should be noted that 

the trar;sient act of closing the throttle produces an abrupt 

rise in the inlet manifold depression which, in turn, produces 

a sudden evaporation of any liquid fuel present on the 

inlet manifold walls. The first stage of deceleration or 

idling is, therefore, accompanied by a much greater enrich­

ment of the mixture strength. Con"equently, the CO and HC 

emissions are much greater at this time. several methods 

have been used to overcome this problem including: 



i) heating the intake manifolds. 

ii) reduction of the internal surface area of the mani­

folds and ports. 

iii) preventing the rapid ·c1osure 
58 

Iv) intake valve throttling • 

of the throttle. 

\ 

\ 

The concentrations am chemical character of theunburnt 

hydrocarbons resulting from engine combustion are extremely 

variable;almost every possible design factor and operating 

condition is involved. 

Air/Fuel Ratio. 

A typical variation in hydrocarbon concentration with 
59 

this parameter is shown in Fig. 2...;4. A possible discrep-

ancy from the general indicated trend occurs at very lean 

mixture~ when the flame might fail to propagate completely, 

a condition which would result in very high hydrocarbon 

quantities in the exhaust. Good mixture formation and 

distribution is thus required. 

Surface/Volume Ratio. 

The combustion chamber surface/volume ratio exerts 

considerable influence on hydrocarbon formation as might be 

expected when these pollutants have been shown to be formed 

primarily in the "quench layer." Thus, increases in this 

ratio also lead to corresponding gains in hydrocarbon con-

centrations. The ratio does, in fact, increase with increases 

in the number of cylinders, the bore/stroke ratio and the 

compression ratio. Other factors which can influence it are: 

i)piston movement. 
60 

ii) poor piston ring design • 
61,67,68 

iii) combustion chamber shape • 

3(0. 
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Turbulence and Swirl. 

One of the effects of increasing the turbulence and 

swirl in the combustion chamber is to reduce the "quench 
68 

layer" next to the walls· • .As a consequen::e, the tendency 
\ 

for hydrocarbons to :florm is lowered. This effect can be 

achieved. by increasi~ engine speed and/or by careful de sign 
. I. ·.62,~,M,~. . . . 
of the induction manifold • Care must be tisedin 

its application, however, since, beyond a certain level of 

turbulence, the burnable. range of air/fuel ratios decreases • 

• Spark Timing. 

Variations in this parameter have a great influence· 

on hydrocarbon emissions. For example, a retarded spark 

increases the concentrations at the exhaust valve because 

of inefficient combustion and the increasing surface area 

of the cylinder walls across which the flame has to propagate 

towards the end of its travel. However, because the exhaust 

temperature is higher with a retarded spark, furthe r oxida­

tion reactions can take place in the exhaust pipe (if suf-

ficient oxygen is present) and this reduces the quantity of 

hydrocarbons leaving it. This method of HC reduction must 

be .weighed against the penalties of losses in fuel economy 

and power. Increasing the spark advance, on the other hand, 

has exactly the opposite effects. 

Deposits. 

Deposits in the combustion chamber have been found to 
65 

increase HC emissions • The mechanisms for this have been 

postLllated as be ing: 

i) because of slight increases in the compression ratio 

and the surface/volume ratio. 

37 . 



i1) by the charge being squeezed into the rather porous 

structure of the deposits during the compression stroke 

and escaping being burnt. 

Compression Ratio. 

Compression ratio increases tend. to give higher HC 

concentrations for three· main reasons: 
.. 

i) the surface/VOlume ratio influence a1ready alluded to. 
70 

ii) the observed fact that the exhaust gas temperatures 

decrease. The effect of this is a retardation of the 

oxidation reactions in the exhaust manifold. 

i11) the more effiCient.: scavenging of residual exhaust 

gases from the combustion Chamber. Daniel and Went-
39 

worth have foun:i that, because of the viscous 

property of the gases adjacent to the combustion 

chamber walls, these are the last to exit the chamber 

during the exhaust process. Their importance in this 

context is that they are much cooler and they contain 

approximately eleven times the HC concentration of 

the remaining exhaust gases. Consequently, for high 

compression ratios, the residual gas volume is smaller 

and more high HC concentration gases are expelled into 

the exhaust manifold tending to raise the average 

concentration level. 

CombUstion Chamber Wall and Coola.nt Temperatures. 

High values of these parameters reduce the amounts of 

fuel condensation and HC emissions and vice versa. 

Fuels. 

Fuels having a low temperature of vapourization (e.g. 

propane, metllane etc.) do not condense on the combustion 

I 
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chamber walls and provide more homogeneous charges. Both 

of the se effects reduce HC emissions. In comparing fuels, 

note should be taken of variations in air/fuel ratio and 

burning "velocity. 

Valve Overlap. \ 

• Under deceleration a.nd idling conditions, it would 
" _" I " " 

be ideal to have zero valve overlap in order to prevent 

dilution of the fresh charge by the residual exhaust gases. 

This would, however, considerably reduce the power output 

at higher engine loads. The possibility of variable valve 

timing is thus significant. 

Knock. 
70 

];n fuel-lean mixtures, Davis et alfound that there 

was no significant influence of knock on HC concentrations. 

For mixtures richer than stOichiometric; however, it was 

found that knock tended to decrease these concentrations 

in the exhaust and that the extent of the decrease increased 

with the intensity of knock. Two mechanisms have been 

proposed for these reductions: 

i) the pressure differences and oscillations in the COffi-

.bustion chamber "under knocking conditions cause the 

gas to vibrate and scrub the chamber walls. This 

action removes the quench zone gases into the bulk 

of the charge where they have higher probability of 

be ing burnt. 

ii) the quench zone stays intact but is subject to the 

high pressure oscillations caused by knock. The 

high pressure in the quench zone causes its temper­

ature to rise and the unburnt hydrocarbons in the 

zone to react '/lith the oxygen in the zone itself. 

:S~ • 

! 
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Although photo chemical smog is formed by reactions 

between oxides of nitrogen and hydrocarbons in the presence· 

of sunlight, individual hydrocarbons differ in the ir tendency 
\ 

to ~enter this reaction. This !:~as!iv.!~'y is very much a 
l 

function of chemical structure and the degree of saturation .• 

Olefinic hydrocarbons, aldehydes, long chain paraffinic 

hydrocarbons and aromatics (with the exception of benzene) 

are recognized as the more reactive components of the organic 

materials which are emitted from engines. On the other hanq, 

the saturated lower paraffins (methane, ethane, propane, 

butane and pentane), benzene and acetylene are found to be 

practicall.Y non-reactive in the photo chemica.l process and 

are now considered to be virtuall.Y harmless. In this connec-

tion, it has additionall.Y been reported that: 

i) no significant change in reactivity occurs because 
71 

of engine conditions • 

ii) the reactivity increases with spark retard and de-
72· 

creases with leaning of the mixture air/fuel ratio 

iii) the reactivity of the exhaust gases may increase 
71 

with increasing engine displacement • 

Three me thods have been contemplated in attempts to 

reduce the HC emissions from the exhausts of motor vehicles: 

i) oxidation of the unburnt hydrocaroons in the exhaust 

system by low pressure air injection into the exhaust 
73,74 

ports • 

ii) engine modification to reduce the 

pollutants being emitted from the 

volume of these 
75,76 

cylinders • 

ill 
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Since this generally involves lean mixture operation, 

good carburetion and mixture preparation is vital. 

iii) the use of a petrol injection, stratified charge 

engine. This ensures 'a uniform distribution between 

cylinders at all times'.' In such an engine, the area 

of the que nch zone next· to . the combustion chamber . - . .. 

wall is automatically reduced at reduced load. How-

ever, a new quench zone at the interface between 

the combustible mixture and the, air is introduced 

where considerable mixing and quenching can occur. 

2.3.3. CARBON. MONOXIDE, CO. 

Although the nature of carbon monoxide as a poisonous 

gas and a health hazard is well known, it is only recently 

that concern has developed over the harmfullness of long 
77 

term exposure of urban populations to the gas • Thus, 

legislation in recent years has attempted to ensure that 

the quantities of CO in exhaust gases are being minimized. 

Unlike the hydrocarbons, CO is primarily formed in 

the bulk of the Charge. Of all the engine design variables 

and operating conditions which can influen::e its formation, 

the air/fuel ratio effect is by far the greatest (Fig. 2-4). 

At rich mixtures, when the supply of oxygen is limited, 

large quantities of CO are formed. The converse is true 

at weak mixtures. 

Basic requirements for low CO emissions are therefore: 

i) operation at weak mixtures. 

ii) good mixture distribution between individual cylinders 

to avoid some cylinders running richer or weaker than 

others. 

41. 



ii1) good mixture homogeneity within individual cylimers 

thereby ensuring that a uniform air/fuel ratio ex1sts 

at all points in the charge. 

These criteria can effectively be achieved by good 

.(jesign of the iI1duction system am carburet toro 

Carbon monoxide formation is not greatly affected by 

the temperature and pressure levels attained in reciprocating 

engine combustion processes. This is especially so at ·the 

richer fuel/air ratios (see Figs. 6-4, 6-19 and 6-34 in 

Chapter 6). Thus, discounting air/fuel ratio, the influences 

of the many other remaini!1g engine design and operating 

conditions are not very well defined. 

Spark .Advarx:e. 

Although, theoretically, a very slight increase in CO 

emissions leaving the engine cylinder with an advancing 

spark is expected due to the higher levels of temperature 

and pressure attained, in practice, any possible trend is 

completely confused by volumetric efficiency differences. 

Compression Ratio. 

Increases in compression ratio result in better scaven­

ging of the exhaust residual gases from the engine combustion 

chamber and higher combustion temperatures and pressures. 

Very slight gains in CO emissions might thus be expected. 

Air Inlet Temperature. 

Rises in this parameter can either reduce CO concen­

trations because of the improved mixture distribution and 

preparation or increase them very slightly due to the higher 

temperatures involved. 

42. 
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Deposits. 

No significant effect has been observed on CO emissions 

with deposit accumulation. • Theoretically, one might expect 

them to increase a very small amount because of the reduced 

heat transfer am the slight rise iln compression ratio. 
I . . 

The amount of air available for combustion is the most 

significl:1nt factor· affecting the CO concentrations produced. 
78. 

I~ dwarfs any differences between fuels The physical 

characteristics of the fuel (e.g. viscosity, volatility etc) 

can, however, have great influences on the mixture distri-

but ion between cylinders. This is why CO concentrations 

have been found to be lower with liquefied petroleum gases 
79,80 

than with petrols • The effect of fuel temperatures 
81 

on air/fuel ratios can also not be discounted • 

Ambient Temperature and Pressure. 

43. 

Changes in these quantities under operating conditions 

can radically affect CO formation because of fluctuations 
82 

in the air/fuel mixture ratios be ing supplied to the engine 

.AB already shown in Table 2-A, the engine operating 

mode has an important bearing on the CO quantities produced 

in engine exhausts mainly because of the influence of air/ 

fuel ratio. Generally speaking, the same considerations are 

involved in reducing these emissions as are found to hold 

for HC concentration reductions. An additional approach to 

obtain slight reductions is to add an inert gas to the in­

ducted fre sh mixture, the effect of which is to reduce the 

temperatures. Close watch must be kept on the air/fuel 

• 



ratios it this technique is used. 

Exhaust gas analyses and direct spectroscopic 'observa-
83,84 

tions through windows in combustion chambers have both 

reveaied that CO once formed during combustion, does not 
\ 

changT concentration very much during, :theebsuing expailsion 

and cooling. Thus, it is present in greater qUantities in 

the exhaust gases than it would have been if equilibrium 

conditions had persisted through the expansion. The con­

centrations in fact· have been found to more nearly reflect 

a frozen composition at combustion temperature: and :pressure 

equilibrium values than the equilibrium composition at 
85 

exhaust temperature values (see Fig. 2~5 ) ~ This is ob-

served to be especially so at the leaner mixtures. 
. . 85 ... 

Starkman and Newhall sought an explanation for this 

behaviour in the water/gas reaction 

H2 ... C02 --------- 2-2 

after observing that there were non-equilibrium ~~ounts of 
54 

all these four constituents in engine exhausts • This re-

action was viewed as a combination of the two dissociation 

reactions 

C02~CO ... ~ 02 ------- 2-3 

and H20 ~H2 + ~ 02 ------- 2-4 

which were combined lbinearly to give 

+ ----- 2-5 

and CO2 + H20~CO + H2 + 02 -- 2-6 

Starkman and Newhall noted that the oxygen concentra-
. 

tion effectively vanishes for fuel rich mixtures and that 

the system of major species could be represented by Equation 

2-5. The equilibrium corresponding to this reaction was 

44. 



· found to be influenced only slightly by temperature so that 

the equilibrium species distribution of combustion products 

reflected only minor 'variations throughout expansion (see 

Fig. 2-5). 

For lean and stoichiometric mixtures however, signifi­

cant ~uaht-ities 6f oxygen were' noted to be present in addition - .. . .. . .. .. ..-

to the other .species. As a result, Equation 2-6 was thought 

to be the operative reaction for inclusion in the equilibrium 

system.'Thiswas found to exhibit a strong temperature 

dependence with the result that the cooling process, associated 

with the: expansion stroke, resulted in a rapid shHting of the 

equilibrium species distribution (Fig. 2-5). 

Thus, for rich mixtures, the exhaust concentrations of 

CO tended to correspooo. to those predicted by equilibrium 

theory. 'For weak and stoichiometric mixtures, on the other 

hand, the maximum rate of CO oxidation to C02 appears to be 

exceeded when equilibrium conditions are assumed to exist 

with the result that the CO concentratioru; in engine exhausts 

under such conditions correspond more nearly to those pre-

dieted for the r:eak temperature state than to those predicted 

for the exhaust temperature state. 

In a further attempt to explain why CO concentrations at 

the end of expansion correspond more closely to combustion 

temperature equilibrium values than to exhaust temperature 
86 

equilibrium values, Newhall analysed the kin0tics involved. 

Rate expressions for 32 elementary chemical reactions were 

combined to yield 13 coupled, non-linear differential equa­

tions repreBenting the fo llowing 13 chemic al species: 

N2, 02' H2' H20, CD2, OH, N, 0, H, NO, CO, N20 and N02" 

These~uations were integrated numerically in a Btepwise 



manner using the Runge-Kutta technique. The procedure was 

started at the initial point of expansion where conditions 

were considered to be ad~quately represented bya chemical 

equilibrium distribution of the species corresponding to 

average conditions· of real engine combustiop processes. 
. . , 

The templrature variati1n during expansion r'as approximated· 

by a simple polynomial relationship with the cylinder volume. 

Results were obtained as concentration - time histories 

throughout expansion for each of the 13 species. 

For carbon monoxide, it was found that, during the 

initial stages of expansion, this pollutant was destroyed 

at a rate corresponding to a shifting chemical equilibrium 

condition. I As the process continued, however, an increasing. 

deviation from equilibrium occurred until, at the end of 

expansion, the CO concentration was as much as ten times 

the equilibrium value. An explanation for this behaviour 

was found in the concentration-time histories of the atomic 

species 0 and H and the hydroxyl radical OH the behaviour 

patter-ns of which were noted to be very similar to that of 

CO. On this evidence, Hewha11 formed the opinion that the 

inhibition of CO oxidation during expansion is due to the 

failure of these atomic srecies and radicals to recombine 

at a rate sufficient to maintain a continuous chemical 

equilibrium. Thus, in addition to CO, 0, H and OH persist 

in excess qUantities throughout expansion. 

The mechanism for this state of affairs was thought to 

be contained in the bimolecular reaction: 

CO + OH ~C02 + H······ ·2-7 

This atom exchange reaction was found to be relatively 

fast in both forward and reverse directions and \\'85 also 
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continuously equilibrated throughout expansion, an observa­

tion which was most surprising in view of the noted non­

equilibrium behaviour of CO. If, however, it is at all 

times in equilibrium,the relative levels of ,CO and C02 

will be cont,Olled solely by the, existing le\Telsof the 

OH ani H spec le s :according to the relationship:, 

( CO ) 1 • ( H ) 
= --------- 2-8 

(CO2 ) (OH ) 

where kc is the equilibrium constant. 

When the temperature falls during expansion, therefore, 

the partial equilibrium, which controls the concentrations 

of H and OH, favours a disproportionately large number of 

H atoms relative to <IIH radicals. It was in fact found 

that, at a certain point in the expansion, the OH concen­

tration was approximately four times its equilibrium value 

whereas the H concentration was over twenty times its equi­

librium value. Thus, during expansion, the retio of R 

atoms to OH radicals, as dictated by partial equilibrium, 

is much greater than would be the case for total equilibrium. 

From this, it is deduced that the ratio of CO to C02 is 

correspondingly greater than for total equilibrium and, 

as a result, there exists an excess of CO. The CO concen­

trations calculated in this way over a range of air/fuel 

ratios were in SUbstantial agreement with some measured 

exhaust concentration levels. 

2. 3 .4. THE OXIDES OF NITRCGEN, NOx· 

As has already been stated, the oxides of nitrogen are 

major particifants in photochemical smog reactions. Under 

strong sunlight, they evolve the poisonous gases ozone and 

47. 



nitrogen dioxide, N02' which react with the hydrocarbons 

to significantly reduce atmospheric visibility and to cause 
. 77 

respiratory diseases and eY,e irritation • Much controversy 

persists over ,their importance ,to the photosynthetic re-, 
87 

actions since at least one author has suggested that the 

levels being currently produced by engines are greater than 

the quantities required for the maxiaum reactivity rate ,and 

that to reduce these levels might only produce a more severe 

situation than presently exists. However, in spite of 

these arguments, legislation is being enacted to reduce 

their concentrations in engine exhausts. 

Because of the' thermodynamics involved, the oxides of 

nitrogen produced at the engine exhaust port consist almost 

entire ly of nitric oxide, NO. In the presence of oxygen, 

this constituent rapidly becomes nitrogen dioxide, N02. 

This oxidation usually takes place in the atmosphere but 

it can also commence in the exhaust system particulerly if 

air has been added to the gases at the exhaust valve in 

efforts to oxidize the unburnt hydrocarbons and carbon mon­

oxide. Besides being a toxic gas and contributing to the 

photocatalytic synthesis of smog, N02 produces a character­

istic red colour when present in the atmosphere and is 

acidic in its reaction to other materials. From the fore-

going, two points are clear thus far: 

i) the engine produces NO in amounts which completely 

swamp its production of N02 and N~. 

ii) the reactive material in the smog photocatalysis is 

Attempts to control the emission of these oxides to 



. the atmosphere are extremely difficult because the air/ 

fuel ratios required: to suppress their formation are the 

. very opposite of those required to minimize CO and the 

unburnt hydrocarbons (see F~. 2-4). In addition; 
\ 

: mode s of engine operation at which the NOx are low 

the 

in· con-
l 

centration conflict· entirely w1ththose at which the tinbu·rnt 

hydrocarbons and carbon monoxide are low. (see Table 2-A). 

Like carbon monoxide, however, the oxides of nitrogen 

are products of the more or less homogeneous combustion 

region of the charge in the combustion chamber. They are 

. primarily functions of air/fuel ratio am combustion temper­

ature. Thus, the importance ,of good mixture distribution 

between individual cylinders and of uniform charge homogeneity 

. needs hardly be stressed .. 

NOx concentrations in combustion processes can be 

decreased by: 

a) decreasing the combustion temperature. 

b) decreasing the oxygen availability (Fig. 2-4). 

Means of achieving combustion temperature reductions 

are: 

i) by decreasing the compression ratio. 

ii) by reterding the spark. 

iii) by avoiding knock. 

iv) by decreasing the inlet charge temperature. 

V) by decreasing the coolant and combustion chamber 

wall temperatures. 

vi) by reducing deposit accumulations. 

vii) by increasing the surface/volume ratio of the com-

bustion chamber. 

49 . 



viii) by decreasing the mixture pressure. This causes 

a greater percentage heat loss which might be coun­

tered in part by increased NO formation at low com-

bust ion temperature·s. (see Figs. 6-9, 6-24 and 

6-39 in Chapter 6). \ 
ix) by adding an inert substance to the inducted charge. 

This is discussed in greater detail later. 

x) by operating at very weak mixtures. 

Methods of decreasing the oxygen availability for com­

bustion reactions include: 

i) operation at very rich mixtures. 

ii) decreases in the homogeneity of the charge. 

Other factors affecting NO formation in spark ignition 

engines are: 
49,88 

a) engine speed - it has been reported that 

increases in engine speed reduc~ the formation 

of NOx in engine cylinders. Two factors may be 

involved in the explanation for this. The first 

of these is concerned with the peak combustion 

temperatures attained at various engine speeds. 

It is well-y~own that the flame takes a longer 

time (in terms of crankangle degrees) to traverse 

the combustion chamber when the engine speed is 

. increaseg.. This is because the flame speeds do 

Thus the peak temperatures become progressively 

lower as the engine speeds increase. The second 

factor is concerned with the kinetics of the re-

actions responsible for the formation of NO. At 

60. 
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the lower engine speeds, where the peak combustion 

temperatures are higher, there is more time available 

for the NO formation, and this leads direct~ to in­

creased quantities of these pollutants_ Contravening 

this general trrnd,: however, is the greater heat trans­

fer from the gases 'in the combustion chamber at the 
I, 

lower engine speeds owing to there being more time .. ~ . 

available for it to occur. 

b) temperature gradients in both time. and space in the 

combustion chamber - the reason why the temperature 

of the burnt gas charge is higher at the spark plug 

than at the fl~ front has already been described 
48 

in Section 2.2. Newhall found, from a theoretical 

analysis, 'that such effects do not significant~ in­

fluence NO concentrations if the' mean bulk temperature 

of the charge is used. On the other hand, however, 
49 

Starkman et a1 obtained evidence, by direct experi-

mental means using sampling vallles, to show that large 

gradients in composition are created across the com­

bustion chamber as a result of the temperature grad-

ients which persist through expansion. 

Several techniques have been suggested to obtain re-

ductions in the oxides of nitrogen concentrations in the 

exhaust gases leaving the engine. These include: 

i)· the burning of a mixture which is either very rich 

5/. 

or very lean. (see Fig. 2-4). Although quite effec­

tive, the use of rich mixtures is undesirable because 

of increases in the CO and He emissions am the disas­

trous effect on fuel economy. On the lean side, it 



is difficult to burn a mixture which is weak enough 

to decrease the NOx to the desired amount. There 

appear, therefdre, :to be lim:i.tsto both the richness 

and the leanness that can be used. 

ii) the addition of an inert substance to the fresh 

1ndlU!:ted mixtures. Useful substances to adopt in 

this technique are nitrogen, carbon dioxide, water 

and exhaust gases. From considerations of practical-

. ity, it is clear that· water eooexhaust gases possess 

considerable advantages over carbon dioxide and nitro­

gen. It should be noted that the reductions in the 

oxides of nitrogen caused by operation at very weak 

. mixtures result, in f.act, from the presence of excess 

air which acts as an inert diluent. The mechanism of 

the NOx reduction by this technique is the lowering 

of the combustion temperatures since the inert diluent 

in effect absorbs a portion of the chemical energy 

released. Even a moderate decrease in the combustion 

temperature results in a significant drop in the NOx 

production because the amount produced from nitrogen 

and o~~gen is an exponential function of this temper-

. ature • It should be realised that the addition of 

an inert diluent to the ingoing charge is only really 

required during the acceleration and cruising modes 

of engine operation (see Table 2-A) when the concen-

trations of NOx are excessive. 

Exhaust Gas Recirulation. 

Because of the ready aVtiilability of exhaust gases, 

5~. 

the feasibility of using them as the inert or non-combustible 



substance to be added to the fresh charge is evident. 

Great success has been achieved in reducing NOx emissions 
90,9l. 

whenever the technique has been attempted· but usually 
; 

at the expense of a decreased power output, an increased 

fuel consumption and poor driveability. 
• • 48 . 
Newha11 . carried out a theoretical digital computer 

\ 
\ 

analysis of NOx formation in spark ignition engines with 

exhaust gas recirculation. Although his results are some­

what ·limited in application as the influences of heat trans-

fer and finite flame propagation rates were not considered, 

they ;areinstructive in supplying the ·mechanisms and the 

trends involved. For example, it was foum that: 

i) the percentage reduction of NO ,is greatest at rich 

mixtures. This was explained by the fact that the 

change in equilibrium NO concentration resulting 

from a given temperature change is much greater for 

fuel/rich than for fuel/lean mixtures. 

ii) the greater the quantity of the recycled exhaust, 

the greater obviously is the drop in NO concentra-

tions. 

iii) the temperature of the recycled gas has virtually 

no effect. 

iv) the compression ratio had relatively little influence 

on the effectivene ss of the recyc le. 

v) any oxgen in the recircu1ated exhaust adversely affects 

the NO reduction. 

water In,jection. 

Water injection either into the inlet manifold or directly 

into the combustion chamber is a further technique which has 

been used in attempts to reduce combustion temperatures and 

5"3. 



. 92 
NOx emissions • Various properties of v~ter render it 

thermodynamically suitable as an inlet charge diluent. 

For examp1~' 
I 

i) it has a relatively low vapour pressure at normal 

induction system te\peratures • 

. ii) it possesses a high itatent heat of vapourization. 
I 

iii) it has a low boiling point relative to the maximum 

engine cycle temperatures. 

92 
A theoretical analysis based on chemi'ca1 equilibrium 

calculations has indicated that the reduction of the oxides 

of· nitrogen from water injection at rates comparable to the 

fuel consumption rate is quite significant. The analysis 

also ~evea1ed that the mechanism primarily responsible for 

this effect was the combustion temperature reduction which 

far outvJeighed the effects of any evaporative cooling. 

These theoretical results were confirmed by experimental 

measurements which further indicated that there Vias no 

change in the volumetric efficien::y and that the b.m.e.p. 

and b.s.f.c. were slightly improved. 

As with carbon monoxide, the oxides of nitrogen in 

engine exhaust gases were much greater than would be expected 

if equilibrium conditions had been maintained throughout the 

expansion process. Fig. 2-6 (taken from Ref. 54) compares 

actual exhaust gas measurements with some concentrations 

which were calculated when equilibrium was assumed at the 

maximum buL~ cylinder temperature and at the exhaust tem­

perature. It is evident that the actual amounts of NO in 

the exhaust are greater by far than the amounts calculated 

for equilibrium and that the disparity is evident over 

54. 



greater ranges of mixture ratios than with CO. Even the 

assumption of a frozen composition at the peak combustion 

temperature is a poor prediction. This is. sup. ported by 83 - .. 
spectrometer observations which have shcwn that: 

\ i) NO freezes in concentration at least as early as 

the point of overall peak cycle temperature. 

ii) the overall or peak cycle temperature will not account 

for the NO concentrations. 

Several vlOrkers have attempted to fiIid explanations 
93 

for these occurrences. Starkman considered the reaction 

as the most important one controlling the rate of NO form­

ation and destruction. From Ref. 94" he obtained the re-

verse rate for this reaction to be 

iT = 2.6 x 1012• exp (-63800!RT) cc/mole-sec. 

Calculations using this showed that NO, once formed 

in the combustion chamber, does not appreciably decrease 

in quantity throughout expansion. 
86 

Newha11's basic approach in considering the kinetics 

of species behaviour in engine cylinders has already been 

described in the section on carbon monoxide. The reactions 

influencing NO decomposition were thought to be: 

NO + 0~02 + N ----­

NO + N~N2 + 0 -----

NO + NO~N20 + 0 -----

2-10 

2-1.1 

2-12 

Each of these was fouIil not to be equilibrated during ex-

pansion so that not one was sufficiently rapid to achieve 

appreciable decomposition. In fact, reactions 2-10 aIil 

2-11 were noted to be about 500 times more effective in 

this respect than reaction 2-12. Thus, Newhal1's results 

----- -- -- -
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agreed with previous~ noted trends indicating that NO 

is essential~ fixed in concentration throughout expansion. 

A similar,' but much more simplified, appro,ach in at­

tempts to elucidate the generation and behaviour of NO 
95 

during combustion was used by Eyzat aOd Guibet • These 

authors consider that: there is a temperature-time effect 

(due to the varying flame propagation rates) on NO formation. 

·After estimating the temperatures, pressures and per cent 

masses of charge burnt at various points in. the combustion 

process from pressure~time diagrams, they utilised the. 

reaction in 'Equation 2-9 to obtain the rates of ID form­

ation according to the relationship: 

d(NO) krl~ (N2)o ~ ~ ~ (02)0- (~) ~ 
-:dt V 

where 

NO is the instantaneous number of moles of 

NO. 

krl and kr2 are the forward and reverse reaction rate 

constants respectively (cc/mole sec) 

(N2)0 and (02)0 ar~ the number of moles of nitrogen and 

oxygen at ignition. 

and V is the combustion chamber volume (cc). 

The Runge-Kutta technique was used to solve this equa­

tion and the resulting NO concentrations throughout combus­

tion were in every close agreement with continuous experi-

mental observations. Despite this, however, the underly-

ing theory to this work is very flimsy and does not account 

for the many reactions which are known to be involved in 
94,96 

the formation of NO during combustion. 
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CHAPTER 3. 

DEOCRIPTION OF THE COMFUTIONAL PROCEDUEES INVOLVED. 

IN ···THE ANALYTICAL··COMBUSTION SIMlJLAXION. 

3.1. GENERAL. \ 

The· synthesis cif internal combustion engine cycles 

by digital computers is now an established aid 
97,98 

and development of reciprocating engines • 

in the de sign 

Such syn-

the ses involve stepwise calculations of the state of the 

charge in the engine cylinder from point to point aroaoo . 

the cycle. .The basic problem is to determine the state of 

the charge at crankangle (9 +Ao9) knowing the state at 

crankangle 9. Here,~ 9 is the step length being considered. 

The problem can be approached in either of two ways: 

i) by numerical integration of an appropriate set of non­

linear differential equations. 

ii) by estimating the values of the stat~ properties at 

(9 +~9), wheree it is possible to evaluate the corres­

ponding energy changes and exchanges during the step. 

The property values are final~ adjusted by an iterative 

procedure until the energy balan:::e required by the 
All 

First Law of Thermodynamics is satisfied to sorne stip­

ulated precision. 

Non-linearities in the relationships between properties 

affect these two approaches in different ways. If the 

Euler method is adopted for the numerical integration, 

although the rates of change of contained energy, heat 

transfer and work transfer may be correctly related at 

e,.the overall energy balance need not be correct at (9 +~e) 

because of non-linearities. Even with more elaborate in-



tegration procedures (e.g. Runge-Kutta), this balance may 

drift during a series of steps. Of course, a suitable choice 

of step length can reduce the imprecisions involved. 

In the iterative technique, the evaluat ion of heat, 

work and mass exchanges during a step requires the choice 

of an interpolation procedure. ' Thus, although the changes 

may be inaccuratelY estimated, the overall energy balance 

between them is held. 
99 

ADnend attempted ,to establish a rational bas~of 
selection between these two techniques from direct comparisons 

of computer programs deve loped to carry out identical opera­

tions. His conclusions were that: 

i) iteration is always the fast,er method. 

ii) iteration does not show the instabilities common 

with integration techniques. 

6.5. 

iii) 
,,~. 

the integration method cannot be used for a Charg,i:~If-' 

exchange process involving two separate systems ~~~~~ 

heat transfer is incorporated. 
, .. ' ~~::~ 

Wi thout heat tranSf~~J.~: 
I .... '.:!ii<,~ •. 

the method can be used. 
/ ,oS,,' 

Such a process presents rooK,;<! 
. :"1..;:'. 

difficulty with an iterative technique. 

Thus, the iteration method is clearly to be preferred 

and is, in fact, used in this work. 

As stated in Chapter 2, the period of the engine cycle 

under examination is that from inlet valve closure on the 

compression stroke to exhaust valve opening on the expan­

sion stroke. Three distinct phases are, therefore, under 

consideration: 



i) the compression of the charge from its physical and 

thermodynamic conditions at inlet valve closure to 

the. predetermined. crankangle ;at which the .combustion 

commences. 

ii) the combustion process' itself lasting until all the 
\ 

charge has been completely burnt. 

iii) the expansion of the products of combustion to the 

crankangle at which the exhaust valve opens. 

The procedure in cycle synthesis work, as previous~ 

noted, is to divide the period under examination into a 

series of stages, each of which occupies a specified angle 

of crankshaft rotation. Each stage is associated with a 
, 

change in the cylinder volume, with heat transfer from the 

charge to the cylinder walls or vice versa and, during com-

bustion, with the conversion of the chemical energy of a 

part of the unburnt charge. A quantitative analysis of 

these processes allows the conditions in the cylinder at' 

the end of any stage to be calculated from the known con­

ditions at the start of that stage. These final values 

than provide the initial conditions for the succeeding stage. 

In this way, the calculation works round the cycle evaluating 

the properties of the working fluid at the end of every stage. 

3.2. THE COMPRESS ION PROCESS. 

3.2.1. DESCRIPTION OF THE ANALYSIS DURING COMPRESSION. 

The gas trapped in the cylinder when the inlet valve 

closes is regarded as a homogeneous mixture of air, gaseous 

fuel and residual exhaust gases left over from the previous 

cyc le. This mixture is called the "unburnt charge." All' 

chemical reactions in it are neglected and its composition 



is calculated only once at the start of the cycle from the 

chemical composition of the fuel, the equivalence ratio of 

the charge and the :mass fraction of residual exhaust gases 

present. Details of' this calculation are given in Ap~ndix 1. 

The cyc le calculation' can start at any convenient point , 

in the compression stroke when the unburnt charge fills the 

cylinder at known temperature and pressure. Inlet valve 

closure has been chosen as the starting point in this work. 

The revised temperature and pressure at the end of the first 

stage of step 1ength~9 must now be established. The volume 

of the :cy1inder is easily calculated from the dimensional 

configuration of the engine and the entropy at this point 

is, estimated from the known initial value and from the 

quantity of heat transferred between the charge and the cy1-

inder walls during the stage. Corresponding values of 

temperature and pressure cannot be found directly and an 

iterative procedure is used. An estimate is made of these 

values and corresponding values of entropy and volume are 

calculated. If these do not agree with the known final 

values of entropy and volume, corrections are calculated 

for the originally estimated values. In practice, the final 

value of the entropy i:J corrected in each iteration because 

the heat transfer depends on the temperature and pressure 

at the end of the stage. 

The corrections to the temperature and pressure diminish 

rapidly as the iteration proceeds until they become Dmal1 

enough to satisfy tile desired degree of accuracy. These 

last estimates then provide the initial values for the next 

stage. In this way, the calculation works through the 

compression process until the specified crankangle is reached 

re, 7. 



at which combustion begins. A step length of 100 of cra~­

shaft rotation is used in this work. 

3.2.2. THE COMPUTATIONAL PROCEDURES FOR STAGE CALCU­

LATIONS DURING _ THE COMPRESSION PROCESS. 

The contents. of the _ engine cylinder consist entirely 

of unburnt charge during the compression process and its 

mass, mU. is assumed constant throughout 0 

The initial and final crankangles at the beginning 

and end of a stage are represented by:thesymbols go and 

g2' Likewise, all the remaining properties of the charge 

at the beginning and end of a stage are denoted by the 

subscripts (0) and (2) respectively. 

The total cylinder voiume at the. end of a stage is 

calculated from the expression: 

\1 TTb"'U Zr , y", ::= _ ~ ) + 1" +,(. - -To cos e~ _ 
.... 4 ICR-I 

J::l :l 0 'le'] 1 - i" Sin 2 0 - - - - - 3-/ 

It is also given by: 

V2 = mU. 0 -V-U.2 0 - - - - - - - - - 0 - - 0 - - 0 0 0 0 - - - - - - - - 0 3-Z 

where 'f.;.:a is the specific volume (cc/gm) of the unburnt 

mixture at the end of a stage. 

Heat transfer to or from the charge is assumed to 

take place reversibly. The reversible transfer of a small 

quantity of heat, L>Qu to a system, accompanied by a small 

finite change in temperature, results in a change in the 

specific entropy of the system given closely by: 

L\.s = "t),Qu/mu. Tm 0 - - - - - 0 - - 00000 000 - - _ 3-3 

where Tm is the mean system temperature during the stage. 

Thus, 

Su." - S ..... o + '<.4Q uj 

m,Jr..o+ TU2) 

- - - - - - -- - 0 000 - - - - -- 3- 4 



where 

Su~ is the specific entropy of the unburnt charge at 

'the. end of a stage • 

. Suo. is the specific entropy ·of the unburnt charge at 

the beginning of a stage. 

Tuo ' is 'the unburnt charge temperature at the begirming 

· ofa stage. 

T U2j is the jlth estimate of the value of the unburnt 

· charge temperature at the end of. a stage. When the 

required degree of accuracy has been achieved in 

609. 
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• the iterative procedure, T"2j adopts the final value Tu~' 

Equations 3-2 and 3-4 are solved Blimultaneously for 

the pre ssure, ~ aOO unburnt charge temperature, T...'1 at 

the end of a stage. As previously stated, this is accom­

plished by an iterative procedure in which successive est-

imates of these values are improved until the required 

accuracy is achieved. Thus, approximating these properties 

of the charge by the first few terms of a Taylor series 

expansion, we have 

+ (r;..~-T..,.j). d1l'~ 
dT 

+ (~- ~J. dVu:>i + .... , .. 
.,)p 

---- 3-5 

.. . .. , - . + (~-p;,) dSu.2i. + 
~ p ~---- 3-6, 

where ~2j) SU.2j and P2j are the j I th estimates of the 

required values. 

On SUbstitution of these expressions for 11;:,. aOO Sv.,. 

into Equations 3-2 and 3-4, two simultaneous eqUations are 



obtained which can conveniently be expressed in the matrix 

form I 

chr ... "j 
~T 

Js . 
U.Qi . 

dP 

~V-"'''i . 
~p 

.:<'.L'lQ ",j _ S . 
""J 

mu (r...o+ T""j) 
5",o,+ 

V;l '- rY1 u. . -v;." j 
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where - (Tu2 - -r.,"1) 
(F; - F;j) 

---..,..: 3-7 

and' 

Values of s .. o am Y:r are calculated from the known 

conditions at the beginning of the step and the known value 

of Q~. Initial estimates are made of the final temperature 

am pressure and these are used to calculate the coefficients 

of the matrix. The equations are solved am improved esti-

mates of ' the temperature and pressure are obtained thus: 

Tu"Cj+l) 

~(j+I) 

T"'2j + L'l Tj .... . 
F;,j +APj ..... . . . . . .. .. .. .. .. .. .. . .. .. .. ...... 3-9 

TheDe are then used to recalculate the coefficients of 

the matrix. This procedure is repeated until the calculated 

corrections to the temperature and pressure become accept-

ably small. 

The values of .DGl~are written with the subscript j 

because they are functions of both the initial and final 

states, am must, therefore, be evaluated within the iter-

ative cycle. 

of dS ... j J S""J' 
.;IT '~ 

The techniques involved in the calculations 

and .;IV"2j are described in Appendix 7 • 
~T,~p 

3.3. THE COMBUSTION PROCESS. 

3.3.1. DESCRIPTION OF THE ANALYSIS DURING COMBUSTION. 

At ignition, a small quantity of charge is converted 

from an unburnt condition to a burnt condition, which process 

releaseD the chemical energy stored in the fuel in this 



small portion of charge. Thus, the cylin::1er conte nts can 

no longer be regarded as a single homogeneous system but 

must now be treated as two sepa~ate.sub-systems having. 

e~ual pressures. One sUb-system is called the 'unburnt 

,fraction' an::1 the other the 'burnt fraction.'. 
\ 

The burnt fraction is assumed to consist: of :a homogen­

eous mixture of the products of combustion which are regarded 

as a mixture of fifteen chemical specie s whose concentrations 

are governed by chemical equilibrium considerations. The 

method used to calculate these equilibrium concentrations 

is given in Chapter 6 of this report. 

Each separate stage during the combustion phase occupies 

2° of crankshaft rotation and is subdivided into two succes-

sive steps: 

i) the combustion step - this takes place adiabatically 

and at constant total volume. The new temperatures 

and pressure of the sub-systems resulting from the 

transfer of a small mass of charge from the unburnt 

to the burnt fraction are calculated. An iterative 

procedure is again used to obtain these from the known 

va.lues of total volume, total energy and entropy. 

ii) the piston movement and heat transfer step - this 

calculates the new temperatures and pressure resulting 

from the piston movement corresponding to the 20 of 

crankshaft rotation and from the heat losses to the 

surroundings. An iterative procedure similar to that 

described for the compression process is used. 

3.3.2. THE COMPUTATIONAL PROCEDURES FOR STAGE CALCU­

LATIONS DURING THE COMBUSTION PROCESS, 

The states of the two sub-systems at the start of a 

7/. 



given stage are defined by the common pressure Po and the 

temperatures Tuo and Tbo. The initial masses of the sub­

systeins are given the symbols muo am m bo whilst the initial 

crankang1e is represented by 90. The mass of charge is 

assumed to remain constant throughout em complete combus­

tioriis· considered'. AB just described, the 'processes under­

gone by the sub-systems during a complete combustion stage 

are treated in two steps. 

During the combustion step, a known ioorementa1 mass, 

~m, is transferred from the unburnt to the burnt fraction. 

The final states at the end of this step are denoted by the 

subscript (1). 

In. the piston movement am heat transfer s~ep, the 

crankshaft is rotated through a known incrementAe so that 

the total system volume undergoes a corresponding change. 

Certain quantities of heat LlGluandLlQbare transferred from 

the sub-systems during this period. The final states are 

denoted by the subscript (2). 

The object is thus to determine P, J Tu. and Tb, and, 

hence, fi J Tu:;z and Tb::!' The se last values then define 

the states of the sub-systems at the end of the stage i.e. 

at the start of the succeeding stage. 

Th~ £offib£sliQn_Ste£. 

The total system mass is assumed to remain constant. 

Therefore, 

mu. muo- Drn .... . . . . " ., 3-10 

a. .... d m be -+- ob rro . . . . - - .. " •... 3-/1 

The reaction takes place at constant total volume. 

v.=v" ..... __ ....... - .... _. s-I~ 

The expression enabling the calculation of the total 

cylinder volume is given by EC;uation 3-1. This volume is 

7:<. 

-- -- ~I 



also given by 

Vo = mu.,."V;;., + m b , .-v;:, .......... - . -- - - - 3-/"3 

where "V""t.ij. and '""b, ~ethe specific volumes of the unburnt 

and burnt fractions respectively •. 

In addition, the process is adiabatic and, consequently, 
\ 

the total internal energy, E, remains :constant. Thus 
, 

Eo .......... - - - - - - - -- ... -.... -. 3-14 

and 

.E" = mUl·eu., + mb,.eb, ..... -.- _______ ,3-15 

where eu , and eb , are the specific internal energies of the 

unburnt am burnt fractions respectively •• 

One further equation is required to define the final 

states which relates to the interaction between the sub-

systems. Here, one can assume either that: 

i) any process in the burnt fra.ction is ise ntropic : 

i.e. Sb, = Sbo 

or that 

ii) any process in the unburnt fraction is isentropic, 

i.e. SUI == Su.o 

However, because at ignition the initial value of the 

specific burnt entropy is not known, the condition 

Su.. = s ... 
u.o 3-lfo 

must be used since suo is known at this time. 

The equl:ltions 3-13, 3-15 am 3-16 must be solved sim-

u1taneously for P, ,Tu., and Tb' . .As before, this is done 

by an iterative procedure in which successive estimates 

of these values are improved until the required accuracy 

is achieved. Thus, approximating these properties of the 

sub-systems by the first few terms of a Taylor series ex-

pension, we have 

73. 



v-u., 

v;" -
\ 

-1.t. 
""J + (T ... , - T..'j). d"Vu'i 

dT 
+ (p,- P,J. ~ 1J",j + .... -

.}p --
74-. 

~-n 

-- 3-18 

e .... , - e \A.,j + (TIL , - T,.'j ). cJe u.,j + 
<)T ""----

e b , - €b· + (~,~~,J. deb/j + (p, ~ P,j). deb,j !J -f .. 
cl, o>P ...,. 

5"" - S"'j + ( T.-.,- T...j). cJ Su,j + (p,- P,j)' .,) S .. ,j + .. 
.;JT .;;}p ..... '----3-..:1 I 

On substitution of these expressions for 1r. 10 
. . IAI) 6,> 

eUI) eb, and SIL' into ECluations -3-13, 3-15 and 3-16, three 

simultaneous equations ere obtained which can be conven-

iently expressed in the matrix form: 

o 

mbo .)eb,j 
-:rr-

m b, . .;)1I"b,j 
.;JT 

m b, ~eb'i 
.;Jp 

Z m, ,)1I;j 
u,b ~p 

T To.. b,- b'J 

p, - P,j 

SIAO - Su.,j 

E - ~ m,e'J· o u,b ---3-:<::< 

quantities V . "V . 
W'J, blJ J 

and 
T"'j J Tb,j J e .... ,j) e b,j 

the j'th estimates of the required values "IT. 
U, J 

1T, T -r e e and S"" respectively. 
b, J ..... )' b, J .... , ) b, 

The procedure consists of eValuating SUO) Eo am Vo 

at the known conditions at the start of the stage. First 

estimates are then made of the final temperatures and pres-

sure. The se are used to calculate the burnt fraction ccm-

position as described in Chapter 6. The coefficients of 



the matrix can then be evaluated using the methods outlined 

in .Appendix 7. 

solved and the 

ani (p.-=-" P,j) 

The three simultaneous equations are then 

resulting values of (Tu.- T...'j) , (Tb.-Tb,j) 
used to obtain improved estimates as follows: 

-r:..tj+,) = -r:.,j + (Tu.,-'~"j)"." . ...... 3-.2~ 

~'(j+') - lb.j + (lb.-~,) .......... - .... : 3-.24-

P. (j +.) = p.j + (p, - P.j) . -.. - . . . . -- .. :. .. . 5 -.zzs 
These improved estimates are used to recalculate the 

burnt fraction, composi tion and, hence, the coefficients of 

the matrix. This iteration is repeated until the calculated 

values of (-r:,- Tu..
J
.) ') (T.b - Tob .) am (p_p.) become , , , "!J "J 

acceptably smail. ' 

The masses of the sub-systems are assumed constant 

throughout this step. Thus, 

mua - m ........ _ ... _ .. ___ .. __ ...... ____ ...... _.5-.=>(. 

mb~ _ t'Yl b •••···• - .. - •.•• - .. - ••...•.•••..• --- .. 1';-J7 

The final crankangle is given by 

e +.tl e ........... -......... 5-.::28' 
I 

and the corresponding final total volume by the expression 

in Equation 3-1. It is also given by 

~ = m
U2

.1(.2 + rY1b2.1(b~" - - ••. - .• - ... , . .$"--"'9 

As for the compre ssion proce ss, he at transfer is assumed 

to take place reversibly to both sub-systems. Thus, for the 

processes in the burnt and the unburnt fractions: 

m b:t. (Tb. + Tb"j) 

Su.e + ~,ClQlAj •. ____ .• __ ... ~_~I 

m",,, (T". + Tu2j) 
3-30 and 3-31 must be solved simul-The equationz 3-29, 

teneously for p~) TU2 and Iba. This is achieved by first of 



a1~ expressing the q.uantities "Vu:t, "\Tb" , 5 ... " and. Sb2 as 

Taylor series expansions as follows: 

·V 
b;z 

.... 

V. 
U"J 

"V":'b . 
:lJ 

+ (TU2 --: 7;;"j). "hr-c.<2j 
~T 
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+ . . 

~-~-- i!:-3<: 

Sb . 
2J + (~:t - Tb:tj). J S b2j 

.,;)T 

+ (F;- r=;J . .,)So:>j + ~ ... 
.,.)p-- 3- i5! 

The values V· v:;. -r. T.. n. 
..... J, ·.b:lJ) =1 > b"l' '2J. J 

Sc.<:>j and S02j 

are the j'th estimates of v;." V,b T T, p. 
) :.l) u.a) oJjl J ~ ) 

S and 
.. 2 

Sb:;! respectively. The expressions 3-32 to 3-35 are sub­

stituted into Equationa 3-29, 3-30 and 3-31 to provide the 

following three simultaneous e~uations express~d in matrix 

form: 

dS . 
0 cl S"'''i T -T· U"J 

dT· ~p 
l.I.;;t l.I.2J 

0 dS b:>j dS . TT.· b:>J 

dT dP b2 - b2j 

mu:a. :JV . 
m 1>2 .d"1rb .. j ~ mOl .)V;;j u"J r:; - F;j 

dT .;>r ... 10 dP 

SU-I + 
~.DQuj s . 

mu" (~, + T.."j ) 
U":lJ 

Sbl 
~. Ll Q bj 3-3" + 

mb::1 (Ta, + Tb;;tj ) 
-$ . 

b2J 

V~ - 1 m"'."V;j 
u,b 



Values of 5",,) Sb, and V';f. are calculated from the known 

conditions at the beginning of the step and the known value 

of elf; Initial estimates are made of the final tempera­

tures and pressure, and these are used to calculate the 

burnt fraction composition and, hence, the coefficients of 
\ 

the matrix utilising the techniques in Chapter 6· and Appendix 

7· The equations· are solved and improved estimates of the 

temperatures am pressure are obtained from 

~lf (j+1) - T Ulfj . + (-r;.2 -T .. 2j ) '3-3/ 

Tb2 (j+l) - Tb::lj + (7;,2- TbiJ) 3-38-

77. 

F;(j' +1) - P.. + (~-~) ~-~~ 2J 
These are then used to recalculate the burnt fraction· 

composition and the coefficients of matrix 3-36. This 

iteration is repeated until the calculated corrections·to 

the temperatures· and pressure become acceptably small when· 

the final estimations become the initial values for the 

next combustion step. 

The values of .AG1"'j and LlQloj are written with the sub­

script (j) because they are functions of both the initial 

and final states and, thus, must be evaluated within the 

iterative cycle. 

3.4. THE EXPANSION PROCESS. 

3.4.1. DESCRIPTION OF THE ANALYSIS DURING EXPANSION. 

Whe n all the unburnt charge has been c omple te 1y burnt, 

the expansion phase of the engine cycle begins. This pro-

cess is conducted in successive steps of 100 of crankshaft 

rotation in this work and each step is noVl associated only 

with piston movement am heat transfer. The calculations 



are very similar to those already described for the compres­

sion process except that the unburnt charge considerations 

are replaced by those of the burnt charge. Thus, dissoc ia­

tian effects are· included. The evaluations continue until 

the exhaust valve opens. 

3.4.2. THE COMPUTATIONAL PROCEDURES FOR STAGE CAlCU­

LATIONS OORING THE EXPANSION PROCESS. 

The cylinder contents now contain exclusively burnt 

combustion products and the mass of charge, mb is assumed 

constant throughout the process •. The crankang1es at the 

beginning am end of a stage are denoted by Eb and "-2 where 

ell = eo -I- De 

The initial states at the beginning of a stage are 

again defined by the subscript (0) am the final states by 

the subscript (2). 

The total cylinder volume at the end of a stage, V~) 

can be calculated from the expression in Equation 3-1 aOO 

also from 

3-4-0 

Heat Transfer is assumed again to take place reversibly 

so that 

5 bll - Sbo -I- 1<. ~Qbj 
mb(Tbo + lb~) 

in which Tb~j is the j'th estimate of the 

temperature at the end of a stage. 

3-41 

value of the 

~quations 3-40 and 3-41 have to be solved simultaneously 

for ~ ani Tba . .AJ> before, an iterative procedure is used in 

which successive estimates of these values are improved until 

the required accuracy is achieved. The properties of the 



charge ifba and Sbaare approximated by the first few terms 

of a Taylor series expansion to give: 

79. 

-Vb~ = -v;,aj + (~a- Tb:>J. j~2j 
.,)T 

+ 6~ - ~.) .)~. 0 • 

~ ~ ° b2J + o ••• 0 

~p 
. '-- \ 

(~;l- Tb"Jo Id Sb~j 
~-r 

+ + ..... 

-- 3-43 
On sUbstitution of these two expressions into Equations. 

3-40 am 3-41, two simultaneollS equations are obtained. In 

matrix form, these are: 

~Sb:>j d S b"i 
Tba - Tb:>j Sbo + ~oLHj)bi _ Sob ° dT dP 

JVb:>i dVb:>j 
,- mb(Tbo +Tb2j) "J 

~- ~j V" - m bo'\J'"b2j dT ~p 

Values of Sbo and V~ are calculated from the known 

conditions at the start of a stage am from the known value 

of e" ° Initial estimates are made of the final temperature 

and pressure am these are used to calculate the burnt 

fraction composition and, hence, the coefficients of the 

matrix by utilising the techniques in Chapter 6 and Appendix 

7. The equations are solved am improved estimates of the 

temperature and pressure obtained from 

~:>(j+I) 

F;Cj+I) 

Tbaj + C Tb:>-Tb2j ) ------

P"j + (~- F;j ) 3-4-b 

This process is repeated until the calculated correc-

tions to the temperature and pressure become acceptab~ 

small. The value of LlQbj is written with the subscript 

(j) because it is a function of both the initial and final 

-3-44-

states am muct, therefore, be evaluated within the iterative 

cycle. 



3.5. COMPUTER PROGRAMMING OF THE ANALYTICAL PROCEDURES. 
I 

The above ana-lytical procedures have been programmed_ 

for use on a digital cfmputer as is shown in the main part 

of the complete program listing in Appendix 8. This Appendix 

-also contains a Flow n'iagram showing the manner in which _ the 

computer program has been built up _ am some of the main 

considerations am techniques used. 

8'0. 
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CHAPTER 4 • 

. THE RATE OF FLAME PROPAGATION. 

4.1. INTRODUCTION. 

calculate the mass of charge burnt at any particular point 

of ·the 'flame travel in the combustion chamber. This is 

achieved from a knowledge of the rate of flame propagation, 

the volume :of charge consumed by the. flame durirg a partic­

ular interval of time and the density of the unburnt charge. 

The apparent rate of f lame propagation in an engine 

is very high. As stated in Chapter 2, this is due to both 

the rate of the reaction and the expansion of the burnt 

gases. The fundamental quantity to be investigated is, 

therefore, the flame front motion due to the reaction only 

i.e. the flame propagation relative to the unburnt gas, 

UT. The remainder of this Chapter is devoted to obtaining 

a gener-al expression for this quantity in order that calcu­

lations c an be made of its magnitude under the ma.'1y varying 

conditions of the charge e.g. equilence ratio, temperature 

etc. 

The derivation of such an expression of necessity 

involves a number of simplifying assumptions, the most 

serious of which are those of steady state and one dimen-----
sionality. Thus, it must be recognized from the outset 

that any equation used to represent the rate of flame travel 

in an engine can only be approximate. Its validity may 

only be determined by a direct comparison of calculated 



and experimental. burning rates. .Alternatively, this could 

be achieved indirectly through a comparison of cal.culated 

83. 

and experill1ental. pressure';'time diagrams. Both these approaches 

are used in this Vlork as a means of comparison (see Re sul.ts) •. 

It is well. known from ob~erved and calculated rates of 

flame propagation in s·park ignition engines that combustion 

is of the turbulent type. Thus, the starting off point must 

be to consider in some detail the fundamentals of turbulence 

and turbulent flame propagation in engine cylinders. 

4.2 • . TURBULENCE AND TURBULENT FLAME PROPAGATION IN 

SPARK IGNITION ENGINE COMBUSTION C~. 

4 .2.1. l'URBULENCE GENERATION. 

It has been known for many years that the complex, 

. unsteady flow existing in engine cylinders during combustion 

results from the following sources; 

i) the flow of the charge through the carburettor, the 

inlet manifold and the inlet valve during the induc-

tion stroke. 

ii) the mixing of streams of differing velocities in the 

cylinder during induction. 

iii) localised flow disturbances originating during com­

pression and combustion. These are due mainly to the 

contour of the combustion chamber. 

iv) the mass movement of the unburnt charge immediately 

ahead of the flame front during combUstion. 'l'his is 

the so-called IIf lame turbulence" am it can be visual­

ized as follows. During the thermal expansion of the 

hot gases in the combustion zone, every element of the 



\ 

combustion wave introduces into the unburnt gas a 

velocity component normal to it. In turbulent flames, 

these small elements fluctuate at random and, in so 

doing, they impart a supplementary turbulent effect 

to the unburnt gas. It is this which constitues 

flame generated turbulence •. 

4.2.2. THE NATURE OF THE TUBBULENr· FLOW. 

The nature' of the turbulerit flow can generall,y be sub­

divided into three distinct effects ,each of which has a 

varying degree of influence on -the overall turbulent flame 

speed. These are: 

a) swirl. 

b) -large-scale turbulence. 

c) small-scale turbulence. 

Swirl. 

This is a large-scale mass motion of the charge. It 

takes place in an orderly fashion and it usually has some 

eddying or turbulence associated with it (see Fig. 4-1). 

There are several ways in which a swirl can be generated 

in an engine cylinder. The most common is by the use of 

shrouded, or masked, intake valves and/or the use of inlet 

ports that direct the air flow in a tangential direction 

to the cylinder walls (see Figs. 4-5 to 4-8). Another 

method is to force the air through a tangential passage 

into a separate swirl chamber during the compression stroke 

(Fig. 4-2). A well-defined swirl can also be generated by 

a "squish" action. Normally, the combustion space is in­

corporated in the piston here (Fig. 4-3). Sometimes, squish 

is used in combination with an inlet vortex in order to 



either reinforce the rotation or to produce a toroida~ 

flow pattern (Fig. 4-4). 

The general 'effects of swirl in an engine have been 

,known for some time, particular~ to those designing direct 
W~ 

injection combustion chambers. The ear~ work of Ricardo 

8'5. 

,showed that, if the air in the cy~inder of a direct injection 

engine was motioDless, on~ a small proportion of the fuel 

would find sufficient oxygen for combustion. This is because 

it is impossib~eto distribute the fuel droplets uriiformly 

throughout the combustion space. An order~ and controlled 

air movement is required in order to bring a 'continuous 

supply of fresh air to each burning droplet and to sweep 

away the products of combustion which otherwisb would tend 

to suffocate it. 

Some recent fundamental stUdies on the mapping of 

airflow patterns in engines with induction swirl have been 
102 

carried out by Willis et al • A water analogue model 

was constructed and neutral density beads used to define 

the swirl pattern. This work revealed that swirl is char-

acterized by solid body rotation near the centre and poten-

tial flow in the outer portions of the cylinder. During 

induction, the vortex generated by the swirl was unstable 

am non-symmetrical with its centre of rotation offset from 

the cylinder axis and forming a helix extending the length 

of the cylinder. Figs. 4-5, 4-6, 4-7 and 4-8 (taken from 
102 

this work ) give a clear indication of how the flow into 

the cylimler generates different kinds of swirl when differ­
mask 

enttangles are used. 

In carburetted, spark-ignition engines, such large­

scale swirl is not really very desirable for four main 
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i) in order for a flame to propagate through an externally 

prepared:, pre mixed charge, a conUtion of general and 

indiscriminate' turbulence is' required to act on the 

flame front. An orderly, 1ar!51=l scale flow merely tems 
.\ . 

to displace the flame bodily wlthout II1Uch distortion 

of the flame surface be ing app~rent. 

i1) it can greatly increase the heat losses from the 

engine. 

iii) its generation may adversely affect the volumetric 

efficiency of the engine. 

iv) under some conditions, it can lead to rough andirreg­

ular combustion due to the rates of .pressure rise 

being considerably increased. A possible mechanism 
51 

for this effect has been suggested by Patterson' 

who proposes that the swirl shears the flame kernel 

just after ignition and, in so doing, increas~s its 

flame front area (see Fig. 4-9). This increases the 

surface over which combustion reactions occur and 

thus accelerates the burning of the charge. 

Most spark ignition engines, however, have a certain 

amount of a general charge rotation or a mean flow movement 

in a :;Jarticular direction but it is considerably less than 

would be induced by such large, directed air flows as dis­

cussed above. The amount depends on the inlet valve location 

and design and on the porting configuration. 

The effects of a large swirl on flame propagation in a 
103 

spark ignition engine have been analysed by Johnson • He 

used ionization gaps and a radiation detector to determine 

flame travel data in a multi-hole CFR engine. With swirl 



induced by a masked valve, he found that the centre of 

rotation of the charge did not coincide with the geometric 

centre, which observation SUbstantiates the resu1ts.of 
102 

Willis et a1 already referred to. .There also appeared 

to be ~ force acting on the flame tending to move it in a 

curved, path towards the centre ,. in much the same way as a 

centri'fuge moves less dense particles .towards the centre and 

more dense particles to the outside. Johnson concluded that 

this centrifugal force. resulted from the flame being approx­

imately one-third the density of the unburnt gas. The swir1-

ing burnt gas was found to follow the same path irrespective 

of how fast the swirl was. 

Small and large scale turbulence. 

In this context, turbulence is defined as a confustion 

of whir10 and eddies having no general direction of flow 

(Fig. 4-10). It mayor may not be superimposed on a swirl 

or a mean motion. MJ previously mentioned, turbulen:::e of 

the charge in the combustion chamber arises mainly from its 

flow into the cylinder during induction. It is a consequence 

of eddy formation on obstacles (e.g. inlet valves and ports) 

and the shear flaws set up due to the retarding effect of the 

cylinder walls and the mixing of streams of different ve10c-

ities. 

The chief characteristics of turblllent motion are its 

3-dimensionality and randomness. Due to these, it exhibits 

a certain similarity to molecular motion and has similar 

transport properties. However, it is vastly more complex 

in its nature because the turbulent Quantities corresponding 
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to the molecular mass and the mean free path are not constants 

of the medium. In particular, the variable eddie s am 



vortices; which constitute the turbulent motion, are not 

all of the same size and velocity (see Fig. 4-10) but are 

distributed over wide 'ranges. 

Because the masses of the fluid elements and the average 

distances they move are much larger than the molecular mass 

and the mean molecular free path, turbulent transpo~t 'of mass 

and momentum is several magnitudes larger than molecular! 
... ' 

t'raDsport:.c" It=1s" this property of turbulence which is 

important in its utilization in flow phenomena, heat transfer, 

, mixing and flaJre propagation. 

A. typical ,.oscillogram, taken with a hot wire anemometer 

placed in such a turbulent field as exists in Fig. 4-10, 

might indicate ,the fluctuations, as a function of time !in 

the x-direction, shown in Fig. 4-11. It should be noted 

that such fluctuations also occur in the y and z directions. 

The instantaneous velocity, Ui. is seen to fluctuate abouts 

its mean value IT. with respect to both time and spatial 

direction. Theoretically, it is convenient to split the 

instantaneous velocities u .. , ""'i. atld w .. into their t.fl)le 

average components li, Y and iN and their momentary fluctuation 

t I ~,.I amd I componen s u, v w. Thus, 
I 

U, 
L - U. + U 

I 

if': - V- + ....,. 
L 

+ 0 

w' w W 
L 

and 

These relationships were developed by Osborne Reynolds 

in connection with his inVestigation of turbulent flow. 

In a theoretical ana~sis of fluid turbulence, the 

instantaneous velocity components must be expressed mathe-

matical~ in terms of both spatial coordinates and time. 

These functions have been found to be so extreme~ compli-
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cated however as to defy accurate description. It thus 

appears that the theoretical solution requires the applica­

tion of st~atistics. .On this basis, since the root mean 

square (r.mos.) value of the turbulent velocity fluctuations 

is a definite quantity in a. given turbulent\ field ani repre...;. 

sents a suitable statistical measure of thel magnitude of the 
, 

fluctuations, it is termed the intensity or level of the 

turbulence. Thus,. 

the intensity of· turbulence = ;:;;a' for isotropic flow. 

Sometimes, the ratio of this value to a mean flow 

velocity (i.eo the relative intensity) is termed the intens­

ity. That is, 

intensity or relati~e intensity = 

flow. 

W' 
u for isotropic 

When the turbulence is not isotropic, the mean value 

of t::

e 

i:::::i::u::u::::i::m:::::::t:

a

: ~ /~~ad ::,;:a:'2)~ 
The scale of turbulence is considered to be. the dimen­

sion of a typical eddy or vortex making up the turbulent 

field. ~ven though these eddies vary in size over a con-

siderable range, it is possible to conceive of some typical 

or average size. In practice, two specific scales are 

defined, one representing the size of the larger eddies and 

the other the size of the smaller eddies (Fig. 4-10) • 

These are known as: 

a) the macroscopic scale ( large-scale turbulence) • 

b) the microscopic scale ( small-scale turbulence). 

When considering a turbulent field, it is important to 

compare the scale of the tur·bulence to the size of the body 

in which the field is contained. Both scales are present in 



the turbulent flow in a reciprocating engine combustion 

chamber since states of macroscopic and microscopic turbu-
'; . 

1ence cannot be produced separately without great difficulty. 

In this context also, the mixing length in turbulent 
. I" . 

flow is defined as the average distance over which a fluid 
, , 

element moves, before it loses· its identity by mixing with 
.. 

the surrounding fluid • 
. ',- ':!" ... I ' • '. ~'.,'': "'-:::-'~f"--: . ..t".~:_"': , .••. "~' .. _ •. 11 '. _ 104 

Several classifications of turbulent flows exist'" • 

The more important of these are: 

a) homogeneous turbulence - in which the scale and intens-

ity of the turba1ent field are independent of the 

co-ordinate position. 

b) isotropic turbulence - where the scale and. int.ens.ity 

are independent of direction. Here, the intensity of 

the turbulent fluctuations is the same in all direc-

tionso 

In the cylinders of internal combustion engines, iso-

tropic and homogeneous turbulence are ideal cases since 

usually the fluctuations are completely random in magnitude, 

direction and position. 

i!.. turbulent field can be further defined in terms of 

the velocities of motion of the individual eddies. l'heS 

criterion is termed the spectrum of turbulence and it rep-

resents the average fraction of the kinetic energy of the 

turbulent motion, F( £), between, for example, the fluctua­

ting frequencies f and (£ +df) - see Fig. 4-12. The 

availability of spectrum presentations of turbulence inform­

ation permit one to consider the manner in which the energy 

of turbulence is distributed among the various eddy sizes. 
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Thus, since the lower frequencies indicate the larger eddies 

or scales, and vice versa, inspection of Fig. 4-12 indicates 

that much of the' energy is associated vii th the large eddies. 

Above some frequency, or below some size, the energy is seen 

to drop off very" rapidly with increase in frequency and 

decrease :in size or scale. The indication is, therefore, 

that the ""kinetic energy is communicated to the turbulent 

mot:ion'"from the mean flow" (if present)' by the large "scale 

eddies. From these, it is transferred down the scales from 

the larger to the smaller eddies where it is finally dis-

sipated into heat by the action of viscous friction. This 

transference of energy has been found to occur rather rapidly 

so that the size of. the turbulent eddies decays quite quickly 

with titre. 
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4.2.3. ACTUAL TURBULENCE MEllSUREMENTS IN ENGINE CYLINDERS. 

From the foregoing, it is clear that the basic problem in 

determining the effects of the confused flow pattern in the 

engine cylinder on the combustion of fuel-air mixtures is 

primarily one of characterizing the mixture motion. This 

entails the separatiori of the total effect into its various 

sub-effects and the determination of the inf luence of each 

of these on the overall flame speed. In this way, it may 

then be possible to find the degree of influence of: 

a) the mean mixture motion (or swirl) if present. 

b) the large se ale turbulence. 

c) the small scale turbulence. 

This ideal involves the direct measurement of air 

currents in the cylinders of piston engines. Very little 

fundamental work has been carried out on such inve stigations, 



however, in spite of their great influence on the velocity 

and efficiency of the combustion process and· on the design 

of suitable combustion chambers. The dearth of such irivesti­

gat ions is large~ explained by the great difficulties en­

countered in the measurement of unsteady flow. Th~results. 

Of the .few workers who have attempted such measurements will 

thus be quoted in some detail in this report • 
. :,,' . ·r··~·,o . . ~· ... I\ ... ·., ',~ ••• • '. 

Several techniques are available "including hot wire"' 
105,106 

anemometry, the use of electrical discharges- and 
107 

las;'er doppler methods • However, to date, only hot wire 

or hot film anemometry has· been used to measure the small 

and large scale turbulerx:e in engine cylinders. These in­

struments have the advantage olf a very low inertia so that 

the turbulent pulsations are not disrupted and the flow 

itself is not disturbed to any marked degree. 

The principle of operation of this instrument in its 

application to gas velocity measurements depends upon the 

relationship between the forced transfer of heat from a 

heated, cylindrical filament and the velocity of the flow 

in which it is placed. A discussion of the construction, 

development and operation of a typical hot-wire anemometer 

for use in piston engines is given in Ref. 108. 

It should 'oe realized that the results of the few 

people who have carried out turbulence measurements in engine 

cylinders refer only to the particular engine and combustion 

chamber configuration used by them in their work. The 

results are not transferrable to other engine designs al-

though one can hypothesize that many of the trends noted 

are common to all engine-combustion chamber' relationships. 

-_.---~-~ -.-
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The Turbulence Measurements of Molchanov 

93. 

In 1953, Molchanov completed some work on determina­

tions of the. dynamic state of the charge in an engine cyliIXler 

duriI:\g the induction stroke,· the compression stroke' and the 

period 

occurs 

of the eI:\gine cycle during which flame propagation 
\ 

viz. up to approximately 300 after top dead centre. 

He used an instrument having only a single hot wire which 

meant ,that direct. measurements .of' turbulence' in three co-

ordinates could not be made.. It did,. however, enable measure­

ments to be made of flow velocities and fluctuations of 

. these flow velocities (with frequencies up to 2000 cycles/' 

second) under the prevai"ling conditions of varying temper-

atures and pressures. A variable compression ratio engine. 

was used with a cylindrical combustion chamber. The engine 

was motored in the 'cold' condition and no combustible 

mixture was supplied. 

Qu£illg_IQd~cliQn~ 

This period was considered to e'xtend from the opening 

to the closing of the inlet valve. The noted variation in 

gas velocities with crankangle rotation at certain points 

in the combustion space are shown in Fig. 4-13. There is 

seen to be a sharp increase in flow velocity when the inlet 

valve is first opened which is followed by quite a sharp 

decrease to a periodic oscillation recorded simultaneously 

at all the measured points in the combustion chamber. It 

is feasible to attribute these oscillations to inlet pipe 

tuning effects. The maximum flow velocities appear to occur 

when the piston speed is greatest. Conversely, they tend to 

decrease as the piston slows down on approaching bottom dead 

centre. 
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~U£ing_cQm£r~s~iQn~ 

During this stage of the cycle, Molchanov hypothesized 

that the high velocity: streams during induction were destroyed 

and converted into a swirl motion. This, however, was not 

substantiated by measurements he made of flow velocities at 

neighbouring points in. th:e combustion space when the hot wire 

was rotated through 3600 • These indicated: 

a) the absence' of anY' large scale ,directed flow.' . ,-

b) evidence of local'swirl'currents or vortices as in 

Fig. 4-10. This conclusion was drawn from the regularly 

repeated transition of local flow velocities from maximum 

to minimum for two adjacent positions of the filament. 

This indicated the presence of locally directed streams 

of different magnitudes at neighbouring points in the 

combustion chamber. 

On this evidence, therefore, it was postulated that 

the flow during compression consisted entirely of uniform 

eddies of varying scales with no constant direction of flow. 

The conception of a relative intensity of turbulence, 
JJ!i' u ) under these conditions no longer makes sense: only 

the absolute intensity, ~,can be contemplated. 

Treating the treasurements of the large scale turbulent 

eddies as the mean velocity of the flow, the results shown 

in Fig. 4-14 were obtained for variation of this quantity 

with change in compression ratio at the point ~ in Fig. 4-13. 

The following conclusions can be drawn: 

i) on closure of the inlet valve, the gas flow velocities 

fall sharply am become approximately eCjua1 to the mean 

piston speed for all compression ratios. 

I 



ii) the flow velocities vary in different ways as a 

function of compression ratio up to about 200 before 

'top "dead centre. After :this point, during the period 

,corresponiing to flame propagation, it appears that' 

'they decrease slightly ,as the compresSion ratio is \ 

, inc'reased. 

iii) the' maximum gas velocities are attained at the same 

~ ',.,- p'oint in the"cYcle for -all 'compression 'ratios viz.' 

, at 200 B.T.D.C. .A systematic decrease is observed 

from this point onwards throughout the flame propa­

: gation period however. 

Mo1chanov, perhaps erroneously, concluded that the 
I 

"variation of compression ratio vlithin wide limits had 

95. 

practically no effect on the velocities of ordered gas streams 

in the combustion chamber." This is certainly true up to 200 

B.T.D.C. However, if one consiciers the velocities at T.D.C. 

in Fig. 4-14, it will be noted that the difference in flow 

velocities between compression ratios of 6 ani 12 is approx-

imately 0.7 metres/second. Compared with the mean flow 

velocity ut this foint of 2.5 metres/second, this variation 

achieves quite large proportions of some 28%. The effect 

of this on the burning velocities in a firing engine can 

clearly not be ignored. 

By filtering out the lov, frequency flow velocities so 

as just to record the high frequency fluctuations, the 

measurements in Fig~ 4-15 were obtained. It can be seen 

that there is an increase in the magnitudes of the fluctuation 

velocities during the flame propagation period. At some 

points, these are considerably gr;eater than the maximum 

ve loci tie s ot the large scale motion. The reasons for this 

----- ---- --



are given later. 

110 
. The Turbulence Measurements of Semenov • 

Molchanov's work was followed in 1958 by Semenov's 

f i 00 ing s on the same problem. .Again the measuriilg instru-
. ,\ 

ment· was a hot-wire anemometer with astngle wire which 
\ 

means that the results are subject to the same criticisms 

as Molchanov's regarding the inability to measure flow in 

the co-ordinates. A single cyliooer, variable, compression 

ratio C.F.R. engine having a cylindrical combustion chamber 

was used and this was motored 'cold' with no combustible 

mixture supplied. 

The arrangement of the measuring hot-wire filament and 

the correction element (which compensates for the varying 

gas temperatures) in the combustion chamber is shown in 

Fig. 4-16. The measuring' elerr.ent was free to move along 

the bore diameter between the valves at a distance of 10 

mm from the top Of the chamber. It could also be rotated 

about its axis. 

Semenov defined three velocities to describe the aero-

dynamic conditions in the cylinder: 

i) a directional velocity, u-, - this is the flow velocity 

averaged over a measured interval (about 240 of crank­

angle) for one cycle. It involves eddies with fre­

quencies below 300 cycles/second. 

ii) an average velocity, LL J - this is the flow velocity, 

measured over the same cyc le interval as for the 

directional velocity but averaged for several cycles. 

It was necessary to define an aver'age velocity because 

the unsteady flow in engine cylinders gives rise to 

9'-. 



continuaf"variations in the magnitude am. direction 

of the directional velocity at 

cycle over successive cycles. 

this phenomenon to good effect. 

a given point in the 
108 

Fig. 4-l.7: shoVls 

\ 'iE) a fluctuating velocity; u.') - this is the deviation 

of the instantaneous velocity from the directional. 

velocity at a given point in a cycle. The root mean 

squ~e value of the fluctu'ating '';eJ.oclty, JiJ.'RI) ;", 

calculated over a great' many cycles was considered a 

mea'sure of the intensity of turbulence. The lower 

limit of the frequency range for: Ja,al 
recordirgs was 

chosen rather arbitrarily to be 300 c/s and the upper 

limit to be 6200 c/s. It was considered that only 

the average values ~ and could serve as objec-

tive criteria of the gas flow in engine cylinders. 

~u~ing_InP£cliQn~ 

The variation in u with crankang1e rotation at various 

points in the combustion space is shown in Fig. 4-18. 

These results give the same kind of indicative effects as 

those of hlo1chanov (Fig. 4-13). The periodic oscillations 

are again present because of the accoustica1 oscillations 

of the gal; column in the intake pipe. 

The marked velocity differences between neighbouring 

points in the combustion chamber provide evidence of the 

jet nature of the gas flow during intake. '£hese differences 

ensure the formation of considerable ve locity gradients 

during thes phase of the cycle, the magnitudes of which reach 

thousands per second at the limits of the jet. 

Second maxima of u.. are observed at points M in Fig. 4-18. 
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Since these are larger than would be caused by periodic 

osc illations alone, .one must look elsewhere for an explan­

ation of their origin. It appears feasible to suggest that 

their generation is due to certain points in the' combustion 

-chamber being :located within the core of the jet at the em 

·of intake which, during the rest of the stroke, remain out­

sWeof the jet (e.g. at.,.. =23 mm aI!d-·28 mm).- -Such dis­

placements of .the .jet at varying inlet valve lifts have been 
ill. 112 

discussed by J.nnand and Tanaka • 

Fig. 4-19 shows the variation in the values of u. grad u.. 
. and J? . dUr'iIl?: intake with changes in a)' engine speed and 

b) volumetric efficiency. It is clear that j these three 

parameters vary linearly with engine speed am decrease with 

increase in throttling, the decrease being linear for gradu. 

and ~. These results indicate that, whenever there is 

a linear change in grad u) a corresponding linear char;.ge in 

if is also apparent. One might hypothesize from this 

that the velocity gradients in the flow during induction 

are largely responsible for the turbulent fluctuations. 

The decrease in the three velocity parameters with 

throttling demonstrates the need for a device in the inlet 

pipe downstream of the throttle to "churn up" the flow 

during idle and part load operations. This would give more 

efficient combustion and better economy in addition to im-

proving the exhaust emissions. Such devices have been used 
64 62 

by Volvo and Zenith-Solex to achieve just these effects. 

A most interesting suggestion on this problem is that of 
58 

Stivender who proposes the use of a variable lUt intake 

valve, instead of a carburettor butterfly, for throttlir€ 

the charge intake. It is claimecl that turbulence of a 

98". 
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smaller scale and of a greater intensity is achieved. 

Other observations from Semenov's work during the 

induction period incluge: 

i) the presence of sharp· variations in the vel.Qcity fluc­

tuations over the combustion chamber cross-section. 
\ 
I 

1i) the throttling had hardly a~effect on the initial 

jet velocity during intake but tended to reduce it 

considerably throughout the remainder of the stroke. 

It was assumed that there was no continuous, directed 

stream present in this particular combustion chamber during 

this stage of the cyc le. Thus, the values of u. refer to a 

large scale, eddying gas motion originating from the jet 

flow during intake. 

The manner in which u and ..['0.,2' varied from B.D.C. 

to about 600 a.T.D.C. is shown in Fig. 4-20. These results 

are in SUbstantial agreement with Molchanov's with the ex­

ception of the point during compression at which u. peaks. 

ivlolchanov finds it to be at 200 B.T.D.C. whilst Semenov's 

results show it to be at 400 B.T.D.C. A possible reason 

for this discrepancy could be that the low frequency motion 

was considered over different frequency ranges in the two 

works. 

Figs. 4-21 and 4-22 summarize Semenov's results for 

changes in '0. and j [l,lI\ with variation in the hot wire 

anemometer measuring point, the compression ratio, the 

volumetric efficiency and the engine speed. Briefly, the 

main indications from these graphs are: 

i) the tendency for U to decrease with increasing distance 

from the combustion chamber centre 0 
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il) the fluctuating velocities (10.,2) achieve a shallow 

minimum at about three-quarters of the distance from 

the combustion chamber centre to the cyl.inder wall. 

iil) . u. decreases by about 20 % with increase in compres­

sion ratio from. 4 to 9.5. This observation agrees 
\ 

with the indications from Ilbl.chanov I s work. 

Iv) ~ is virtually independent of compression ratio, 

only decreasing by 8% over the compression ratio 

range examined. 

v) both U and vla,a\ decrease linearly withthrottHng. 

u. c< 

whilst J? increases almost linearly with this 

parameter. 

vii) a correlation can be drawn between the velocity grad­

ients originating during intake and the fluctuations, 

W, during this stage of the cyc le. 

During the period when flame propagation takes place 

therefore, it is clear that the following aerodynamic con­

ditions prevail in this cylindrical disc combustion chamber:-

a) a field of turbulence composed for the most part of 

re latively low frequency fluctuations. 

b) variations in the turbulent fluctuations, 
C-;i' 'If U··, arXl 

the average velocity, u) of the flow with crankshaft 

rotation (Fig. 4-20%. 

) ~-c variations in J u'" and u at different points in the 

combustion space (Fig. 4-21). 

Semenov maintains that these conditions represent 

- -- ---- ----
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practically constant turbulence for combustion to develop 

in. This is certainly true if one compares the state of 

the flow with the aerodynamic conditions during the remainder 

of the cycle. However, the effects of such varying flow con­

ditions on flame propag~tion cannot be ignored in an accurate 

attempt at depicting combustion development. 

~h~ ~~nge _if! lu!:bQ.l~nl ~n~rgy _dQ.I'ing £.o!!!pr.e~sio:n. 

Measurements .of the variation in the energies of the 

turbulent fluctuations as the cycle approached and passed 

through the combustion stage are summarized in Fig. 4-23. 

This shows: 

i) the variation in the sum of the energies of the high 

frequency fluctuations (>300 c/s) and the low fre-

101. 

--1..( ,:I -~) quency eddies (<.300 cis) per unit mass. i.e. "!I: a + Lt • 

ii) the variation in the energy per unit mass of the 

high frequency fluctuations (;::>300 c/s) only i.e. 

t -'~ u., 

iii) the verietion in the sum of the energies per unit 

·.volume of the high frequency fluctuations and the 

low freCjuency eddies. i.e. tf(a':!+ ce), 

The three curves indicate: 

a) a pronounced minimum energy at 90° B.T.D.e. caused by 

the jet flow of gas during intake suddenly being cut 

off. 

b) the energy of the large scale eddies (*i.l"l)being re­

distributeo among the high freC,uency fluctuations as 

the chamber volume decreases. 

This latter phenomenon can be seen more clearly in 

Fig. 4-20 from Semenov's results and Fig. 4-15 from lIIolchanov's 



results. It is noted from these two graphs that ~ decreases 

linearly from 400 and 200 B.T.D.C. respectively onwards 

· through T.D.C. At the same time,· JU,fi'- increases up to 

T.D.C. and decreases thereafter. ·This is due to the re-

distribution of the energy of the· large scale eddies among 
. \ 

· the small scale eddies being great enough to maintain.an 

· increase' in J il,2'- before T.D.C. whilst, after this point, 

the energy redistribution decreases, possibly because most 

of the kinetic energy in .the .large scale eddies has already 

been given up. As a result of this energy dissipation 

during compression, the turbulence 'intensity' is at a max-

imum near T.D.C. 

As an aside to his work, Semenov sUbstantiated Clerk's 
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claim that combustion is slowed down considerably when 

the induction process is eliminated (see Fig. 4-24). This 

confirms that the turbulent gas motion during the combus­

tion period originates from the flow into the cylinder during 

the intake stroke. Without induction, tile energy sum, 

fi (u,:l+ ui) at T.D.C. on the compression stroke constitutes 

only about 10% of the energy of a normal cyc le. 'I'his is the 

frtJ.ction of the energy produced by the piston motion alone. 

Th£ 2P~c1r~1_c£m£0~i1iQn_o! 1h£ l~b£l~nl !~cluatloDs~ 

Using bandpass filters over the range 0 to 6200 eis, 

Semenov made the following observations: 

i) during compression, a considerable fraction of the 

turbulent energy was in the range below 500 c/s. 

ii) the increase in turbulence 'intensity' with opening 

of the throttle and with increasing engine speed was 

atten:1ed by an increase in the overall energy balance 

IO~. 



of the high fre~uency part of the flow. 

iii) there Vias an increase in the fraction of high fre­

quency energy with an increase in compression ratio. 

This denotes an increased dissipation of the large 

scale, low frequ!'ncyeddieso 

Turbulence Measurements in Constant Volume Bombs. 

Attempts are made from time to time at simulating the 

aerodynamic conditions and the combustion in piston engine 

cylinders by experiments in constant volume bombs. In 

the.se device s, turbule nce and swirl are commonly generated 

by rotating mechanical stirrers, the number of which control 

the flow pattern generated. The advantages of this type of 

approach are s 

i) the mixture swirl velocities can be easily varied. 

ii) tur-bulence measurements, involving the use of hot-

wire anemometers, are considerably simplified because 

the anemometer can be calibrated for any desired 

initial pressure and temperature. Calibration is a 

most difficult task in an engine. 

iii) the separate quantitative effects of mixture pressure, 

temperature and swirl velocity can be easily obtai.ned. 

114 
Bolt 81,d Earrington used this approach in a study on 

the effect of mixture motion on some important combustion 

parameters for various lean mixture ratios and initial 

pressures. Their results refer to experiments made with a 

single stirrer. It was found that a mean mixture velocity 

and a turbulent velocity were associated with each stirrer 

sjJeed (see Fig. 4-25) and that whilst the mean mixture 
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velocity increased almost linearly with the stirrer speed, 

the fluctuating velocity component remained essentially 

constant above 750 rev/min. 

Further stUdies on these same .1ines were carried out 
- 115 

by Sokolik, Karpov and Semenov • These authors were 

mainly concerned with: the mechanism of' turbulent combustion 

however. A two-e 1ement,. hot-wire anemometer was used in 

the central part of their bomb and turbulence was produced 

by four stirrers spaced symmetrically around its c ircumfer-. .. . . 

ence. It was found that isotropic turbulence was created 

up toa radius of half the distance from the bomb centre to 

the bomb wall without directed' streams and vlithout circu1at-

ing flows of gas. These co'nditions were considered analogous 

to those in engine cylinders without any large-scale swirl 

at the end of the compression stroke. 

The big drawback to bomb simulation of course is that 

the effect of piston motion on the flow pattern cannot be 

a 110·lle d for. 
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4.2.4. TURBULENT FLAME PROPAGATION - THEORIES AND ~CHANISMS. 

Although a great amount of research has been done on the 

nature and laws o:i:' turbulent combustion, no single theory has 

yet been estab1i!3hed which adequately describes turbulent 

burning processes. It might be more correct at present, 

therefore, to speak of a model of turbulent combustion rather 

than a theory. Nevertheless, theories of turbulent burnirg 

velocity abound and the more important of these are summarized 

in the following pages. 

First of all, however, it is important to define how a 

turbulent flame is characterized in comparison with a laminar 



flame. The main differences are: 

i) the absence of a uniform and infinitely thin combus­

tion zone which is instead much thicker and more 

complex. In connection with 'this ,there can be 
116 

included the observations ofvarioLis investigat'ors \ 

10S. 

that there is a large increas'e in the distances between 

the emission maxima of the' species OH, CH and H2O in 

turbulent hydrocarbon reaction zones and that the 

ionization currents are much greater. 

ii) a considerable increase in the speed of flame propa­

gation. 

iii) a turbulent flame is usually accompanied to some de­

gree by noise and rapid fluctuations of the flame 

envelope. 

iv) a contraction in the limits of inflammability when 

the intensity of turbulen::e is increased • 

.... bove all, it is the effect of turbu1erx:e on the speed 

of flame propagation which is of interest in this work. In 

this connection, there is general agreement that macroscopic 

turbulence l).as the greatest effect whilst the influence of 

the microscopic fniction is considered to be much less im-

portant. Nevertheless, since states of purely microscopic 

and macroscopic turbulence do not exist in engine combus­

tion chambers, an adequate theory of turbulent combUstion 

for this application must consider both inf'hlenceso 

The increased rate of burn of a turbulent flame over 

a 1aminar flame io norma11ly accepted as being due to either 

one or a combination of the three following processes: 

i) the turbulent field may distort and wrinkle the flame 



front thereby markedly increasing its surface area. 

At the same time, the normal component of the burning 

velocity is the laminarburning velocity. 

10&. 

i1) the turbulence may increase the rate of transport of 

heat and active . p.ar,icles, thus increasing the actual 

burning ve locity normal: to the flame surface 0 

iii) ,the turbuleme may rapidly mix the burnt and the 

unburnt gas in such a way that the flame becomes 

a homogeneous reaction, .the rate of which depeIXls 

on the ratio of burnt to unburnt gas produced in 

the mixing process. 

In all these three processes, the large scale turbulent 
I 

effect· is considered to predominate. There is more or less 

complete agreement on the influence of the microscopic 

turbulence on the burning velocity. It is thought to in-

crease the speed of propagation slightly because of increases 

in the transport of heat and active particles and because of 

micro-recycles 

the combustion 

of burnt, 
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front • 

unburnt and partially burnt gas in 

An expression for these processes 

has been derived and is of the form: 

... _ ...... ·4-/ 

where 

UT micro = the burning velocity due to microscopic turbulence. 

UL = the laminar burning velocity. 

DT micro = the coefficient of microscopic turbulent diffusion. 

DM = the coefficient of molecular diffusion. 

Turbulent burning theories, which are based on the 

assumption of increased surface areas (Process i) above) 

are given the name Surface or Wrinkled Flame Front 'l'heories. 



The remaining theories, which have their foumation in 

Processes ii) am iii) above, are defined as Three-dimen­

sional or Volume turbulent combustion theories. 

The -Surface or Wrinkled Flame Front Theories. 

These theories take as" the starting:point the front 

of a laminar flame and consider its behaviour in large 

scale turbulence. Under the influence of this, the laminar 

front is thought to undergo. fluctuating deformations, thus 

becoming wrinkled. The surface area of the turbulent flame, 

AT, is, therefore, considered to be greater than that of 

the laminar flame, AL' to an extent which satisfies the 

greater part of the increase of turbulent flame speed over 

laminar flame speed. This is expressed by the relationship: 

The 
f1 

DamkOhler Theory. 
11 118 

Damkohler pioneered the theoretical work on turbu-

lent combustion. He considered separately the presence of 

both large-scale, low intensity turbulence am small-scale, 

high intensity turbulence but chose the "former as the pre­

dominant effect. In comparison with laminar flow, he sug­

ge sted that the flame surface area was much incre ased by 

the large-scale fluctuations but that the laminar transport 

processes remained unaffected (see Fig. 4-26). 

107. 

11 
Because of the complex nature of the wrinkling, Damkohler 

confined his expression for the turbulent burning velocity to 

a proportional relationship with the Reynolds Number of the 

flow as follows: 

------------------- 4-2 



By experiment, he derived the plot shown in Fig. 4-27 

for propane-air flames. This is of the form 

for the linear part of the graph where 'a2' is assumed to 

be the inf"luenc e of small- sc ale turbulence ani 'ai' is the 

slope. 

"To explain" the influence of this microsco'pic turbulence 

on the burning velocity Damk8hler investigated the changes 

in diffusion and heat transfer with the Reynolds Number of 

the flow since the small-scale turbulence was assumed to 

produce; no roughening of the flame surface. Using this 

approach, he derived the expression 

UT micro 
UL = 

where € is the eddy diffusivity. 

---------" 4-3 

and -V- is the kinematic viscosity. 

This is of the form of equation 4-1. For further 

details of Damk8hler's theory, see Refs. 118 and 25· 

n expanded Damkohler's model but eventually 

caIll6 to I!fimilar conclusions. He suggested that the breaking 

up of the laminar flame front under large scale turbule nee 

results in the formation of a series of regular flame cones 

(see Fig. 4-28). The following relationship was thought to 

apply in this case: 

= Average cone surface O1E'ct________ 4-4 
average cone base area 

The base area, bA, was taken to be proportional to the 

square" of the scale of turbulence, L. 

i.e. = 

10&. 

\ 
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and the height of the cone, h, was assumed proportional 

to both the average fluctuating velocity, v1u,a' and the 
) 

time, 

t, during which an· element of the combust ion wave was assoc­

iated with an eddy moving in a direction normal to the wave. 

Thus, \ 
t 

and 

L~ 
UI.­

h = t.R 
From geometrical considerations of a cone, the following 

relationship exists:· ) X . ~( (~)~.:<1 
Cone Surface Area = ~ I + 3 ~ 

When this was substituted into Equation 4-4, Shchelkin 

obtained the expression 
_----==-:-:;-"1\ 

UT == UI.-. J I + (~'T' ):l ... - .. -.·4-5 

for the large scale turbulent burning velocity. From this, 

it is clear that UT becomes practically independent of UL 

for very large values of 

For small scale turbulence, Shchelkin utilised the 

following relationship from the early thermal theories of 

laminar burning velocity (see Section 4. 3): 

UL ( 1~e) Y;l ................... 4--fo 

where t"i'!! is the reaction time. 

and AL is the laminar component of the thermal conductivity. 

Applying this to turbulent flow, he combined the laminar and 

turbulent heat transfer quantities (which are proportional 

to the thermal conductivities) and, in so doing, obtained the 

expression: 

. 4-7 

,,, 
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which, on rearrangement, gives 

UL- (I +:t)~·· .. -.. ------ 4-g 

\ For. further details on Shchelkin's work, see Refs. 

119 and 25. 

I.h~ I.h~oD'_ot !£a!:.12.v!t~. 

A model of turbulent flame propagation proposed by 
120 

Karlovitz is based on instantaneous sCh'lieren photographs 

of turbulent flames. The irregularities in the flame front 

were seen as acute angles pointing towa~Js the products of 

combustion and rounded surfaces towards the unburnt gas. 

Karlovitz assumed that the combustion wave was propagated 

only by those elements which were projected forward by the 

turbulent fluctuations into the unburnt gas. The elements 

left behind or sent in the opposite direction were not 

cons idered. 

The time of contact between an eddy of scale, L, and 

the laminar fl~~e front was taken to be 

t = L 

Assuming that the average displacement of an elerne nt in the 

flame front under the influence of the turbulent fluctuations 

0. Karlovitz defined a turbulent movement velocity as 
) 

was 
, ~ 

U - v:x. ······----·---·----4-':) 
T t: 

Because this velocity was just considered to fluctuate 

backwards and forwards with no net movement of the reaction 

zone apparent, it was supplemented by the laminar burning 

velocity to allow for the propagation. 

i.e. UT = U
T

I + U
L 

... - - ' .. - - - --- . 4 - f 0 
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= + UL ------------ 4-10 

This expression was transformed (by considerations 

of the :theory of turbulent diffusion) into . I 

UT={2.I?A['~ ~(I- _{~U/u"))]r+U" 
For vallies of large in relation to Ur" the .... ··4-1/ 

expression becomes 

+ Ut.. ............ ·4-12 

and for U,- ~ ~ > 

UT = ~ + Ut..······· ... , ................ 4 -/3 

Kar10vitz finally added a term to allow for the effects 

of flame generated turbulence (see Section 4.2.1). This was 
25 

estimated to be given by the equation 

J-. U,-.fi' . 
for isotropic flow. 

(~ -1\ t. ) 

Leason also considered the effect produced when an 

eddy passed through a 1aminar flame. The physical picture 

he imagined is based on an eddy containing a sinusoidal 

velocity profile. This is illustrated in Fig. 4-29· 

From geometric considerations, the following re1ation-

ship was obtained: 

L1r 
u ... [ 1+ 

However, Leason found by experiment that the area 

extension alone did not account for all of the burning 

ve10city increare and he, therefore, added a diffusivity 

factor based on the intensity of the turbulent field. 



!h~ !h~0r.Y_o!. Scurlock and Grover. 
- - - - - 122 - - -

Scurlock and Grover developed in detail the processes 

that can produce wrinkling of the flame surface in turbulent 

flow. Like Shchelkin and Leason, they assumed that the 
. .. . I . . 

passage of an eddy through the und isturbed f:lame front 

produced the wrinkling. The manner ~f this ~ri~ling was 
. .' i . . 

envisaged as is represented in Fig. 4-30. 

It was assumed that the average height of the wrinkles 

was proportional to'the root' mean square displacement 
~ "y- of a flame element from the mean flame front position 

and that the average base width was proportional to the 

Eulerian scale of turbulence, LEO' 

An expression of the form 
~ 

~ = .& = [I + -k. (:~)~ -... -- .. ·.4-/5 
UL. AL EtU 'J 

was developed in which k3 is a constant. 

Three effects were believed to be important in deter­

mining y2:_ 

1) eddy diffusion associated with turbulence in the 

unburnt gases - this tends to increase 12. 

ii) the propagation of the flame into the unburnt gases 

which tends to reduce y2. 

iii) flume generated turbulence which is associated with 

the density decrease across a flame and which tends 

to increase y2. 

For further details on this theory, see Ref. 122. 

The Volume or Three-Dimensional Theories. 

These theories and models were developed for the follow-

ing reasons: 

- -- ---- - -~--_._. 
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i) there was great suspicion that the surface models 

might not truly repre sent the actual conditions in. 

turbulent flames. 

ii) it was noted that the concept of the 'surface model. 

did f\ot result from empirical data and was not sub-
I . . 

stant:I:ated experimentally by subsequent investigations.' 
.. , '.. . 

:LHo) the virtual impossibility that, the surface area of· a 

turbulent flame could increase to such an extent as 

to satisfy the· greater part of the increase in flame 

velocity. 

iv) differences in the very nature of turbulent ani laminar 

flames. e.g. the surface models (which are fundamen-

tally based on the concept of laminar burning veloc­

ities) do not represent the characteristic feature 

of turbulent motion viz~ the continuous mixing through 

eddy diffusion. 

v) the feet that ionization currents are greater in 

turbulent than in.laminar flames. 

,. 

The eddy diffusion in turbulent flow is thought to 

increase the trcJnsr;ort properties of the two basic mechanisms 

of flarre propagation viz. the thermal and diffusional mech-

enisms. An enlarged discussion of the influences of these 

is giver. in Section 4.3 in cormection with laminar flame 

propagation. Thus both the heat transfer and the mass 

transfer of active particles and radicals from the burnt 

to the unburnt gas, end vice versa, across the flame front 

are increased. The heat transfer increase is a direct 

result of the thermal conductivity of the fluid being in-

creased, which ~u~ntity is proportional to the density 

and the velocity of the fluid motion and the scale of its 

113. 



where 

is the coefficient of turbulent diffusion. 

is the laminar flame front thickness. 
I 

is the turbulent flame front thickness. 

The turbulent flame front is thus consider~d t6 bea 

unified: am continuous wave', just as in thelaminar lease, 

but made thicker by the action of the increased heat and 

active particle transportation due to the turbulent dif-

fusion. 

The Theorv of Sokolik. 
- - - - ""'- I23,I1; -

Sokolik envisages the turbule nt flame front 

as a number of microvolumes, the composition, temperature , 

am reaction rate of which depem on the influence an::l the 

degree of turbulent diffusion. The individual microvolumes 

are assumed to consist of mixtures of partial and total 

combustion products and fresh gases. When these small 

mixtures are more or less completely burnt, there is con-

sidered to be a local extinction of ~1e flame in the heart 

of the mic rovo lume s • 

Sokolik proposes the following expression for the 

speed of propagation under these conditions: 

/IS, 

UT I? tL,. LL ... - .............. 4--/7 

t· I.. t· L 

in which 

r::;x , "t vu:- ~s the turbulerce ~ntens~ y. 

ti is the auto ignition de lay per:i.od. 

and tL is the characteristic time of defining the Lagrange 

scale, ~, of turbulence. 

It is clear that Sokolik's approach results in the 

speed of turbulent flame propagation be ing independent of 



" t:;,. 

the laminar burning velocity. 

The Model of Shchetinkov. --------124"---
Shchetinkov proposed that an analysis of the 'processes 

occurrirg in a turbulent flame must consider both the increase 
\ 

in the surface area of the flame front and the volume combus-

tionof the unburnt mixture by combination with combustion 

products within individual eddies. 

On this basis, he formulated the hypothesis that turbulent 

fluctuations carry out burnt and partially burnt eddies from 

the interior of the combustion zone. These then ignite 

adjacent eddies containing fresh gas which begin to burn 

at their surfaces or at parts of their surfaces. It is 

considered that surface combustion predominates at the begin­

ning of the combustion zone whilst volume combustion is most 

in evidence at the end of the zone. Because of the general 

lack of detailed knowledge on turbulent combustion however, 

Shchetinkov simplified this basic comprehensive model by 

ignoring the surface mechanism. 

He then propo~ed that the burning eddies, which are 

projected ahead of the flame front by fluctuations, fail 

to ignite the neigbbouring fresh gas eddies but, instead, 

mix with them and increase their temperature. The rate of 

the volume reaction which ensues depends on the initial 

temperatures within the eddies end on the concentrations 

of active particles and radicals present. Eddies are thus 

thought to exist close to each other in the unburnt, the 

burnt an:] the ~,till burning states. 

Shchetinkov's final simplified 0l06el is seen to closely 

reselllble that of Sokolik described previously. 

- ---- ---~--



Summary. 

In summary of the foregoing review ef turbul.ent com­

bustion models and theories, it can be clearly concluded 

that, at the present tiu:e, no theoretical expr6ssion exists 

which satisfies all the requirelBcn~Shchetinkov's comprehen­

sive model (in which both the surface and the volume mechan­

isms are.considered to be important) is probably the most 

accurate hypothesis of the processes involved in turbulent 

flame propagation but the degrees of influence of these two 

mechanisms need much greater clarification. Also required 

is a knowledge of': 

i) the relationship between the size and velocities of 

the eddies present in a given turbulent fiel.d. 

ii) the individual effects of these on flame propagation. 

4.2.5. EXPERIMENTATION ON COMBUSTION IN TURBULENT FLOW. 

Attention is no·,', directed to some detailed experimenta-

tion on combustion in turbulent flow in order to provide a 

firmer basis in deciding which of the two mechanisms (i.e. 

the Surface or the Volume combustion mechanisms) is pre-

dominant in turbulent combustion and which should be utilised 

in derivine an expre"sion to calculate the burninc: velocities 

of the charge in the Renault combustion chamber. In connec-
115 

tion with this, the work of Sokolik, Karpov and Semenov 

deserves particular attention. 

These workers proved conclusively that turbulent com-

bustion must not be associated with laminar combustion as 

is, in fact, assumed in the Surface models. The initial 

117. 



aims of the ir work were, however, to determine: 

i) the relationship between the velocities of turbulent 

-and laminar flames. 

ii)-the justification in assuming the mechanism of flame 
\ 

propagation to be similar in the two types of flames. , 

Their instrumentation and apparatus ,has already been 

described in Section 4.2.3 aOO results from their work in-

dicate _ that: 

a) within similar volumes, combustion in a turbulent flame 

gives a considerably lower increase in pressure than 

doe scombustion in a laminar flame. This is attributed 

to combustion extending over quite large reaction 

zones in turbulent flames whereas, in laminar flames, 
115 

it is completed in a very narrow zone (see Fig.4-31 ). 

b) the turbulent combustion velocity is determined by the 

combustion temper-ature aOO the chemical reaction rate 

in the flame, end not by the laminar burning velocity. 

This c onclus ion was drawn from eXf:eriments reri"ormed 

with stoichiometric burning mixtures of oxygen IIfffiwi/:/' 

propane ,methane and hydrogen, when these were diluted 

with identioal quantities of argon ~ helium. The 

resulting mixtures yielded flames with identical com-

bust ion temperatures but with different leminar burning 

velocities (see Table 4-A). On the other hand, the 

velocities of turbulent combustion for these mixtures 

were in good agreement over a wide range of turbulence 

intensities. (see Fig. 4-32). This figure also shoWS 

a reduction in the velocity of turbulent combustion 

when a certain value of the intennity was exceeded. 

il. partial extinction of the turbulent flame in certain 

118. 



TABLE 4 - A. 

\ 
i 

~ COMBUSTION T,AMIN.AR SYMBOLS 
TEMPERATURE BUBNING IN 

(OK. ) VELOCITY FIG. 4-32 
~metresLsec~ 

C3H8 + ,02 + 18A 2,00 0.8 l. 

c3H8 + ,02 + 18He 2,00 1.4 2 

CH4 +2<>2 + 4·9A 2,00. 0·7 3 

c3H8 + ,02 + 2B.,A 2150 0.4, 4 

C3H8 + ',5'02 + 28. 5He 215'0. 0·74 , 
2H2 + 02 + 17A 1650 0·29 6 

2H2 + 02'" 17He 1650 0·7 7 



eddies could be the reason for this. 

The independence of the turbulent burning velocity 

of the laminar velocity was confirmed by experiments with 

hydrogen:"'air flames (see Fig. -4':'33). At rich mixtures with 

\these flames, the laminar velocity, UL' increased when 'the 

combustion temperature was reduced~- The reason for this 

was -thought to be that the thermal conductivity of the 

mixture increased. At the same time, however, the turbulent 

-combustion velocity diminished. - These observations reflect 

the fact that turbulent diffusion, with which turbulent 

combustion is linked, is not connected with molecular dif­

fusion on which laminar combustion depends. 

Such discrepancies between the equivalence ratios at 

which the maximum laminar and tur.bulent burning velocities 

occur (see Fig. 4-33) have also been noted by W~hl et al125. 
In butane-air mixtures, these workers report a slight shift 

of the maximum burning velocity towards the richer mixtures 

with increasing turbulence. 

Sokolik, Karpov and Semenov also considered possible 

differences between laminar and turbulent combustion from 

the viewpoint of the different relationships existing between 

the velocities of combustion an::1 the rates of reaction, 

in the two types of flame. These were known to be of the 

form 
U,- o£ ,;z;;' - . . . . . 4-1!? 

and 

U, eX (J.) ..........•.... ····4-19 

Thus, for the Surface models of turbulent flame prop a-

gat ion, 

U, 0( Jz;;' .. . . . . . . . . . .. -. -. 4-;(0 

1;20. 
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and, for the volume combustion theories, 

llr eX. (J..) ••. - .•• - .•••.. __ ••• : -- • 4-~1 

Verification of which of these two alternative mechanisms 

"in Equations 4-20 and 4-21 is valid was made by the method of 

macrokinetic characteristics. This 

involved and the reader is referred 

approach became quite 
H5 

to the actual work 

for greater detail. A brief summary is only given here. 

A proportional relationship for the turbulent burning 

velocity was derived which involved the assumption that the 

reaction :time, t re , depends on the pressure and' the tempera­

ture of combustion in the microvolume as 

tre '" p(1.4-Q) exp (E /HT) 4-22 

where ~ is the reaction order. 

Thus, 

so that 

UT ~ p(q-l.4). exp (-E /RT) --- 4-23 

For laminar combu"tion, similar.1y, a square-root pro­

portional relationship of the form derived by Zeldovich 
126 

and Frank-Kamenetsky was used. 

i.e. Q 
(2 - 1) 

UL ex: B. P ( • exp (-E!2RT) 4-24 

where B is a multiplier which takes account of all the non-

Arrhenius functions of temperature. 

The macrokinetic characteristics of such reactions 

were taken to be the energy of activation, E, and the re­

action order, q. However, because q is considerably affected 

by the scale of the turbulence, which is itself rather 

indefinite, only E was considered a reliable kinetic character-

1 , 



istic. Two methods of determining these macrokinetic char­

acteristics were used: 

i) ·from changes in the laminar and turbulent burning 

·velocities with combustion temperature am pressure 

variations. For hydrazine flames, with this method, 
\ 

E was 34000 cal/mole and q was 2.4 in turbulent com-

bustion and 37,000 to 40,000 eal/moleand 2.0.in 

laminar combustion. 

ii) by calculating values of the reaction time, tre, 

from measurements of the time between the instants 

of initiation and decay of ionization currents in 

propane-air flames. This technique was used for 

both laminar and turbulent flames under two sets 

of conditions: 

a) at conEtant combustion temperature and varying 

pressure. 

b) at constant preEsure and varying combustion 

tempe rature. 

For turbulent combustion, :il: VIaE calculated to be 17000 

cal/mo1e and q was 2.0 and, for laminar combustion, E was 

21000-25000 cal/mole and q 1.4 to 1.6. 

Thus, the macrokinetic characteristics for both method s 

were found to be in c lose agreement. Even for great dHfer-

ences in the propagation distinguishing features of 1aminar 

and turbulent flames therefore, results indicated virtually 

identical mechanisms of reaction in flames of the two types 

and equality of the overall reaction rates. Semenov and 

co-workers thus considered it proved that 

and 

I ~~. 



and also that the Surface models of turbulent combustion 

are groundless • 

. The technique of ionization current measurements in 
115 

this reviewed work yielded some most interesting observ-\ : . 
• I ,,/.{ 

ations' on :the structure of a turbulent, combustion zone.' 

Two types of fluctuation of the ionization current were 

recorded (see Fig. 4-34): 

i) one, of period 91, corresponded in frequency to the 

microturbulent fluctuations and, therefore, to the 

intensity of turbulent diffusion. 

ii) the other, of period 92, corresponded to the macro­

scale of turbulence ani defined the instants of the 

beginning an::i decay of the ionization current (and, 

consequently, the beginning and disappearance of 

the ignition reactions themselves). 

In these oscillograms of turbulent ionization currents, 

92 can be hypothesized as being the time intervals in the 

pa!:;sage of microvolumes of gas, surrounded by ignition re-

actions, passed a stationary ionization detector. (Fig. 

4-35). On thi!:; basis, it can be visualized that the con-

tours of the reacting volumes are changing continuously 

with time under the effect of the continuously acting tur-

bulent diffusion. 

In contrast, a typical laminar reaction zone ionization 

current oscillogram is shown 
123 

from the work of Sokolik • 

in Fig. 4-36. This is taken 

It is seen that there is a 

sudden increase in the ionization current which then drops 

1~3. 

slowly to an equilibrium value. The duration of the reaction 

within the flame is represented only by the current rise-



time, tl. The fall-off time, t2' is mainly determined by 

the rate of recombination of the active particles formed 

in the reaction zone. ,The. laminar reaction zone thickness, 

eL' can be calculated from such an oscillogram ·by the equa­

tion 

-------- 4-25 

where U is the average. flow velocity in the flame zone.· 

4.2.6. SUMMARY. 

- From the· ioragoin,g analysis of turbulence and turbulent 

flame propagation, it is clear that it is virtually impos­

sible at present to conceive of an accurate theory aiD ex-

pression for the rate of turbulent 

takes account of all the variables. 

flame propagation which 
I 

It appears also that 

the surface or Wrinkled flame front theories of turbulent 

combustion are fundamentally unsound since experimentation 

has revealed that the Volume combustion theories contain 

more of the noted mechanisms involved in the propagation 

of such flames. 

In this work, the desirability of using a turbulent 

Volume combustion ti1eory (to express the rate of flame 

propagation in the engine under consideration) is frustrated 

as no direct measurements of air currents in the combustion 

space were made. In addition, certain time constant values 

are re'iuired, (see ECJ.uation 4-17), the attainment of which 

are beyond the scope of this work. Resort has, thus, to be 

made to a Surface theory of turbll1ent combustion. In this, 

it is necessary to use a 1aminar burning velocity expression 

which must then be multiplied by a term to allow for the 

varying effects of turbulence and swirl in the engineo 
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THE DEVELOPMENT OF AN EXPRESSION FOR THE RATE 

OF TURBUI..ENT FLAME PROPAGATION . IN THE RENAULT 

EN:;}NE COMBUSTION CHAMBER B.AS~D· ON \ A SURFACE 

MODEL OF COMBUSTION. 

As juat;st atedin Section 4.2.6. the rate at which 

the flame propagates in the combustion chamber has to be 

based on a Surface model of turbulent combustion. This 

means that the turbulent burning velocity is the product 

of a laminar burning velocity (calculated from a laminar 

flame theory) and a correction factor, KT. Thus, 

x ----------- 4-26 

The correction factor allows for the many parameters 

affecting the rate of burn in the combustion chamber which 

are not directly catered for in the laminar flame velocity 

~xpression. Thi~ predominantly means the level of turbu­

lence and swirl in the chamber. section 4.3.2 contains a 

more detailed account of this in addition to a description 

of the manner in which the value of K1: is calculated, bear­

ing in mina that no actual measurements of turbulence were 

made. 

First of all, however, a review of the more important 

aspects and theories of laminar flame propagation is given 

ana this inc lude s a detailed account of the derivation of 

the theory used in this work. 

4.3.1. THEORIES OF UMINAR FLAME PROPAGATION. 

Although many of the physical and chemical processes 

involved in ste ady state, laminar flame propagation have 

been recognized in recent years, major difficulties still 



remain in the problem of describing such flames. These are 

generally of two kinds: 

i) ignorance of. the details of the chemical:processes 

actually occurring. 

ii) the inability to handle satisfactorily the complex \ . . 
.! ... 

mathematicaL equations which must· be used to adequately 

define the system. This difficulty has been eased in 

recent years by the advent of digital computers. 

127 
Evans gives a review of the fumamental laws 'which 

should form the basis of laminar flame propagation theory. 

From this ,it is clear that contributions from the fields 

of fluid dynamics, chemistry and mathematics are required 

for an effective solution. Certain difficulties are en-

countered, however, in attempting to satisfy all the require­

ments of these· fundamental laws. These arise through attempt-

ing to comprehensively describe a laminar burning process 

when the reaction rate is a function of both the temperature 

and the concentrations of the components taking part in the 

reaction. The expression for the dependence of the reaction 

rate, CJ..» on temperature and pre ssure has been founi to vary 

according to the individual reaction but, in general, it is 

of the form: 

w 

where 

Bl is a constant 

C:><::i. represents the number of molecules of species i in-

volved in the reaction. 

I ~Co. 

and gi are the concentrations of the i'th components present. 

The majority of combustion processes consist of a set of 

reactions proceeding simultaneously, and include not only the 



molecules of the original components but also intermediate 

active particles and radicals. Idea1~, it is necessary 

to have a knowledge of all these 'reactions occurring in the 

flame and of the dependence of their rates on the temper­

ature and on the concentration of the reacting species. 

Studies of chemical kinetics have supplied such complete 

data in only a few instances however. 

In view of these difficulties, various assumptions and 

approximations are made in order 'to simplify the problem. 

The nature of these distinguish the theories i.e. the type 

of simplifications used tend to emphasize one aspect of 

the mechanism of flame propagation to the relative exclusion 

of the other. 

Based on this, two limiting mechanisms for 1aminar 

flame propagation are conceived: 

a) the thermal mechanism. 

b) the diffusiona1 mechanism. 

The 1h£rmal ~e£h~nism is based on the assumption that 

heat conduction i[O the moat important physical process 

involved in the transfer of the reaction zone from one 

layer of gas to the next. Diffuaion proceaaes are not 

considered and the concentration of a given component at 

a point is assumed to be governed on~ by flow and reaction 

processes-

The Diffusiona1 mechanism maintains that the flame -----------
velocity is determined principa1~ by diffusiona1 processes. 

It is postulated that active particles and radicals (e.g. 

H, 0 and OH), produced by dissociation in the hot burnt 

gases and by chain branching, diffuse into the fresh gas 

and cause it to react explosively. 

I ~7. 



Thermal Theories of Laminar Flame, Propagation. 

As just stated, flame propagation is here assumed 

to be caused by heat conduction from the burnt to the un­
: 

bUrnt gas. 
I 

The temperature of the unburnt gas ,1s considered 

to be raised to a point at which! it ignites and'releases the 

Chemical energy stored in the fuel. The products of combus­

tion then cool as they transfer heat to the yetunburnt 

mixture ahead of the flame front. (see Fig. 4-37). 

Very often, thermal theories use the concept of an 

"ignition temperature, 11 Ti" as the point at which the' un­

burnt gas instantaneously ignites. With these theories, 

the zone preceding this point is called the preheating 

zone and the zone 

(Fig. 4-37). The 

following it is called the reaction zone 
128,129 ,130,20 

early thermal theories 

regarded the ignition temperature as a characteristic physical 

constant of the mixture. Nowadays, however, it is known to 

depend upon the experimental conditions under which the heat 

is liberated. The reaction rate was also assumed to be 

discontinuous at the ignition point jumpinJ from zero in 

the preheating zone to a finite value in the reaction zone. 

:'~oreover, it was often assumed to maintain a constant value 

in the reaction zone as the temperature increased from Ti 

to 1B (see Fig. 4-37) where TB is the flame temperature. 

In view of the present conception of tile dependence of the 

reaction rate on temperature (see Equation 4-27), these 

ideas are at best approximations to actual conditions. 

The demarcation of the flame zone into two separate 

zones is often used, however, as an approximation in some 



131,132,133 
of the more modern thermal theories • In these, 

the combustion process is considered to have an induction 

period during which the mixture is prepared for ignition 

by an increase to the required temperature. With such' 

theories, the ignition temperature is no longer regarded 
. \ 

as a characteristic physical constant of the mixture and 

an explicit statement of the expression for the reaction 

rate is often avoided by the substitution of an experimentally 

determined value for the thickness of the reaction zone. 

Among the 1aminar burning velocity theories based on 

The Mallard and Le Chatelier equation is the original 

am most frequently quoted of these. Its derivation am 

application to burning velocity prediction~ i,; described 

in Appendix 2. This L: the theory used by Phi1lipps ani 
19 

Orman in their computer simulation of combustion in the 

Ricardo E6 engine. It is not used in this work for the 

following reasons: 

a) the concept of the ignition temperature is used, the 

value of which is difficult to determine accurately 

since the experimental conditions under which such 

determinations are made have a great influence on 

its value. 

'~9. 



b) a reaction zone thickness is involved. Besides the 

difficulties associated with obtaining this quantity, 

it is in itself a poor: way of accounting for the re­

action rate. 

c) the variation in the burni~ velocity with unburnt 

gas temperature for propane-air flames as predicted 

by this theory with that observed experimentally by 
25,138 

Dugger am Heimel is not all that good (see 

Fig. 4-40). 

A review of the derivations of the remaining thermal 
.. .. 127 

theories mentioned above is given by Evans • 

Diffusion· Theories of Laminar Flame Propagation. 

Several approximate equations for laminar burning 

velocity have been derived in which the diffusion of atoms 

and free radicals has been considered of major importance. 

These e~uations are based to some degree on speculation 

but they do follow from considerations of flame structure 

and the possible influence of a small concentration of 

reaction-chain initiators on the rate of the chemical re-

act ion and, subsequently, on the proce ss of flame propaga-

tion. 

The reasoning for a diffusional mechanism begins with 

the assumption that potential oxidation chain carriers 

(e.g. H, 0 and OH) are prec,ent in the flame front in thermo-

dynamic equilibrium concentrations for the flame temperature 
139 

or the mean reaction zone temperature • It is known that 

hydrogen atoms are by far the lighte st and, thus, the fastest 

of all active particles being nearly four times as fast as 
38,142 

any other • Because such particles ae these diffuse 

'"30. 



rapid~, it is assumed that their concentrations in the 

colder unburnt gas ahead of the flame front is increased 

by diffusion to· a value far greater than the equilibrium 

concentration for that region. A concentration profile 

similar to that shown in 'Fig. 4-38 for H atoms is therefore \ 

assumed to exist. 

These active particles react rapidly even in the un­

burnt gas. This is because chemical reactions involving 

atoms and·free radicals general~ have low energies of· 

activation, i.e. the reaction rate is not very dependent 

on the temperature. Thus, these particles are considered 

to serve as initiators of the oxidation reactions. Since 

the concentrations of active particles and radicals reaching 

the unburnt gas by diffusion must be related to the maximum 

concentration in the flame front, the conclusion is that 

the flame velocity should be related to the equilibrium 

concentrations at the flame temperature. 

The demarcl:it ion of the f lame zone into two zones, 

which i~: often used in thermal flame theory .considerE.tions, 

is still afplicable in these diffusion theories. The in­

duction period for the reection is now characterized, however, 

by the accumulation, Through diffusion, of active particl<=s • 

.At the point of ignition, the concentrations of these and 

the reac tion ve loc i ties o~: the intermediate reactions have 

become so large that the combustion reaction suddenly begins. 

The following theories are based on the diffusional 

mechanism of flame propagation: 
139,140,141 

i) The Theory of Tanford and Pease 
14 3 

ii) The Theory of Manson 
144 

Hi) The Theory of Van Tiggelen . 

/31. 



145 
.iv) The Theory of 'Gaydon and Wolfhard 

146 
v) The Theory of Bartholome 

• By far the most well-known of these are the Theories 

of Tanford aDd Pease, and Manson. Their derivations are 

described in Appendices j and 4 respectively. Neither 
. . : 

was used in this work however. For the Tanford and Pease 

theory, this was because: 

a) there was a' general prediction in the literature that 

the Semenov bi-molecular theory is more accurate. 

This theory is described later. 

b) its accuracy of prediction is quite poor "over the 
. . . 147,148 

entire equivalence ratio range • 

c) itireC;uires detailed knowledge on the rate constants 

for the reactions which are occurring. These can only 

be obtained from observations on burning velocities 

and no information could be found on the leminar burn-

ing velocities at the temperatures and pressures which 

occur during the com'oustion processes in petrol engines. 

The liJanson tneory Vias not used to predict laminar 

burning velocities in this work because: 

a) the pOGtulated analyt ical model of the c orr,bust ion 

process (see Chapter 3) assumes thet no pressure 

gradients exist in the combustion chamber. The l/.anson 

theory, however, is based on there being a small pressure 

drop across the flame front. 

, 3~. 

b) when the total rap~e of equivalence ratio data is 
147,148 

considered, the accuracy of prediction is quite poor 

-----



Comprehensive Theories of Laminar Flame ProPagation.: 

These theories attempt to account for both the thermal 

\ and the diffusional mechanisms since it is a reasonable hy­

pothesis that, in' reality, both are involved 0 : Strictly 

speaking, with these theorieS'it is' necessary to identify 

each chemical specie occurrip~ during the combustion re­

action and to know all its physical and thermodynamic prop­

erties. This information is generally completely lacking 

for hydrocarbon-air flames. As a result, comprehensive 

equations have only been derived for a few flames e.g. 
149 159 27 

azo-methane '. nitric oxide and ozone • 

The most well-known of the comprehensive theories 

are those of: 
27 

i) Lewis and Von Elbe 
151 

Boys and Corner ii) • 

• 

152 
11i) HirschLelder am Curtiss • 

126 
iv) Zeldovich, Frank-Kamenetsky and Semenov • 

A detailed curve.)' of Theories i), ii) and 11i) is 

given in Ref. 127 together with references to the original 

works. 

Theory iv) will, however, be discussed at some length 

as it is the one used in the computer analytical model in 
16 

this Vlork. Semenov has presented the derivation of this 

equation in detail and, consequently, it is now widel.)' 

known as the Semenov theory. 

!h~ !h~oEY_o! §emenoy. 

Zeldovich and Frank-Kamenetsky derived an equation 

/33. 



for flame velocity predictions, the initial basic equations 

of which were quite comprehensive. In its final, simpli­

fied form, however, it includes the diffusion of fuel mole­

cules but not free atoms and radicals. .As a result, it 

tends to emphasize the thermal mechanism. The original 

full derivation' of this theory is given in Ref. 16 whilst 

Refs. 25, 15 and 127 review this derivation. 

A second-order, bi-molecular reaction is considered. 

This is' in accord with some other reported work on flame 

propagation in which the reaction 

fuel, and air is treated as such. 

between a hydrocarbon 
26 

Clarke reports experi-

mental work confirming the reaction to be bi~molecular up 

to 25 atmospheres pressure. 

A one-dimensional, steady state combustion model is 

assumed (see Fig. 4-39). The reaction is propagated solely 

/34-. 

by the heatinr; of the unburnt gas in the preheat zone, 

initially at temperature Tu, to a temperature Ti' at which 

point the reaction begins. This is taken to occur completely 

in the reaction zone wherein the temperature is raised to TB. 
The width of this zone is 'd' and' beyond it no further re-

action occurs. 

The general ec;uation for a bi-molecular, secoro-order 

reaction is 

LO = Cfu. Co2u • W.Z. exp (-E/RT) --- 4-28 

in which 

Cfu is the concentration of fuel in the unburnt mixture 

(molecules/cm3) • 

Co2u is the concentration of oxygen in the unburnt mixture 

(molecules/cm3) • 

W is a steric or probability factor which allows for 

the geometry of collision between two reacting species. 

, 
\ 



Z is an impact coefficient (no. of collisions/cm3sec). 

In the Semenov theory, an ignition temperature is 

used only as a mathematical device for approximate compu­

tations. Semenov assumes that this ignition temperature 

is near the flame temperature. By \apprOXimations, the 

1'35. 

ignition temperature is entirely eliminated from the final 

equation thus making the equation more useful than the previous 

ones. 

The following assumptions are made in addition to that 

regarding the ignition temperature: 

i) the pre ssure 1s constant. 

ii) the total number of molecules is constant. 

iii) the specific heat at constant pressure, Cp, and 

the thermal conductivity, 1\.) are constant in the 

reaction zone. 

iv) Thermal diffusiYl~ ~ is equal to molecular diffus­
CP"f 

ivity, D. 

v) Below '1'1, the reaction rate, w,is zero. 

vi) In the reaction zone, the convection term in the 

energy bal/ince equation is small with respect to 

the conduction and heat generation terms. 

vii) Diffusion is important only as it affects energy 

balance. 

The basic equations which apply to the reaction zone 

are: 

- +w o ........... - - . 4 -29 



13~r 

where 

~ = 
and M is the mass rate of flow 

In~ E~rgy_E~u~tloE· 
" "\..2:... ol.'z 4> _ M. 01. tJ) 

, Cp' otx% o.xa +u.>- o .. " ....... ". '" 4-30 

whe:r:e 

and Q.v is the Heat of the Reaction (cal/mole "of reactant). 

ln~ ~aliQn_o! §t~t~. 

-p T. 
- == ~ 
-fu. T 

The Conservation of Mass. -------------
M = -fU == 

., .. , ..•...••.• _ ... ' •... 4--3/ 

~ U8 . . . . . . . . . . . .. 4- - 3;;> 

The boundary conditions for the se equat ions are (see 

Fig. 4-39): 

AI: -= - o.a ~ - 0 4J - 0 ........ " ...... " 4-33 - ) ) 

At :>C - 00 0= L'f .... lj) - Cp(-r. _T)/Q ... -." 
J 

-f 
) g u. v 4-34 

If t== ljJ over the entire reaction zone, Equations 

4-29 and 4-30 are identical in form and have identical 

SOlLltions (see assumption iv) above). That is, 

Cp. T + Cf. ~v = C~.Tu + 

-f 
Cfu· Qv 

-e-
= Cp. TB ---- 4-35 

This means that the sum of the thermal and chemical 

energies per unit mass of mixture is constant in the re-

action zone. Thus, the differential equation 4-29 can 

be replaced by the algebraic equation 4-35. Only the 

differential equation 4-30 must novl be solved. 

In light of assumption vi), this equation can now 

be written 

= o ---- 4-36 



where , 

at x = 0, T = Ti 

and 

.at x = d, T = TB 

In the preheat zone; (JJ = ° according to assumption v) 

and the energy equation becomes 

M.dT = ° 4-37 
dx 

where 

at x = - 00 ) T = Tu 

and 

at x = 0, 

i 
The condition which determines the value of 'M'is 

that the heat transferred from the reaction zone to the 

preheat zone is equal to that received by this latter zone. 

That is, 

at x = 0, 

(dT) 
( dx)Upreheat 

= (dT) 
(dx)UReaction 

4-38 

Solving Equations 4-36 and 4-37 and equating their 

derivatives according to Equation 4-38, the following ex-

preesion is obtained: 
\ 

13/. 

M --PI). 
.............. 4-39 

where 

., iTS I ITS -c m.otT ~ - w.d.T 
r . Cr 

:l.tA '''' ""..... 0 

:r 
Since Ti is assumed to be near TB' the reaction rate 

equation 4-28 can be approximated in order to facilitate 

the integration of Equation 4-39. The approximate equation 



is: 
2 

CJ.) = Cf CO2 WZ exp (-E/RT:s) exp (-6"" E/R'lB ) ---- 4-40 

where 

'I' 

From Equation 4-35, 

Cf = Tu tS' 

Cfu TCTB- tu) 

\ 
-';'"-- 4-41 

Semenov suggests that, for lean mixtures, the concen­

tration of 02 in the reaction zone can be approximated by 

its value in the combustion products. This quantity is: 

= Tu 
T 

( 
( 1 - 1> (1 
( 
( 

Cf ) 
Cfu Tu ) 

T ) 
) 

where r/> is the equivalence ratio. 
25 

) 
) 
) 
) 
) 

--- 4-42 

Dugger and Simon have performed the integration of 

Equation 4-39 in an approximate manner. Their results 

are: 

'38". 

---4--4-3 

Cfeff and C02eff are the effective mean concentrations 

of fuel and oxygen in the reaction zone (molecules/cm3) 

For rich mixtures (if» I) ) 

Cfeff = Cfu' Tu· (l - I --F ) ) 

TB ( q;- ) ) 
) ---- 4-44 

C°2eff = C02u ' Tu·p ) 

TB ) 

and, for lean mixtures (!64') , 

Cfeff = Cfu ' Tu.f 
) 
) 

TB ) 
) 

--- 4-45 

CO2 = C02 • Tu' ( 1 - ~( 1 -f) ) ) 
eff. u TB ( ) ) 

In the se equations, 



of 

¥= 

The 

2 
RT]3 

quantity, 

temperature am 

Z, 

is 

4-46 

is proportional to th~ square root , 
25 . 

given by Dugger and Simon as : 

Z = <tqo1f + dcol<>2~ J E?1TRT. (Wlr + ~2) \ . A (Ate . ~ ) (; 2 ) ( 2 ) 

in which 

dcol is the effective co111sion diameter. (cm) 

M is the Molecular weight. 

A is Avogadro's Number (6.025 x 1023 molecules/gm-mole) 

It.does, in fact, represent the total number·of·col-

1isions per unit time and volume between the fuel and oxygen 

molecules. 

Semenov later relaxes some of the restrictions in 

assumptions ii), iii) and iv) so that 
fis nu 

a) the number of moles of products, iIIi, to reactants, ~, 

can be given by the ratio ~i in the stoichiometric 

equation. 

b) i\ is allowed to have the value 1\8 in the reaction 
Gp CPB 

zone. 

e) ~!Df is allowed to assume any eon~tant value - not 
Cp 

necessarily unity. 

With the above considerations included, the final 

equation for the laminar flame propagation velocity of 

a second-order, bi-mo1ecu1ar reaction according to Semenov's 

method is: 

'3<;:). 

4-47 



where 

(Cfu ) 
(C02u)st ( ) ~is the stoichiometric fue~-oxygen ratio. 

For ~ean mixtures, the term ~1 ~_,Hs rep~aced 
q;-) 

by (~ - cl> (~- -(3) ) • 

For stoichiometric mixtures (cf> = ~), it becomes 

simp~y.p • 
25 

In using: Equation, 4-47, Dugger ap~ Simon suggest 

that 

1\ = (Cp + ( , 

and D = 1.336. ...a.. 
of 

5). 
4R) 

, .AJ... 
M 

where~ is the viscosity (gm/cm sec) 

and M is the molecular weight. 

The remaining properties are calculated by interpol-

ation from thermodynamic tables. Because of the assump-

tions involved in the integration, Semenov concluded that, 

for a bi-molecular reaction, EC;uation 4-47 is, only valid 

for value s of RTB:::;; 0.1. However, rece nt investigations 
E 

have demonstrated its re liabili ty for value s of RTB/E up 

to 0.15. 

This theory was used in the analytical combustion 

model of the present study because it appears to give the 

most accurate results for a wide variety of hydrocarbon 

fuels and because it is possibly the most comprehensive 

of all the theories available. A slight drawback to its 

use is that it dictates that 

the ournir€ velocity whereas 

pressure has no effect on 
153,154, 

it has been reported 

155,156 
in some inC'tances to have a very slight effect. 
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In Fig. 4-40, a comparison is shown between the laminar 

burning velocities of propane as predicted by our Semenov 

'equation and some experimental measurements taken from 

· Ref. 25 over a range of unburnt gas temperatures. A con-

stant- equivalence ratio of L135 was used. On the same 
! 

• graph is plotted burning velocities calculated from the 
i 

· lfallard and Le Chate lier Thermal theory (see Appendix' 2) • 

The agreement with experimental results is seen to be much 

· better with Semenov. 

Data on experimental burning velocities of benzene 

and iso-octane over a range of equivalence ratios and.un­

burnt gas temperatures is remarkably scant. However, the 

following values are reported in Ref. 157 which pertain 

to the laminar combustion of iso-octane. Also shown are 

the burning velocities predicted by the Semenov equation. 

The agreement is seen to be quite good. 
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UNBURNT 
Gi.S TEMP. 

rn 
BURNT 

GAS TEMP. 
o 

( K) 

EQUIVALENCE 
RATIO 
rD 

EXPERIMENTAL 
BURNING VELOC ITY 

(clll/sec) 

SEMENOV 
BURNING VELOC I~'Y 

(cmbec) 

311 

422 

2285 

2337 

34·9 

61.6 

34.6 

56.8 

In Ref. 157 also, the following results appear for 

some benzene experimental measurements. Again, these are 

compared IV ith the Semenov predicted values am tlltl agree­

ment is seen to be quite good to an average accuracy of 6%. 

UNBURNT BURNT E~UIV ALENCE EXPERIMENTAL SErJIENOV 
GAS TEMP. G.AS TEMP. RATIO BURNING VELOCITY BURNING VELOCIT~ 

(OK) (OK) <-~.J ( cID/sec) (crn/sec) 

311 2362 1.08 48.2 45·6 

395 2400 1.08 73·8 70·5 



In the application of the basic Semenov expression 

(Equation 4-47) to burning velocity calculations, it is 

assumed that the physical properties of the unburnt mixture 

do 'not differ appreciably from those of air. In addition, 

the' activation 'energies of propane iso-octane, am benzene 
; 158 

mixtures are taken to be 40000 calories/mole 

4.3.2. THE DERIVATION OF AN EXPRESSION TO ALI£)W 

FOR THE EFFECTS OF TORBULENCE AND SWIBL 

ON THE BURNING VELOCITY. 

The correction factor, KT' in Equation 4-26 must, 

ideally, allow for the many parameters affecting the rate 

of burn in the combustion chamber which are not directly 

catered for in Semenov's laminar burning velocity expression 

(Equation 4-47). These involve primarily the aerodynamic 

conditions (viz. the turbulence and swirl) existing in the 

chamber. It is also necessary to know the manner in which 

these conditions vary with: 

i) engine speed 

ii ) piston movement 

Hi) throttling 

iv) compression ratio 

v) inlet pipe tuning effects 

159 
Patterson and Van Wylen suggest that the values 

of KT be estimated from experimental pressure-time diagrams 

for the particular engine uIrier consideration when running 

urrier known conditions. ...u.though such an approach caters 

in an imirect manner for the varying effects on the laminar 

burniqg velocity of most of the factors listed in i) to v) 

above, it was not used in th is work since it was not con-

14:< . 



sidered to be very realistic owing to its inherent trial 

and error nature. 
160 

A method suggested by Spalding is based on the 

Reynolds Number of the flow in the combustion chamber which 

he defined as 

£b
2 Re = _ 

tstr • ..a 
in which 

bis the engine bore (cm) 

and 

----------- 4-48 . 

tstr is the time (sec ond s): for: the piston to travel from 

B.D.C. to T.D.C. 

Using this expression, the following values were cal-

culated for the Renault engine: 

En@ ~peed 
rev ml.n 

1000 

3000 

4500 

Re ynolds 
Number 

30000 

98000 

147500 

It was proposed that such Reynolds Number calculations be 
" l18 

Damkohler incorporated either into the results of (see 
l6l 

of Bollinger and Williams Section 4.2.4) or into those • 

Damkghler found that, for propane-oxygen flame s, at Reynolds 

Numbers between 5000 and 18000, the following relationship 

held (see Fig. 4-27): 

UT = 1.75 + 0.0001. Re 
UL 

4-49 

Bollinger and Vlilliams, on the other hand, proposed a re-

lationship of the form: 

1 + 0.0002 Re -------- 4-50 
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for propane-air mixtures at Reynolds Numbers between 2000 

and 35000. The different responses to turbulenc-e in the 

two expressions are thought to be due to the two different 

reagents used to oxidize the fuel.· 

It should be noted that the flow becomes laminar at i 
\ 

Reynolds Numbers below about 2000 ( see Fig. 4-27). .Ai3 a. 

result, there is a discontinuity in. the relationship between 

UT ani Re at this point. This Reynolds Number value corres­
UL 

144. 

ponds to the Renault engine running at 60 rev/min, however, 

which is far removed from its usual operating range. The 

discontinuity can, thus, be safely discounted if this method 

is used. It was, in fact, not used for the following reasons: 
i 

a) the very arbitrary nature' of the Reynolds Number 

definition in Equation 4-48. 

b) because the relationships in Equations 4-49 and 4-50 

only apply within the Reynolds Number ranges stated. 

The maximum Reynolds Number value was 3~ which, 

according to Spalding's definition, corresponds to 

the Renault-engine running at about 1200 rev/min. 

This speed is untypical of the engine's usual oper-

ating ran3"e which extends up to 4500 rev/min. 

The method actually adopted is based on the work of 
31 

Harrow and Orman ani 
19 

Phillipps and Orman • 

used in the cycle simulation of 

It involves measurements of flame 

speed in the combustion chamber between two ionization 

probes (see Fig. 4-41). 

The principle of this technique stems from the fact 

that active particle concentrations in the flaI;Je front are 

greater than both those in the already burnt combustion 



products and, obviously, those in the unburnt part of the 

charge. When a flame passes an ionization gap, therefore, 

a pulsed electrical potential is generated and a pulsed cur­

rent starts to flow. Consequently, flame arrival times at a 
. . . .. '\ . 

probe or probes can be rec\orded on any suitably available 
: . . !, 

equipmente .g. an oscilloscope. , 
I 

The usefulness of flame speed measurements over the 

engine's speed range lies in the fact that they give an 

indication of the gas velocities which are present in the 

combustion chamber during normal operation. Such indications 

are only reliable, however, when the other parameters which 

affect flame speeds (e.g. air/fuel ratio, compression ratio, 

spark timing etc.) are kept constant. Thus, by observing 

the flame travel times between two ionization probes (one 

(ionization probe 1) close (5 mm) to the centre electrode 

of the sparking plug and the other (ionization probe 2) 

diagonally remote (73.5 mm) from it - see Fig • .1-41) over 

the Renault engine's speed range at constant value s of 

air/fuel ratio, compr'ession ratio, spark timing and at full 

throttle, it was pOEsible to evaluate the manner in which 

the gas velocities in the cO!Ilbustion chamber vary with ens;ine 

speed. 

If measurements were to be confined to the total time 

taken for the flame to propagate right across the combustion 

chamber from the sparking plug to the point at which it is 

finally quenched, then the events occurring immediatelY 

after the spark, when the flame is travelling very slowly, 

are grouped with those occurring later in the proces~ when 

it is trave lling much faster. Thus, in attempting to deter­

mine the variation in the gas velocities with engine speed 

14-5. 
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by these techniques, it is desirable to eliminate from the 

overall flame travel times the varying effects of the 'delay 

periods' just after igniticrn and the periods, at the end of 

the combustion process when the flame is slowing down. 

These are the reasons for ionization probes 1 and 2 being 

in the positions they are (see· Fig. 4-41). 

Knowing the distance between the two probes (68.5 mm) 

and the flame travel times between them over a range of 

ergire speeds, it is possible .to calculate both 'apparent 

flame speed' and 'apparent delay period' values. True 

estimates of these quantities ca~~ot be made. because the 

actual path and length of the f1aine travel between the 

probes is not known. A method of calculating these apparent 
31 

values has been suggested by Harrow and Orman • It ignores 

any flame acce1erations between the probes and thereby 

assumes a steady velocity over the whole flame path. 'rhe 

following expressions are 
1 

proposed: 

and 

where 

VFS = x2 Xl 4-51 

= 

1 
VFS 

1 
To 

tb2 - tb1 

--------- 4-52 
X2 - xl 

= apparent flame speed (cm/sec) 

= apparent delay period (ceconds) 

distances from the spark plug to the ionization 

probes 1 and 2 (see Fig. 4-41). 

tblltb2 = mean flarre travel times to the ionization probes 

1 and 2. 

14-(... 



Details of the instrumentation used in measurements 

of the mean flame travel times in this Vlork are 'given in 

Appendix 5~ A general view of the :engine layout am instru­

mentation set up appears in Fig. 4-42. Figs. 4-43 am· 4-44 

14/. 

show typical osci11ograms obtained. A polaroid camera was \ 

used for the se. The reference signal at the top in the se 

photographs is the one coming from the sparking plUg whilst 

the signals on the middle and bottom lines correspond re­

spectiveJ.y to ,those from ionization probes:.l and I. The 

horizontal scale is ca1librated in milliseconds. 

N3 will be appreciated from these osci110grams, con­

siderable difficulty was experienced in determining average 

i values of the flame travel times to the two', probes due to 

the phenomenon known as cyclic dispersion (see Chapter 2). 

In spite of this, however, it was possible to conceive of 

an average value at each of the probes under all running 

conditions either by mere observation or by a sampling 

technique. The latter method was considerabJ.y simplified 

by the avai1a'oility of a Storage Osci1108cope. Average 

values at the probes could be obtained much more easily 

and accurately by the use of more sophisticated electronic 

eCjuipment. Such fac ilities would enable instantaneous 

statistical analyses to be made of a large number of ion-

ization signals at a probe. In this connection, the 
40 162 

ment used in the works of Harrow , Higashino and 

is instructive. 

equip-
34 

Curry 

Results of the experiments performed to try and achieve 

a relationship between flame speed (eX mixture motion) and 

engine speed, under running condition" of con8tant air/fuel 

ratio, spark timing, compression ratio an(] at full throttle, 



are listed in Table 4-B. Table 4~C ,contains the,calculated 

apparent flame speed and delay period values. Plots of these 
, \ 

listed quantities in Tables 4-B and 4-<i are, given in Figs. 4-45, 

4-46, 4-47 and i4-48. . '! . 

It is seen from Fig. 4.45 that the flame speed between the 

two ionization probes in the Renault combustion chamber increases 

lineerlywith engine speed up to 3250 rev/min. A slight "tBiling 

off" is apparent above this speed -however. 
31 

:>imilar trends to these 
40 

were observed, by Harrow and Orman and Harrow • Possible 

explanations for these effects are given later. 
I 

Figs. 4-46 and 4-47 show alternative ways of representing the 

results. These graphs indicate: 

i) that the flame travel time between the two ionization 

gaps approximates a linear function of the time taken 

by the engine crankshaft to perform one revolution. 

ii) that the flame travel time to the two probes decreases 

with increasing engine speed. 

Fig. 4-48 shows the way in which the apparent delay period, 

1 To , decreases with increasing engine speed over the speed range 

examined. It is clearly evident that turbulence and swirl (0;: engine 

speed) accelerates the initial stages of combustion. 

To derive an expression relating the resulting values of flame 

speed (Table 4-C) to values of Kr for use in equation 4-26, use is 

made of the linear relationship between the flame speeds and the 

engine speeds over the greater part of the speed range (see Fig. 4-45). 

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

-
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TABLE 4-B 

~niine Operating Conditions. 

.:;park Advance = 21' B.t.D.C • 

, Air/Fuel ftatio, ' = 12.0 

Compression Ratio, - 8 -
, Ambient Temperature = 180 C. 

, Ambient Pressure = 29.85" Hg. 

~uel = I so-o ctane. 

ENGINI> >lpaJ) FLAMl!; TRA VJ<;L TP,!E FLAME TRAVEL TIME 
FROM SPARK PLUG TO BETWEEN PROBES 

llliViMIN 
!'ROBE 1 PROBE 2 1 and 2 (millisecs) 
t~ tb2 <tb2 - tbl) 

.'.-(millisecs) 

1150 2.0 7.5 5.5 

1350 1.6 6.5 4.9 

1810 1.3 5.4 4.1 

2000 1.3 4.9 3.6 

2500 1.0 4.0 3.0 

2720 1.0 3.8 2.8 

3400 0.8 3.2 2.4 

4100 0.7 2.9 2.2 
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TABLE 4-C \ 

ENGINE SPEED APPARENT FLAME APPARENT DELAY 
SPEED PERIOD 

(REV!JlIN) (cm/sec) (mi11isecs) 

1150 1245 1.6 

1350 1400 1.25 

1810 1670 1.0 

2000 190d 1.04 

2500 2285 0.78 

2720 2450 0.79 

3400 2850 0.63 

4100 3120 0.54 



This is of the form: 

VFS
l

_ 0.75n+380 --- 4-53 

\ 
It is clear that the flame speed values obtained refer to the 

rate. of burn relative to the· combustion chamber walls. They are 

vector sums of the turbulent burning velocities relative to the 

unburnt gas, UT' and the unburnt gas velocities, Ug, themselves 

(see Section 2.1). Referring to Fig. 4-45, if the flame speed 

values are extrapolated back to zero engine speed, the resulting 

value, VL' will be that due to laminar combustion only since the 

flow in the chamber at zero and low engine speeds « &J rev/min) 

is essentially laminar. Although such an extrapolation is most 

dangerous, it does nevertheless give a value of laminar flame speed 

(380 cm/sec in this case) which can be compared for accuracy with 

knoHn burning velocity values of iso-octane-air mixtures. These 

la~ter values are normally determined in a rig at atmospheric 

pressurfJ and over 8. rallge of unburnt mh .. ture temperatures. However, 

no uaea could be found, in a leterature search, relating to the 

combustion of iso-octane-air mixtures under conditions approximati.ng 

those at which these engine tests were conducted viz. at an unburnt 

gas temperature of 8.bout &JOo]( and an equivalence ratio of 1.25. 

It "as noticed, bOH8ver, that the laminar burning velocities of iso-

octane-air and propar.e-iiir mixtures were in reasonable agreement and 

so a propane-air value was used for the comparison instead. This ;,as 

found to be about 125 cm/sec25 under the above conditions. 
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There is general agreement that flame speeds are approximately 

2t to 3 times the burning velocities over the greater part of the 

flame travel in an engine. The laminar flame speed of 380 en/sec 

at zero engine speed thus corresponds to:a laminar burning velocity 

of about 130-150 cm/sec. Such a value compares reasonably with the 

already stated laminar burning velocity of propane as determined 

in a rig. viz. 125 cm/sec. 

Equation 4-53 can now be rearranged into· the form:-

1 
VFS 

VL 
: 1 + .00197 .n -- 4.54 

where VL is 380 cm/sec. Since VFS1~2t to 3 times UT over a 

wide range of engine conditions, it is reasonable to assume also 

that VL~2.5 to 3 times UL• On this basis, 

UT VFS 
1 

= 1 + 0.001970 -- 4.55 --UL VL 

Equation 4-55 shows a similar dependence on engine speed as 

expressions derived by other workers in trds field. For example, 
19 

Phillipps and Or man obtained the relationship 

~ = 1 + .002n 
UL 

--- 4.56 

163 
for a Ricardo E6 engine and Hodgetts' results for a Ford Zodiac 

Hark III engine can be rearranged into the form: 

UT = 1 + .0017n ----- 4-57 
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Comparing the flame speed values calculated in Table 4-C with 

those from Hodgetts' work however, it was apparent that they were 

quite appreciably lower. For example, at 3500 rev/min, the flame 

speed: in Hodgetts' results was 6000 Cm/SBC whereas'it was only 2900 

cm/sec in this work. This was most surprising as comparable running 

conditions were maintained with regard to compression ratio and air/ 

fuel ratio. An explanation of such large discrepancies in the two 

sets of results was sought and attributed mainly to a combination 

of the four following effects:-

a) greater turbulence in the Ford combustion chamber. 

b) larger quantities of exhaust residuals in the Renault 

engine over the speed range examined in the tests the 

effects of which, are to slow d01-1O combustion. The 

Ford engine results were all taken with a centrifugal 

mechanism on the distributor which advanced the spark 

timing with incr6"si,ng en;,ine speed. This is dGsirable 

because, for a given engine speed increase, there is 

not a corresponding proportional incroase in turbulence 

and) thus, also in flame speed. Such advances ensure that 

combustion is completed reasonably efficiently ~nd is not 

prolonged oOl;n the Gxpansion stroke Hith the consequent 

effects of poor volumetric efficioncy and increased 

concentrations of exhaust residuals in tile fresh chargeso 

In the Rennult results, the spark timing "as fixed at 2~ 

B.T.D.C. so that it seems feasible to sug:;est that, at 

\ 
\ 
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the higher speeds, the spark advance was not great enough 

to prevent these effects occurring. At the low engine 
, "\,, 

speeds, the advance w~s probably adequate. It is, thus, 

apparent that such tests should:have been performed not 

at constant spark timing bUt under conditions which 

attempt to maintain a constant exhaust residual fraction 

in the combustion chamber over the entire engine speed 

range. Such an ideal can only be reasonably approached 

by'the inclusion of a speed sensitive, spark advance 

device as was done in the Ford tests. 

In this connection also, it appears that Harrow and 
31 

Orman's results ,which were utilized in the Phillipps 
19 

and Orman combustion simulation work , are subject to 

the same criticism as those obtained in the Renault. In 

Fig. 4-49, some of these results are reproduced. Clo!)c 

Gcruk:-<y ;'eveal~ t.::e same trend of a falling off in the 

ilame sI'eed values with increasil\; encrine s)eed at a 

constant ::;;'a:..~;, timing. This is especially noticeable 

"hen the ienition ticing is at 150 B.T .D.C. and at engine 

speeds above 2000 rev/min. These observations are 

explainable by the above discussions. At 250 B.T.D.e. 

spark timip~ on the other hand (see Fig. 4-49), such 

effects are not really too apparent since the spark 

advance is probably great enough over the speed range 

of up to 2500 rev/min. 
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Some authors have: attributed such "faIlings off"' 

in flame speed at high.engine speeds and' constant ignition 

timings to lack of turbulence and sv.irl in the engine. 

It is apparent from the foregoing' discUssio'n, ho;,rever, 

that such a conclusion' can only be drawn if the tests 

sho;,r a similar response ;,rhen repeated with variable spark 

timing. 

c) the positioning of the ionization probe 1 too close to 

the sparking plug (see Fig. 4":41) ~ Tnia. to"ever, w~ 

unavoidable for the reasons stated in Appendix 5. The 

effect of this on the flame speed is that the period 

~lhen the flame is moving very slowlY (i.e. the' delay 

period') was not entirely eliminated from the overall 

time to ionization probe 2. Thus, the mean flame travel 

time between the probes was greater than it would have 

been if the engine speed sensitive 'delay period' had 

been completely removed by positioning the ionization 

probe 1 at about 10 to 15 mm. from the sparking plug. 

31 In HarrO,l and Orman's work ,it was 16.5 mm away. 

d) the positioning of the ionization probe 2 too near to 

the combustion chamber wall (see Fig. 4-41). The con-

sequence of this is the disproportionate effect on the 

mean flame travel time to ionizacion probti 2 of the 

slowing down of the flame speed as the cylinder wall is 

approached at the end of the flame travel. 
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It is difficult to predict the exact influence of these factors 

on "Gb" results obtained during the tests and on the relationship 

derived in equation 4-55. However, since this expression is of 

the same order a's those. derived by Harrow 
. . 31 163 

and Orman and Hodget ts ) 

and bearing in mind the approximations used in its derivation aQYWay, 

it was taken to represent the manner in which the aerodynamic conditions 

in the 'combustion chamber vary with engine speed. The linear nature 

of the relationsbip compares favourably with the virtual linear rises 

in the mean flow: velocity and in the root mean square values of the 

fluctuating flow velocities with engine speed as observed by Semenov 

(see Fig. 4-22). 

Such an expression, however, only takes account of the manner 

in which the· mixture motion in the Renault combustion chamber is 

influenced by engine speed. It does not allow for the variation in 

the aerodynamic conditions with piston movement, throttling, 

compression ratio and inlet pipe tuning effects. The correction 

factor, ~, in Equation 4-26 ideally requires a knowledge of this. 

Since this ideal can only be realistically achieved by direct 

measurements of the flow in engine cylinders, it is necessary to 

estimate "hat sort of errors will be involved if these effects are 

ignored and Equation 4-55 alone is used to represent Kr. 
The indications of the effects of piston movement on flow 

velocities during the flame propagation period can be deterw~ned 

from Nolchanov's and Semenovj s results (Figs. 4-14, 4-15 and 4-20). 



These show that the variations in the mixture motion can be quite 

significant if complete accuracy is desired. 

The influence of throttling on the\ mixture motion and combustion 

development is virt~ally impossible to define using the flame speed 

measurement technique described above •. This is because the quantities 

of residual exhaust gases increase with increased throttling and 

tend to reduce flame speeds so'that the mixture motion variation 

cannot be accurately estimated. Reference to Semonov's work, however, 

(see Fig. 4-22) sho~~ "ha. bo"h the average velocities of the large 

scale eddies and the turbulent fluctuations decrease with increased 

throttl1ng. Quite large errors might be expected in the value of 

Equation 4-55, therel"Ore, il" this ls used to represent turbulence 

and sWlrl under throttled conditions. 

The efl"ect on the gas 1"lows J.n the engine cylinder 01 compresSJ.on 

I'c1tio Vd.I'ia~Gions J..S again most. diI"ll.Cult. "LO aet,ermine by llame speed 

Gechniques. This is once more attributable to the varying quantities 

ol" residual exhaust gases present in the combustion chamber at aHferent 

compression ra"ios. It s:lO:.<ld be no"ed "tha" J.ncreases in compression 

r~:Gio redilce the exhaust residual fractior..s because of the improved 

no 
scavenging 01" "the engine. Semenov found that "he mean velocities 

of the large scale eu(ues in the combustion chamber aecreased whilst 

the turbulent i"luctuations remained essentially constant as the comp-

ression ratio was increased \see l"ig. 4-d). He i"ormed the opir.ion 

that such variations in the gas flows had almost no effect on the 

15 I. 

turbulent burning velocity ,:ithin the compression r"tio range b to 10 : 1, 

~Il 
I '. 
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whilst for a drop in compression ratio from .6 to 4 : 1" ther,e was 

quite a large decrease in the burning velocity. 

\ 
\ 

The effects of compression ratio variation oft the flame travel 

times throughout combustion have however been studied by Harxow, 

. 164 
EiliBon am.. Hayward • These workers found that the flame travel 

times decreased at all stages of combustion development with increas-

ing compression ratio. The interpretation of their resul .... , however, 

is dependent, as already nt ... i:.ed, on "(;ile "ability todii'i'erentiate 

between increases in flame speed due to reduction in exhaust residuals 

and increases in flame" speed due to the aerodynamic conditions and 

the higher temperatures existent in the combustion chamber. Despite 

this, substantially the same conclusions were drawn from these results 

as Here obtained by Semenov. On this basis, therefore, .it is con-

cluded that decreases in compression ratio from quite high values 

down to about 6 : 1 produce no significant changes on the effects of 

mixture motion on burning velocity. Since, also, modern engines usually 

have compression ratios greater than 6 : 1, it is reasonable to ignore 

any such changes to a first approximation. 

110 109 It was shown by Semenov and Holchanov (see Figs. 4-13 and 

4-18) that accoustical oscillations of the gas column in the intake 

pipe influenced the gas velocities only during induction. These 

oscillations were found to have largely disappeared by the time the 

flame propagation period \las reached. Such observations Here only 

appropriate, houever, up to an engine speed of 1200 rev/min. Kumag ai 

and Kud046, on the other hand, showed that in high speed (up to 

1515. 



""" l~ " l~ 
manifold temperatures and pressures , humidity, , 

31 " " " 
combustion" chamber deposits and exhaust residuals or 

other diluents
165

• 

the derived correction factor, i\.r, in Equation 4-55 re~lted 

from experiments with iso-octane only. It appears perfectly reason-

able, however, to assume that this relationship also applies to the 

other two "fuels used in this work. viz. propane and benzene. This 

is because the degree of mixture motion is independent of fuel type. 

Thus, in this work, the turbulent burning velocity is given by 

the expression 

-- 4-58 

where UL is the lanunar" burning velocity given by the :;emenov 

relationship in ~quation 4-47. 
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CHAPTER 5. 

5. THE FLAME PROPJiGATION PATTERN IN THE REN.AIJLT ENGINE. 

It has been assumed in previous computer simu1ations 
19,159 

of' combustion in spark ignition engines that the 

f lame- which propagates outwards from the sparking plug is , , 
spherical in shape with the centre of the sphere at the 

sparking plug. Fig. 5-1 typifies this assumption. 
12 

the works of Withrow and Corne Hus , Rasswe iler et 
10 13 

From 
11 

all 

Rasswei1er and Withrow , Rabezzana et I'll , Curry 34,36, 
26 39 

C1arke , Vlentworth and Daniel and many others however, 

it is clear that the flame does not propagate 8pherica1ly 

in ar~ type· of combustion chamber used on pistor:; engines. 

Such a situation is only approached when a quiescent com-

bUstib1e mixture in a spherical constant volume bomb is 

ignited at the centre. 

In this work on the "imu1ation of combustion in the 

bemispherica1 combustion chamber of the Renau1t en.gine, 

, 

an attem}:t is made to incorporate into the model a realistic 

fIe.me y6ttern depicti.nc, the incremental position of the 

fIe:::e front 88 a function of ti!oe. In this connection, 

the observations of mml.)' v!orkers have been drawn upon. 

Numerous factors are known to exert some influence 

on the manner in which El flame propag-ates throlJ.gh a combus-

t ible r.lixture in a comollst ion chamber. The se inc luue: 

i) combustion chamber design. 

ii) swirl. 

iii) piston movement. 

iv) chBrge homogeneity. 

v) loce.lly generc!ttu tm'bulence. 

-- ~- --- ------ -

19!? 

------ -



vi) combustion chamber surface temperature variations. 

vii) compression ratio. 

viii) the:flame speeds in the chamber. 

\ 
It is obvious that the combustio~ ch~ber design is 

one of the main influences in determining' the flame propa-

gation pattern appropriate to a particular engine. There 

is no flame pattern applicable to all types of combustion 
~ --'~------------~ - ~-------
chamber - each must be analysed individually. Rabezzana 

-13,89 
et al ' proposed that the flame pattern development from 

the sparking plug is distorted in re lation to the combustion 

chamber wall contour and the volumes ahead and behind the 

flame front. 

The influence of swirl on combuution in spark ignition 

engines has already been dealt with in Chapter 4. It is 

noteci that the main effect of a swirl L: to deviate the 

fle!!~e pattern from ft sy::unetrical path about the s~jarking 

plug eGo, in so doinp) to i!'crease t~e flame front area 

(see Fig. 4-9). 

Fiston :nOVE:ment affect~ the flame propagation pattern 

because the comoUf'tion cllftlJli)er shape is continuously Chang-ing. 

In ac1ciiti.on, clue to r,i'~SS move:,:€nts of the ch8rge, it can 

c;12n[;c the position and contour ot c: ournt volume of charge 

especially when thi.s i.s small ,just 

effects wer'e ODser-vel' anJ noted by 

after ignition. 
32 

,·:iarvin et al • 

Such 

---- -- -~--



In-homogeneity of the charge during combustion neces­

zarily leads to a condition where the air/fuel ratio at 

different pOintz in the combuztion chamber variez from very 

rich to very weak. When a flame is propagating through 

such a mixture (the re is going to be an acce le rat ion of 

the f la£re front in the rich areas of the charge and a, 'de­

celeration' in the weaker areas. Thus, the flame pattern 

can be grossly distorted at the flame front. >In all com-

bust ion chambers, there is bound to be a certain amount of 

charge inhomogeneity unless special precautions have been 

taken in the preparation of the charge. It is most dif-

ficult to define aD accurate flame pattern under such con-

ditions • 

.c.xt;erimen1:al evidence indic 8te s that, whenever a flame 

front a>'proacilc" a sudden cr,ange in the com'oustion chamber 

CODHlUl', tr;ere is an increase in the burning velOCity. 

:;uch eii'ects C<iD DE tittl'iL'uted to the generation of 
89 

Its influence on the f'laG€ rat-tern is 10c,,} tlF",lllsnce 

COnll,u.:1:ion Che:nbEr Suriace Te1l1P'"reture Variations. -------------------------
In ell CO,[,()ustion chuufoers, considerable differences 

in t be tem.pt:=rature!'J Ol. t~::.e ;urf.:-~ces cGm:..'risi~'lg the cl:8mber 
42 

are 8I:-i'.e.r-E:Dt. !i'or €XJH::}·,le, ~(cl1nson et e.l sugge~t tnat 

tYl"ical v",lue[' of the cylinJer )'Jall, cylinder il:CSc1, },i:ct\Jn 

ane exhau9t val~ in a spark ignition engine are 395°K, 
34 

indicate 



that the flGme moves faster over the hotter surfaces (e.g. 

the piston and exhaust valve) and more slowly over the rel­

atively cooler surfaces (e.g. the inlet valve). At certain 

times under certain conditions in engine combustion, hot 

spots are formed in the chamber. These influence the flame 
\ 

pattern ih the same manner as just described. Ih an accur~ 

ate analysis of flame propagation patterns in various com­

bustion chambers, all such effects must be taken into account. 

The influence of compression ratio on the flame pattern 

is largely confined to its influence on the degree of flame 

curvature between the cylinder head and the piston. .A. more 

detailed discussion of this is given later. It must be ap-

preciateo that the combustion zone moves more rapidly through 

the middle portions of the combustion chamber tilan along the 

sllrroce walls. This is probably due to the cooling effect s 

of ~bese \"a11s. Thus, t;:e Tiortion of the charge midway 

between the head an6 t!le pL,ton burns more '.uic'k1y than 

FlaP.1~· speeoo assume thei:'" greatE:':.:t impor·tt.:r.~e on the 

flame p:;1;tern cJeve10pment whenever a lerge scale i'iwir1 is 

present i!l the comour:tion C[i81j"jber. ~nginf- ope"ration under 

eOlloiti.)]]s Wilich tentl to increase the flame speeds re[.ult 

in a minimizc:tion of tile eff·eets of the swirl on the flame 

" 
pattern. 

Before embarkin" on co:'"i(JerHtions of the menner i.n 

which thc flli;:JE r:ro:?re~SE;s in the. Renault COElbuoC'ti.on chamber] 

;<01. 



it is necessary to determine whether a two-dimensional 

flame map is an accurate enough criterion in depicting 
-

flame propagation or whether the influences of flame curv-

ature must be considered also. In this context, the term 

flame curvature is used to describe the deviation of the 

flame front fl'om a surface which is perpendicular to the 

plane from which the flame progession is being viewed or 

detected. 
34 

Curry investigated this problem in a C.F.R. engine 
. and 

in which good charge homogeneity was ensuredfin which the 

incremental position of the flame front as a function of 

time was detected and depicted by the use of 48 ionization 

gaps in the combustion chamber - 26 in the cylimer head 

am 22 in the piston. He first of' all considered separately 

a diagrammatic spherical flame propagation (see Fig. 5'-1) 

and realised that, as the radius of the spherical flame front 

increaSES, the arc segment of the !:18n16 fl'ont lJeh!een the 

This i~ U:e retlson why it 1,88 been generally a'~:f'll!!le(j that, 

if Hie dLotGlnce between the two surfaces is sufficiently 

si!iall, Gl neg'ligible error is i"ltroduced by assu:nj,ng that 

i1€tlC). TilUS, two-dimensional fle:ne maps, c€l€:rmj.J 1eCi by rne;.1-

SUl>6::1ents with ionization SlipS on one EurI8ce of t h,e com-

bur-tion cilamber only or by o,r:tical tec,;ni~_ues, ileve been 

presumed to represent adec,uetely the position~, of three-

dimensional flfl:1le surfu.ces. 

Curry's three-dimellsional studies: however, have shown 

that this genera.l concept i.s not nece~sarily valic. Such 

racto!':: ns !?v/i~l 9r.cl un~ver. ~::urf6ce teml-er:~tur-€~ \lI,l ere found 



to generate a quite different picture of flame propagation 

from that derived by two-dimensional measurements only. 

Fig. 5-2 is a three.,.dimensional flaJjje map taken from Curry IS 

work - it clearly illustrates the, extent of the flame curva-

ture in an engine without swirl. The magnitude of the curv-, ' 

ature is most pronounced in the earlier stages of the, flame 

tI'avel. This is as expected sin:::e the flame approximates a 

sphere rather than a plane surface shortly after ignition. 

The influences of the surface temperatures of the valves on 

the propagation are also evident. In the region of the cool 

imake valve, the r ate of the flame propagation across the 

relatively hot piston is greater than across the cylinder 

heed. The reverse effect is noted in the region of the hot 

exnaust valve. 

Flame curvature Effects simi16r to those shown in Fig. 

5-2 'Nere 0 ')SEI'ved over a wide range of engine n:eeds, com-

Iw'I'es~ion l'e.tio8 am otr:er 01)6rati.r~€" ccnditions. It was 

:"'It::-:e ul:l.;TQacl~es a c-traight line when the pi2ton is near 

thE c~Tlin~eI' head 8urfece. 

':lher; n lc.rge degree of sW:l,rl wa.s induced in the C.F.R. 

cO:,;:)u::tion cha;!!oer, however, marked flaQK curvaturEos were 

still app'3Y'E:!lt even at very hjgh compression ratios (see 

?i~'. 5-3). Unexpectedly, comoustion was COnlyleted first 

aC10CSS the l'i;:ton in these ('uses ami the last fraction of 

chell'Et; to burn WtiS that acro;]s the exhaust val:Je. It must 

'De e;:SUILeU, therefore, thot the incluced swirl vEolocity is 



different across the pi~ton surface from that along the 

cylinder head surface. 

From the foregoing; it can be concluded that the flame 

pattern development in an engine combustion chamber'is much 

more complex thim is generallY assumed, so much so that a 
\ 

detailed two-dirilensional flame map is unacceptable when 

accuracy is required. 

In this work, the flame pattern development in,the 

Renault com'oustion chamber is the result of attempts to 

incorporate as many as possible of the foregoing influences 

on the f1arlle propagation. First of all, therefore, some 

flame travel time measurements Vlere made to the ionization 

probes 2, 3 and 4 (see Fig. 4-41) in order to see if there 

Vias any marked degree of swirl present. The technic;ues of 

such m(;a~urements have been descri'oed in Chapter 4. Results 

of the~'e tests, over a range of air/fuel ratios, appear in 

Tao1e 5-A. ],'rom this, it is noted that thG f1an,e travel 

til!.ts to the )1'obes predict that the flame propagates in 

an alInoc-t symmetrical manner from the sparkiI'.f, plug Yiith 

ti1e end fas region being finally located in a position 

al!))o::ot (;irect1y ar:ross the combustion chamber from it. It, 

thus, ep!:'ear'~ thet there is not mucfl, if in fect any, swirl 

pre Gent. 

Th,; assumption of complete charge hO[]Jo2:eneity in this 

work precludes the idea of the effects of charge inhomo­

geneity on the flan~e pattern development. Likewise, thd 

influence of ,'i~ton movEf;Jent, locally generated turbulence 

accollnt for in a realistic aC-SeSSiJient of the i.ncre!!;ental 

1<1JIf". 



TAB L E 5' - A. 

ENGH.'E OPERATING CONDITIOJ\1S : 

FUEL • ISO-OCTlINE • 

ENGINE SPEED • 2000 REV /MIN. • 

COMPRESSION -RATIO • 8 • 

IGNITION TIMING • 40° B.T.D.C. • 

A.l\ffiIENT TEMPERATURE • 18° C. • 

AMBIENT PRESSURE • 29·938" Hg. • 

FLAME TRAVEL TD.'lES· (MILLISECS) AIR/FUEL 
RATIO TO IONIZATION PROBES 

9·38 

11·5 
12·7 

14·9 

17·6 

2 

4.4 

4·5 

4·7 

4·7 

5·2 

3 4 

3·2 4.25 

3·0 4·3 

3·1 4·3 

3·4 4.6 

3·6 5·0 

---------------------------_. __ ._-------_._-- ._-



flame front position since these effects tend to vary with 

the mode of engine operation. All that can be done, there­

fore ,is to generalize as accurately as possible on the flame 

pattern and to include the influences on-this pattern of 

those parameters which it is possible to a1lov; for. \ 

The result of thesE considerations in the Renault hemi-

spherical combustion chamber is the flame development shown 

in Fig. 5-4. It will be noted that the i-lame is spherical 

in form in its initial stages of travel from the sparking 

plug but, thereafter, it propagates outwaros into the greatest 

volume of unburnt charge where the constraint to its motion 

by the comoustion chamber walls is least. .i;J3 thE distance 

of tnc i lat1,E front from thE sparking plug increases, the 

'resistance' to its motion tems to equalize over its entire 

c'Llr-i"ece and the corrE "ponding rate of tI'tlvel acros s the 

flame front bEcom.os uniform. .b. spherical f18;;;C propagation 

"thus e l1Sues to';,!ard,' the End of its trave 1. 

ThE manner in wi,j_cil :-lume clll'Vature i::; accounted for 

in the vertical plane is "lso shown in Fig. 5-4. .A spherical 

'_::ro;::·ai~f,tion is a"SL1::1'=ll to exist in this planE throughout the 

cDtire rhl.-:1'; trClvE1 'iiitn thE cEr::b'e bEing at thE spark plug. 
34 

Ju~:titic~tion i'or this is o'~itaine(~ from Curry's work in 

t"C;'ll;i.,"US is USEU. It also ep;:roxtmatEs closely the obsErv-

ar;cE of leDs flame curvCiturE '.':itii increasing compression 

pl:itio und distance ot tile f 12me front iroil] t:1C sparking; plug. 

Huviw' developed thi!J flamE front progression, it was 

re"uir.ocl to be a'olc to c"lcu1at" thE volume (and hence mass) 

of char;::c ournt in the co:r.ollGtion cliamller- et any particular 

~:j.~;ton position <.:tD(3 at anv d€8iJ"eci ile!1le front distance from 



the sparking plug. This was achieved by constructing plaster 

casts of the combustion chamber and cylinder bore. These 

were shaped to correspond to the flame pattern development 

and flame curvature (see Figs. 5-5 and 5-6). The procedure 

vias to weigh the 'burnt" volumes ·of the plaster ca[)ts at , 

all the ten flame front positions and at .all the eleven 

piston positions shown in Fig. 5-4. Knowing the densities 

of these casts, plots were constructed of their 'burnt' 

volumes against the distances of the "flame fronts" from 

the sparking plug at all eleven piston posit ions. Poly-

nomials were fitted to eacr, of these plots thereby allowing 

estimates to be made by interpolation of the 'burnt' volumes 

at intermediate piston positions between those for which 

actual measurements were made. 

Several sources of inaccuracy were apparent in tilis 

tecLni':,ue incluc1ing very slight non-uniform dEnsities in 

t!·,5 ,.;l2ster C6sts and errors in gettinG the flame curvatures 

in the ver·tical p12nE to coincide Exactly ;·;j.th those r,[lown 

in ?i~. 5-4. These are not too important, however, because 

1;." bL1rnt vulum<:os are, ",t be:ct, a,:proxL'nations to actuality. 

?:.e t~::;~'}r;i_ ue, itself, became r.,uite teoious but i-t: V·leG rec-

Cg!~i.7e<J u,; bei.Tlf the only way of c.ttem).tin-- to accurately 

l1esultc' from ttis section ot vlOrk thus enable the 

bu··nt volL1!!le s of the chl.'rge in the co:ubL1stion c:",,:!!:ber to 

be El)ti;nated at any portic'J.lar ± Itln1e front or pi::;ton pos­

" iti.on. The pErtinent polynomial equation~' vihjc!1 apply in 

tieL: case are listed in SUBroUTINE BURNTVOL of the comphte 

program lifting in Jippendix 8. In addi.tion, it is possible 

to calclll",te the f ltW!c front r:·odtion~ I'ihen the burnt volumes 

R07. 



and piston positions are known. The polynomials for these 

calculations are given in SUBROUTINE FLAIvIDIST in Appendix 8. 
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CHAPTER 6. 

DISSOCI1i.TION. 



6. DISSOCIATION. 

6 • 1. INTRODUCTION. 

In a spark ignition engine operatin~ over'the normal 

range of air/fuel ratios, it is observed that the maximum 

tempel'atures attained during combustion are le ss than those 

calculated when it is assumed that the combustion reaction 

proceeds directly from the initial reactants to the final 

products. One of the reasons for this is the phenomenon 

of dissociation of the combustion products. .An appreciable 

amount of this can occur at high temperatures and it is 

accompanied by an oosorption of internal energy which is 

transIormed into chemical energy. Thio implies that the 

temperature rise will be le~s with dissociation than with 

no dissociation for an adiabatic combustion process. 

Experiments show that, in a reaction between two or 

(QOI"e elements or COftlpOunds, the rate of' conv€l'sion of' the 

jnitial reactants to the fj ,)al products is ret>:r<:ie,J by the 

(Jis[:ocir-.tion of some of the fj.t~al :)r'O()Uctf to -t.:.ne initial 

rEect~~t8. ~'-~uilibrium is s2tajlis})(_ ~hen, for the dis-

28ciat ill,§:" elements or CO;!]90lJrxl~:, the ~:};'ee("] 01. t:;,,;: foyvIf.;.'·::] 

react ir)n eq!1,-~l~ the creed 0:[ ti'H:: b~:l.ckv::·lru reect i.on (thi.:: 

i~:: call-::(, the 1e.w of h-Ia:-:t.: J:Lction). FOT' gi.'1en i;,)itial re­

actants, the degree of diSGociation 118C. been i OLl!xi to in­

crease v~lith increases in te:!!}:)€r~1ture. Jtern8.tively, .fOT 

or: tile CO[!l~:osition of tlie initial reactunts. 

In t'd,G viOrk, H,e dh'[.()ci,~tiol1 of the products of 

COE}·cuEtion of l~ydroc&'r'bon fUe 1!: ore 0:1: u irect j.nte re ,':.:t. 



:<1(0. 

These consist of various combinations of carbon, hydrogen, 

oxygen and nitrogen. The way in which these four elements 

are combined after' combustion ana the proportion of the 

various species in the burnt mixture depends on: 

a) the proport ions of these elements pre sent in the, original 

mixture (i.e. the air/fuel ratio). 

b) the temperature. 

c) the pre ssure • 

d) the extent to which chemical equilibrium has been 

approached. A discussion of this is given later. 

In a high temperature, comoustion reaction between a 

hydrocarbon fuel and oxygen and nitrogen, the following 

general e<;:uation can be written when the burnt combustion 

prodllcts consist of til.e fifteen species on the right .hand 

2ide 0::' the 

Cm Hn + x 

+ n:;. }T2 

+n r "1[ - 1::;. J 

e<;:uation: 

(m + n) 02 
( 4) 

+ 114· H2O + 

+ :<g Cm + n) N2 = n1· CO2 + n2· CO 
( 4) 

n5· 02 + n6· H2 + rq. NO + IJ8. OH 

6-1 

In 1:;:i,o :8cuutj.on, m :Jnci n are the number of carbon and 

ilyuI'OJen e:tom[' in a molc,cuiJe of the fuel and 'g' is the mole 

l,:"tio Oi nitro[,en to OX,~rgen in air. This latter (,uantit~' 

LiS been v:timatecl as uein'? 79.01/20.99 (= ::;.764) in Appendix 

1. ,l.dditionally, nk (k = 1,15) are the number of moles of 

C02, CO, N2, H20, 02, H2, NO, OH, J-1, 0, N02, N20, N113, HNO 

",nd H I'e~l:,ectively in the burnt mixture. 

In pract ice, many other d i['sociated spec ie s are a1:30 

~)l'efent in this mixture after combuc,tion e.g. H2 02, H02, 

C ~;olid:" CH4 etc. Ho.:€ver, besirJE!] the~e 2}:iecies l)eing so 



101'1 in coocentration as to have virtually negligible influ-

ence on the reaction, L~ey are in themselves of no direct 

interest in this work. It should be noted that such com-

bustion reactions as in Equation 6-1 are less complete at 

high temperatures than at low temperatures when the concen­
I 

trations of many. of the dissociated spec ies are very small. 

The remainder of this chapter describes the method and 

assumptions used in this work for calculating the compos-

ition of the burnt combustion products for given values of 

temperature, pressure and air/fuel ratio. 

6.2. THE COMPOSITION OF THE PRODUCTS OF COMBUSTION. 

6.2.1. ASSUMPTIOli OF CHEMIC.tU., KiUILIBRIUM. 

In this work, the conditions under which combustion 

occurs are necessarily idealized for the purposE of' calcu-

lating the concentrations 0:" the chemical species in tile 

burnt mixture. Such ioei..~lization incluQcS a0sumptions of 

steao:! stat", condition(3, Ch"'l"ge homogene ity ana the absence 

of eny flame C,uenchin,~ at th" cCJ:llbustion ciwmber walls. 

It iG apparent, hO··ieVE:r,· that, in practice, combustion 

in s}lc.rk ignition engine2 occurs under con,Sit ion::: \,'}hich are 

urually far from ideal. Conse';.uentl;{, re['(llts b"'Ged on the 

ide biLled assumrt ions above geneI"a11y h,nd to over-e et imate 

the ::e r·io"":3lance of the E ngi ne. .Af; a pre liill1.nary to ne thoe s 

of calculating tile concentr"ettons of ci1Emical Sgecies in a 

" . t "' i.Jllr!1t mixture therefore, it is nece"sary to lnve!'tlc;:8 e 

wlwt effects deviations from the('E ioea1izatio!1s might i1ave 

upon ti1e chemical compositi.on of tile l'.'or};il1E; fluid anJ the 



Steady state conditions. 

The assumption of steady state is tantamount to the 

assumption of chemical equilibrium. The implication is 

that the system, comprising the products of combustion, 

has been allowed to remain in a given state of temperature, 

pressure and volume long enoug~ to attain an equilibrium 

condition. This can best be explained by consideration 

of the reaction: 

n,A. ,A + nB. II ";;,=='= ne. C + nn. n 6-2 

where A and B are the reactants, C and D are the products, 

and DA' nB, ne and nD are th" mo le s of A, B, C and D re s-

pectively. 

At the e~uilibrium state, all the chemical reactions 

hCive proceeded to such CiD extent that the rCite 0:: the for';;arci 

l"e<:.tction is ~u2t e(jualled by the; rate of "the l"C'ver"e re-

usually written as: 

= 
1l~ ")')S -k c Cs , .. _.,.,_,_,~-s 

A8' A 

VJnere n~ and Dn corre,s::...:ond to t!1e valUeS :from -t:.::t; ~toich-

iometric eC:.uation 6-2 and CA Cind CB 3.l"e the cone·::n"'c:.rctions 

oL ·th(:; reactants no Dd B. .!cAB is the ~pecific r'.':',t(~ cOl1r:t&.nt. 

('l"i';l"rl', 1"01" t'"" '~~V"l""e reactinn. v ... J ~ '... J' ... '- .L - '-' •• .- • I 

&-4-

The symbol!) he.vc the f.6.~1e; sicnif'icsnce in thico e,uc,tion 8." 

in ~~uution 6-3-

Thue, at e~uiliorilJ,in 

I C n" C l'1s = 
-RR8' A , B 



c-o" C 8"(18 

. - . '. . . - -'" - - - - . .'. b-5:. 

R 

The significance of this expression is explained in 

Appendix 6. At this point, tlle free energy of the system 

is at a minimum and no spontaneous 

an isolated system. Thus, because 

change can occur within 

this is an equilibri~m 
I 

state, the composit ion can be comple.te ly determined by the 

methods of classical thermodynamics. 

The problem, however, is that the time available for 

combustion may be so short that true equilibrium is not 

attained. .A finite time is rec,uired for equilibrium to 

be established in all dissociation processes. This time 

is called the 'relaxation time.' If a system passes through 

a rapici change in l.,ressure or temperature, then it is pos-

sible that th0re willoe insufficient time for e~uilibrium 

to be 6stablished. Calculatiuns oi the composition of the 

§'ases in thes1c cilocu:nstS!lCes require a knowl€dge of reaction 

kinetics. 

Str'ictly s:x ski'],"', the relaxation time i:o .zero in an 

interr,al cOi'oustion enyj,ne because the system volume, tem-

t;,i:' Ci:B!lr:;e is usually reL,tively slow in comparison ''Iith 

i) the te!ilperatures, PJ~essures and reaction rtlt6s are at 

8. ,'u&Ximum (-iurin~.~· t.his :?tage 0.1: ti1e enginE" cycle. 

ii) piston velocity ana volume C;lan[eS t1Y'e~ u ite "J181L - , 

o\"iing to the kinematics of tile engim fi1ecrlaniom. 

15 
Fc,ttersor:: :115:: atte:ncltec1 to cor.lpere t .... e or,lers of 

:lic1~::nitl1rje of t~'1t; rE.l1:1x~!tion times in i.e. en:7inc~ during 



combustion with the time required for one degree of crank 

rotation during which period changes in temperature and 

pressure are not large. For an engine operating at 2000 
-4 

rev /min, trlis latter time is about 10 seconds. Although 

accurate quantitative estimates of the time intervals neces-, 

sary to reach near equilibrium conditions in a system a$ 

complex as the working fluid of an Lc. engine are diffi-

cult to predict, Fatterson recognized from Refs. 170 and 

171 that, for many of the chemical species present, these 
-6 

relaxation times are of the order of 10 to 10~8 seconds 

at the temperatures .and pressures existent during combus-

tion. This lends support to our assumptions of chemical 

equilibrium during combustion. 

During expansion, however, it has been shown by many 
85,86 

workers that the ini'tantaneous concentrations of many 

of the chE.mical spocies "'reo:ent in the burnt mixture corres-

ponu to a state of non-equilibrium (see Section 2.2). This 

j :~: <:JIJ.e to [:Gvel'&l Oi t~.:E: reco{JiiJi.nution r~actioDs: '..vbich might 

Ge exp"ct~d to teke place dtlring tilL:; stage of the cycle 

,'ram e :uili'orium considerations, being kinetically limited 

;:"e l:',,-lc;xation ti!!le theo.t the gus is effectivel~' "frozen" 

81: Cl coclj;)o~i tion co1'1'e c:pond in:;' mor'e to C oiliDust ion teml',er-

eture and }r'e ~su!'e e··.uilibrium values. 

",ven -tHe aSSu!!l" __ ·tion of a "frozen" composition i,.' a 

1,00r criterion on \'I:,1.ch to 'oase cO!l1position C3l~ulationi) 
86 

Clnrin: expansion BincE l\Tewhall ,in, a kinetic analysis 

(~e" Section 2.2), he" S.·:O''ill F,at a certai.n e:;;ollnt of r-e-

C0mcj~2tion ot cer"t&in s~eci~~ d08s in fact toke I\]·~cE. 



A condition between the two extremes of a "frozen" com-

position and an equilibrium composition is thus apparent. 

The failure of the dissociated species' to recombine 

during expansion is termed "equilibrium lag." Not all the 

reco~bination reactions lag the same amount and, for the 

complex system in an internal combustion erg-ine, an eact 

. analysis on this basis in difficult to make and apply (see 
86 

Newhall ) • For a furthe r discussion on this subJect, see 

Section 2.2. 

The effects on engine performance 6f assuming eC;uilib-

rium and non-equilibrium during expansion must now be con-

sidered. The assumption of chemical equilibrium during 

expansion increases the thermal efficiency and indicated 

mean effective pressure of the engine cycle beCause the 

reco;abination of dissociated species resultf.' in the recon-

version of ci1elilica1 energy to thermal energy ',,[:icn can be 

used to do work. On t11e other hand, if no reco:;lDin&tion 

occurs et ail during expansion so that tlle composition is 

COr':siuered "froze nU et a COI!iju~3tion temperi:.ture and pres-

e' .. uilil)rium expansion. Conse:.uent1y, one v.'oulci eXl)sct to 

obtain less useful work from "nch a system. As a1re«dy 

!'tEted, in reality, a c,:·ndition some"!nere between the two 

e):tremes of c8ntinuous e~u.ilibrium and "frozen" composHi9.n 

i!' attAinc;d. 'n,e ior21er- effect tends to Qveref,:ti:;]"te and the 

latter to uroerec,ti TIate the "'1gine performance. 

In t"lis context, it mu"t be real.L'ed tnat tiE 'iiork 

RRI .. 



the operating conditions under which the engine is run. 

In particular, by the air/fuel ratio and the compression 

ratio. The general effect of air/fuel ratio is shown in 
85 

Fig. 6-1 which is taken from starkman and Newha11' s work • 

Such behaviour results from fundamental differences between 

the chemical processes and temperatures in lean and rich· 

mixtures. The influence of increasing compression ratio 

on expansion work (see Fig. 6-2 from Ref. 85) is attributed 

to the energy of dissociation becoming available at an 

earlier point in the expansion because of higher temper-

·atures ani flame speeds. 

Since th2 rate oL r"ecor.ioination of. the dissociated 

specie" oecomes lower as the pressure and temperatllre of 

the system are reduced, it is e.ssumed in t11is work that 

"there is a temperatUl'e be ioV! wid.ch ti1is rate is so slow 

that for all pr-acticel purpoE.,es, no further reaction occuX's 

am tn," e .. ;ui1iiJrium is "ir·ozen." The; difficulty in setting 

5ctio.n ;1'~(8 it[., o\·\,n un:U'-jue tCi!":::..r::rctlu"E ~:=:_t Wllich the reaction 
172 

ef feet ive I,)' et aSe S. For exam.::~l;.:, Gayoon recommends 

tlrD 

co = 
1'73 

Eottel sngge.:-ts 1600° K for the \'J&ter-£<-~8 reaction 
~ 174 

in .c;(~UCltion 2-2. 'i'he Gerl,{ wOl'k 01' l..ovell und Joyd 

gave 1600-17000 K as the te!nper8ture at v:idch U:e e,.~,ui1i ... b-

rium freezes in an internal comoll;stion eDgint exhaust. In 

tl1i~ !2tudy, 16000 K i~ the teil11>€rature useo 'oeloVJ -;v'llich no 

f'.lr·tiler cilan:;:e s in c crnyoc, it ion occur l ~,ee ,11:;0 Apoe nclix 1). 



Charge homogeneity. 

It is well known that the mixture in an internal com­

bustion engine is not entirely\homogeneous. Such inhomo­

geneity arises during the induction process when the charge, 

consisting of air and both gaseous and liquid fuel, is 

inducted and. mixed with the residual exhaust gas. Whether 

or not efficient mixing occurs depends largely on the de-

sign of the carburettor, manifold and inlet valve. Thus, 

the unournt charge during co:nbustion can be conDidered to 

consist of pockets of combustible material, some of which 

are richer am some leaner than the measured air/fuel ratio. 

Intermingled with these pockets are varying exhaust gas 

concentrations. The degree of the variations in air/fuel 

rc-tio and exhaust gas concentration between ineJivic,ual :,::ockets 

00: chor£.e de:;:en::::s, of coul':::e, on the efficiercy of the mixing. 

Tj1i_~ ;?<~_<;tlCies imr,ortc:~nce becau::..~(! if, for ex BErp le , a stoicnio-

f!!ctrjc '11";:xture of fuel end air 'Nere burnt, one wo:;.ld expect 

incol!l,lt:te BlX] inefficient CO;flDustion. The [-jr:num tiOD of 

coml:lf:.te churge homogenE:it:r' in tbi~: work, thex'eI'ol'€, neces-

actually 
" 

atta!.!leo in ef',c,ines. Tile error in ti'iic ideali::;c:tion (l€}ends 

FlumE: prorBgat ion d :.n'·~ r:~i· cO;-!ibu~t ion re ~u l"t" s in an 



str-atification of the burnt products. This re!;ults in a 

temperature gradient being set up in the burnt comouction 

products during flame propagation in which the temperature 

of the burnt products is higher at the point of ignition 

than at the flame front (see Chapter 2). In the analytical 
\ 

mOGel in this study, the tempera-t;ure of the entire burnt 

c ilarge is uniform thrOUghO,l t. 

Flame C:uenchi= at- the Comoust ion Chamber Walls • 

.As stated in Chapter 2, studies of engire combustion 

processes have indicated that when thepropagatin;- flame 

approaches the relatively cool combustion chamber \'1811s 

it is quenched. This occurs because the 'i1alls absorb the 

heat and chain carriers, one or bcth of which must be tram;-

ported ahe00 of the flame to the unburnt charge to continue 

the :~:,op0gat ion. 

In the engine, this region near the v/all has L"Jeen r-o:)nc 

layer a few thOUS2Ddti!~ of' aD inch thtck 5roun:j the 
56 

Part inlly re-

e.ctt~ co::!"ousticn ;-rooucts SllCh 3$ hydroc8rborn; arE'. fo::,. ... ned 

in large :,uantities in t',i:: If-yeI' bDC; the effect of ti.ee'e 

is to r-eGuce ti,,, tl-.er-;l1al effi.cjency and i.nCii_cst.dJ mean ef-

In otJ]" icealizeo system, ::'llCh fl<w.e '_,.uenc[lin?: is i'~:nored 

SO t'_L't the computer renllts will tenc! t8 overe"ti'11at~ the 

r-~rl Ol'manc e of t~,e e nzi ne. 

Co nc lucii n~, Re o!ar ks • 

a) th·2 chars-€ i.n the er:[;i!l~ cO;:·'-[lL1"tion Ch,3!!11.'€r i:: CO:1l!.="·letel:_' 



homogeneous and is all burnt. 

b) no flame quenching occurs at the corr~ustion chamber 

v/ells. 

c) chemical equilibrium exists in the products of combust­

ion at all. temperatures above 16000 K during combustion 

·and expansion • 

• \ViII ah:ays produce calculated thermal Q£ficiencies and 

mean effective pressures ",hich are higher than those found 

if the exact condition of the ,.,orking fl uid "laS used. Such 

assumptions are necessary to circumvent the inherent diffi-

cuI ties of analysing a system with deviations from ideality. 

6.2.2 THE CHEt'iIC.".L cm'pos ITION ;, T EQUILI3RTUi'; 

General. 

The products of a hydrocar~on-2ir reaction consist of 

a numbe~ of 2toms and molecules :"hose i~~~vi(lu~:l C0ncen-

r~m3ins constant. 

t.he 

.". jy {() :'./.-. 

I>,! ') 

co,., 

H () 
2 

C: ,? 

1 



Products. Specie No. 

H2 6 

NO 7 

OH 8 

H 
\ 
'9 

0 ;1.0 

N02 11 

N20 12 

NH3 1-3 

HNO ~4 

N ~5 

To esta'olish the amount of each of the 15 constituents 

in the system, 16 equations are necesserily re::,uired. Since 

:noc't 01 these equations are non-~ineer, an explicit solution 

c&nnot be obtained and resort must be made to a trial and 

error solution or- numerical methods. In a litErature surve:', 

E,'~:r ~olutiGn techni.'.:u": ~ were found to have beEn devElo,ed 

iOT' :cuch e'~.uations. These are gEnerelly of two tYPES: 

a) t=cbnj_u€~ ai.med'at ~necific solution~ of equations 
~ . .. . 

8l!G 

for t'1e c0mnIJstion of 8. hydrocarbon fuel am eir. 

c;::paole of tr€Btin[ .systems of erbitr6J'Y react:::.nts 

~.~tn SOLid, li~uid O~ EBseOUG products. 

Th~ ~p~cific tjVe of 
175 

20lut ion 
~ 

~'clbEck ano !"lcT"rhey et al • 

is used bv Goodenough 
~ '176 

Huff and co-workerG 

cn t2-~e othe:!:> har:d, ~;ro!.-;o.sed a generfll method of the form 
177 

oescribao i.n b) above. Vickland anelyzEo a nULli:Jer of 



178 
used general methods is preGented in Zeleznik • In com-

parins the rate of convergence for these', it was found that 

no significant adventage was obtained using anyone general 

method in pr-eference to another. 

Previous works in this field of computer simulations 

of combustion in: spark ignition e·ngines have temed to 

favour those methods which were explicitly developed to 

solve a set of equations arising in the combustion 

hydrocarbon fuel with air. 
15 

Thus, Patterson 

of a 

the 

method based on the work of Ritter Von 
19 

used 
179 

Stein whilst 
14 

:CdSOD am Phillipps and Orman used Brinkley's general 
180 

method which was rearranged to be of a specific nature. 

In this work, Brinkley's method is again used. Its 

aOti[tation to the combustion of a hydrocarbon fuel ana air 

is presented in the following pages. 

Co~:!:ation Of l'Iomogeneous Gas E(:uilibrium. 

_~ num~€J" of assur!l~::,ti()ns have been made or i':T:plit=d so 

{c,r c,:mcerning the n!,1;t:.re of: t1'.e prodllcts of: COInI111stion. 

BriG f ly summarized, t:-J.e ~(; 8re: 

i) all constituents ape in a state of chemical ec:uilib-

rium. 

ii) all the products are gaseous and can be treated as 

perfect gases. 

iii) the s.\':.'tem, comprisinI the products 01' comi:'ustion, 

is homogeneous and ie maintained at con.ctbnt temFer-

eture, pressure a.n:] volume. 

iv) the fGel is a l:mre iwdrocarbon of the form Cm Hn· 

v) air is a mixture of 02 am 1i2 in the }~'roportions 



vU the products consist of 15 species only. 

vii) the mass of each basic atomic specie is known and 

remains co nstant; 

'I'he formal mathematicai basis for Brinkley's method 

is described in Refs. J,.80 am 181. The method is completely 

general and is applicable to systems containirg any number 

of chemical specio:.s coexisting at e~uilibrium in any number 

of phases. e.g. a single phase gaseous system o1r a single 

pure "olid phase in contact with a gaseous phase. Only the 

single phase gaseous system need be considered in this work, 

however, since the 15 listed species present in tbe combus-

tion products contain no solid constituent. The application 

of the method to such a problem is given in Ref'. 181. A 

brief summary of this will now be given. 

It consists esse nt ially of two steps: 

a) the derivation of tile 16 working e"uati.0ns necessary 

to o€ter'nine the concentrlitj.Gn~ of E,e individual 

the fc 1 low i ng: 

i) th<:: cO!1Servetion oi mass. 

ii) tne law of ma,'s ,"cU.on go··.;ernin[ c;1Emical E.quiJjbrium. 

iH) 

Tu simplify the com~'Llt'"ti(ln, the 15 lL:teu c;gecLs~re 

allo\\'eej to re'"ain unch,i"zeo both for vsrying air-fuel ratios 

and for the 3 individual fu~lr Llsed in this work i.e. pro-

pane, iso-octene ~ rt::; oe::Ze ne. 



listEd ~pEciEs as indEpendEnt componEnts of thE mixturE. 

ThE rEmainder are then rEgardEd as derivEd constituEnts. 

CErtain rE ~triction~ arE nEcE ~sary, howEvEr, in the choicE 

of thE:OE indEpEndEnt componEnts: 

a) thEY rnu::t fully dEfine thE overall systEm', composition 

and mu::t be equal in number to the chEmical e"lements 

pre~Ent in the systEm. For this problem, thEre are 

consequently four bEcaUSE the system contains four 

elemEnts - carbon, hydrogEn, oxygen and nitrogen. 

b) it is nEcEssary to pick as componEnts tho~E species 

which havE thE gre&test -",robab1E concEntrations at 

eC~uilibrium subject to the following limitations: 

i) they must be stoichiometrically indepEndEnt 

of one another. 

ii) all thE chemical e1ef,EDts prEDent in the system 

must also bE rrEsent in t..ll.e group of componEnts 

selEcted. 

ihi~ re~triction eD~llreD the speeding up of thE numEr-

'~'hJ'ee of thE i0'lr indepen()Ent componEnts r"e~;ui.red can 

obvjc)usly be C02, H20 :'-,n(; i'i2 as thE-SE uncioubtedl.l' compose 

t':"!(; olllk of" tr~e e'-.:1Jilii..)rj.u.m mixture at the '€:!!;::cJ'oture, 

I:'r'6~~Ur"e ani air-fuel r::-.tio conditions €Dcountered in 

intErn8~ com-Gustion er\g-ines. ~xperience with tilis method 

yr'oveci ·that ~r(-;8t caJ"€ n1u::t i;e exercised over thE choice 

oi tile fourth component. Beal'in" in mind til6t t~le indepen­

dent components should contain the S[--eciei_' ':;ith U;E ;:;reutEf.,t 

pro"oa'c1E concEntration,; 'it e'-,llilibrium, it 'Nb." foun::i that 

CO ~-::!·'lo\11(J "o€ useo B~ t2;.~ :(o;;rt~1 inc1(~pen()ent CO::1}~'O!lent for 

r··;_c:! !!"1:jyt\;.re[.: and 02 for v.:eek rrdxtures. 



..730. 

'rhus, for rich and stoichiometric mixtures, the indepen-

dent components are: 

§!2ecie. Symbol. 

C02 nl 

. CO D2. 

N2 n3 

H20 D4 

and the derived constituents are: 

Specie. Symbol. 

02 n5 

H2 Il6 

NO n7 

OH D8 

H Il9 

o nlO 

HNO n14 

~ n -.t.~ 1; 

On the otber L<::l!ci, io:!''' weak mixture;~:, t: ... e independent 

components are: 

5rec ie. ----

8nd the derived confti tuents are: 

SDEcie. 

CO 

H2 

Svmbol. 
~--

cb 



;C3/ . 

Specie. Symbol. 

NO c7 

OH cS 

H c9 

0 clO 

NCY,2 cll 

N20 c12 

NH< c13 
~ 

HNO c14 

N c15 

Consideration is f'irst given to the derivation and 

solution of the v;orkiIlf,' equetions for the rich and stoichio-

;netl'ic mixtures. Subse"uer,tly, the same ",roble!']s are con-

siderea in relbtion to U.e "leak mixtures. 

For' rich E~nG E:toichioOl€tric mixtures, thE:; fOllovd.nr;· 

coy-re. E..::>ond j nE deriv(c,cS co n:";t i te,e nt s: 

02 • 2C02 - 2CO 
, 

" j 
H2 • ... H2O + CO - CO2 ) 

) 

NO '" < :;'j' N2 + CO2 - CO ) 
) 

011 
", l H2O CO2 

" 

CO ) SERIES 
----

+ "} - 1" ) 
H "'" ,l H;20 + 

'" 2 ~ CO - -1--C02 ~ 6A 
, 

CO ) 0 "" CO2 -
) 

H02 
,. 

~ N2 + 2CO~ 2CO 
, 

" "- ) 
i'J20 '" - N2 + CO2 - CO ~ 
lU-:' ", 

, 
N2 + ~ ~2(; + "1 CO ~ CO2 ~ ... J.,j ..... ~-

~ 
,." 

"- "-
) 



HNO ~ H20 + ~ N2 + ~ C02 - ~ CO 

.:::;:_=~ ..... ~ N2 

>--
) 
) 
) 
) N 

It will be noted that there is only one possible eQua­

tion by which any specific de~ived\constituent can be formed 

.from the independent components alone •. For each of. these 

equations in Series 6.80, El mass-action (eCjuilibrium) expres-

sion can be written. Usins the symbols previously referred 

to for the product species in rich and stoichiometric mix-

tures, these expre ssions are: 

n5 - K5.(~r. (n,)~ (n~ y~ 

n«. == k(. . (n.t. (na). (Yl4-) 
~ {r' ( )~ 

n., - k,.~ r ~ {n,} 112 . n3 
T I 

118 - kg. (i-t~ (n,)Y~ (n2T~ ("4) ~ 
kg (~r~:l(n.tY~ (na)~·. (nJ ~ 

n9 -

n.o - k ,o . ({; y. (-n,). (-nJ-' 

n .. - kll 
C-f; r~ (n,Y· (-n2r~ (113) ~ 

n'2 - k
,z

. (11,). (n:lr.' (n3) 
) ( ) I 5 ( ys ( t5 ( ys 

n'"3 - KI"3 . (~ . n, -'. n2 . n3 . 714 

n l4-· - k 14 . 
{ n, )0.5 (-n2ro'~ (113Y·S' (",J 0·5 

n lS == 

In this seriEs of e~uations, 

Pi,; the total fressure of the system ([;tmo')l::heres). 

riu:n mixture. 

SERIE.S 
(OS 

a 



and K5-K15 are the mass-action constants in partial pres­

sure units. For a system obeying the perfect 

gas laws, these mass-action constants are e~ual 

to the corre sponding thermodynamic ec!uilibrium 

constants whi.ch are functions of temperature 

only. A more precise analysis would regard the 

mass-action constants as functions of tempera-

ture, pressure aOO the species corcentrations and 

would calculate the equilibrium composition by 

an iterative procedure, improved values of K5-

K15 being used in each cycle. The extra compli­

cation is not considered to be worthwhile in 

this analysis. 

Th" procedures ui'ed in c&lcu1btin: the e'~uilibrium 

cor~stants K5-K15 in SeriEs 6B are -O'iVED in Appendix b. 

:ne.y also ()e ·v .. ritten. ?o:c tl:f: ric11 8rJd ~_~toic~ __ :dO!~iEtrtc mix-

n1 = til -

- 2n11 - D12 + 1. 5 n13 - ~' n1L1 
" 

n2 = ';'2 + 2n5 - rJ6 + D7 + ;Jn8 - 2-n9 

+ n12 - 1·5 n13+ ~. n14 

n, = <:[3 j 
n7 - -12" nll - n12 - ';l" n13 - :: 

+ 

) 
) 
) 
) 

nlO ) 
+2n11) 

) 
) 

:2 n14~ 
~ D.l 5) 

) 

Z n141 
) 

SERIES 

be 

whEre ~l' <:'2' C],3 [..nd C[4 reprEsent the Dllfr:~er of :001e8 of 

:233. 



vne t=.ddi tion&l e;quC!:c.ion is r-cc;.uix·ccl beio:r'e -\ohe. (;.C;lutil 

ca1cu1etions can be started - namely, a summation for nT, 

the total number of moles of gas at equilibrium: 

nT = nl + Il2.+ n3 + Il4 + n5 + Il6 + n7 1 ---- 6-6 
+D8+~ + nlO +:nll + nl2 + n13 ~ 
+ n14 + ll1..5 ) 

The sixteen ec,uations which constitute SerieS 6B, 

Series 6C and Equation 6-6, with numerical values substituted 

for the k's, q's and F, are the working equations. These can 

be solved simulttiDeously for the fifteen unknowns by the 

methods about ·to be described. 

Firstly, the values of ql to q4 are calculated from the 

unburnt fraction composition. These are eadly determined 

£'1'0.11 the following §:ene}"a1 ec,uation for rich and stoichio-

metric mixtures of the reaction between a hydrocsrhon fuel 

"nd "iT ·.'Ihen no Ger-ived c(lnstituem::: are pre c"c:1t: 

C:n i'n + x(m + ~) 02 + 3·764 x(m + n) lJ2 = n H20 
4 4 

+ (m ( 2x-1) + .!2 (x-I) ) Cc,'2 + ( 2m(1 
( 2 ) ( 

r; ( I-x) 
, 

CO + " .764 x (m + n) N2 J - . 4) ) 

'-'.1 = ( m( 2x - 1) + n (x-I) ) 

( 2 ) 

cp = (2m(1-x) + n ( I-x) ) 
~ 

( 2 ) 

0') = 
.~ 

3.764x (m ... n) 
4) 

- x) + 

---- 6-7 

. ., t "'.- -1"' . T" ,"" ," •• "0 1·J··· .'.cl','.'.'·.··.·:"'. ','.0. ".·,.·.·"'.,.~i"!.".'e r:! (1),], 1. C~!;tE: 1..5 0 1-..1) li 't; <:. \' :,",: _,; '_. '. '-;'.1 .1. _..!__ ... J.t~ "- ,~. - • ~..L 

234-. 



o:c t!-,., ;ili:-~tUI'e by methods described in Appendix 6. 

of the independent components n1, n2, n3 and n4, and, also, 

of' the total number of mole s, nT. From the se estimated 

values, corresponding valUes of n5 to n15 are calculated 

from the equations in Series 6B. If the initial estimates 

of nT, n1, n2, n3 and TI4 were correct, the resulting values 

of n5 to n15 will sati~fy the set of equations in Series 6e. 
If they do not, an improved set of' values for nT, nl, 02, 

n3 and ~ is obtained by application of a simple iteration 

technique. This general procedure is repeated until the 

required accuracy is ac hieved. In this work, this was 

con"i(Jered to be when con~'ecutive values of' each of the mole 

frCictio!:[: of the independent components differed by less 

than .01 per cent. 

In the determinOltion CL the chemical C omposi tion at 

;"re U;]<OcJ ezeept that 02 re;'l"ceG CO e" an independent com-

co ~ 

, 

> NO .:;"";===~ 

H 

o 

< 

'" 

.." 

--
...... 

----N02 ..;;; ...... ;;=:='===" 
.." N 20 ::;;: ____ ;=~ 

NH3 > 
< 

ENO '" '" 
Ii! " " 

CO2 - ~ °2 

H2O .'~. 

°2 >.: 
" " 

2" ]\2 + 2 02 

2 H2O + ~~ °2 
~- H2O - "4 °2 
~ . 02 

SERIES 

J. N2 + °2 :2 
6D 

N2 + ~, °2 ;, 
N2 + " H2 O ':3 o~ 

'" ..... .:..;.; ~ 

2 
) 

H2O + ) .. ].)2 + '::t. °2 ;2 :.< 

.1 N2 2' 



and the corresponding mass action expressions (correspond­

ing to those in Serie s 6B) are: 

C"7 

Cs-

c,o -== 

e" 

CI~ -

C.s- -

t" 8C ."lon 

con~tants for" the res~,ecti"s rSbction~ in 3eriss 6D. The 

term cT if: the total number of Jlols" of gas in the e~":ui-

liorium mixture. 

'ihs set of ec~uationc: l):':i~~c(i on the Conservation of 

_.,a~s for weak mixtur~s are: 



Cl = zl - c5 ) 

c2 = z2 + !: c5 + ~ C6 - 1- cT - { c8 
) 
) 

. 
:.. ~ - ~ + ~ 

) 
+ 4 c9 clO - cll c12 c13 - ~ c14 ) 

C3 ~' c7 ~ cll - c12 - ~ c13 
-J. 

~ 
) 

= z3 - - '2 c14 - c15 ) 

J. c8 ~ ~ 69 1·5 c13 
, ) 

C4 = Z4 - c6 .., 
2 2 c14 ) 

in which zl- z4 are the number of moles of each independent 

component in the absence of all derived constituents. 

ThG final equation, based on the summation of the 

total number of moles of gas at equilibrium is: 

cT = cl + c2 + c3 + c4 + c5 + c6 + c7 + c8 
----- 6-8 

The sixteen eguatiow· comprising Series 6E, Series 

6F arrl Equation 6-8 constitute the working equations for 

weak mixtures. The values of Zl- Z4 are calculated from 

the unburnt fraction composition. As beforE, a general 

eQu2t.ion ior the' combu['tio'1 of a hydrocar:_'on fuel in air 

i:c obtal,-,'"d for weak lnixtlJreS when no derived constituents 

Cm Bn + x.(m + n) 02 + 3.764 x (m + r.) N = 
(4) (4) 

m C02 + X! H20 + (x-l).(m + n) 02 
( 4) 

+ 3.764 x (m + n) N2 
( 4) 

6-9 

vihere x (:> 1) is the i:raction o. chE:omically COl'rect eL' 

entEring the reuction. Thus, 

Zl = m 

z2 = (x-l). (m + n) 
( 4) 

Z' = 3·764. x. (m + n) 
0 

( 4) ~ 

~37. 

SERIES 

6F 



Solution methods are exactly the same as those described 

earlier for the rich and stoichiometric mixtures. 

6. 2.3. COMPUTER CAI£ULATIONS OF CHEMICAL EQUILIBRIUM COM­
\ 

POSITIONS. 

The sets of equations and solution techniques described 

·above have been programmed on a digital computer for use in 

the analytical model. Some results from this dissociation 

work are plotted in Figs. 6-3 to 6-47. 

Those plots in Figs. 6-3 to 6-17 refer to the combustion 

of Propane in air over the temperature range 2000-3250°K. at 

ec;uivalence ratios of 0.8, 1.0, 1.2 and 1.4, and at 10 ATM 

and 50 ATIVI pre ssure. The results in Figs. 6-18 to 6-32 are 

for iso-octl:ine combustion am those in Figs. 6-33 to 6-47 

are for the combustion of benze ne over the same temperature 

l"c.nge 8T1-5 at the serne e(~Uiv61er:ce ratios and pref-sures as 

stated above for Propane. 

These results ano plots are in excellent agreeuent with 
15 

oti'lEoI' relevant publisheu calcl;L,tions. e.g. ?atterson 
177 

VickLnc'J et all and Ref.~1'2. 
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