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SUMMARY

A‘mathemﬁtidal:model of the compression, ?ombustion'and
expansion phasesiofithe I.F.P. Repault Vg;iablé Compress;on Ratio
Research Engine ﬁas-beeh dé&éloped which ﬁeets\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 flume 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 wvelocity from the
Semenov expression is multiplied by 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 fronm chemical
equilibrium considerations and heat transfer between the charge and
its surroundings is included. The paraméters which can be varied
are mixture composition, compression ratio, engine speed, spark and
valve timing, charge femperature and pressure at inlet wvalve closure

and the mass fractions of exhausﬁ residuals and injected water



(if any) in the unburnt charge. Three fuels are considered viz.
propane, iso-octane and benzene. ‘

Gomparlsons of computed and experimental results indicate that
the flame travel tlmes for iso-octane and benzene are in reasonable i

. :
agreement from weak mixtures up to equivalence ratios of 1.2 and 1.3
respectively. 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.

4 large deviation is noted between the compuﬁed and experiﬁental
equivalence ratios for minimum flame travel times for iso-octane and
benzene, The computed results are well to ths weék gide 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, ocecur 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 experimentsal 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 uselwss criterion on which to basge predictions of such emissions
at 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 NOgx, a most; comprehensive survey is included of the
manner in which such emissions are formed ip the combustion chamber,
how they vary with engine operating conditions and some possible
means for tt:le;iz_‘ _c:ontrol!.. '

The COI;I};J;ﬂ;eIi program ié witten iﬁ FORTRAN 4 for use on an I:c&.
1905 computer. Execution times vary witfx the length of the flame
propagation. period. Typleally, however; they are between 25 aé;d ,

50 mins.
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NOTATION

fugacity of a substance in any given state of

-temperature and pressure

o | |

-Avogadro's mmber (6.025 x 1023 molecules/gn-mole) 2

surface area (cm? or metrgsz).

area of turbulent flame ffont

surface area of cylinder head across which heat

‘transfer occurs (cm?)

surface area of piston across which heat trdansfer

oceurs (em?)

surface area of cylinder wall across which heat transfer

oceurs (cm2)

after top dead centre

bore of engire cylinder (cm)

base area of a cone

value in unsteady heat transfer analysis
brake mean effective pressure

brake specific fuel consumption

bottom dead centre



PT escescesao

@ sesevencen
GL secsessnsse
BT cescessess
Bc essesvanses
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F(f) veeesnoe

F IE RN NN NN SN )

F°T0T' TN EN]

Fg O....’.'.
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coefficient of turbulent diffusion

specific internal energy (éal/gm)_
1am1na§ﬁkia@e front thicknéss

turbulept f}ame f?ont thickness

&S x XA'x FS :

internal energy (pal/ggx-mole *2) : activation
energy‘(bal/gﬁ—méie)_ ' o

fluctuating frequency of flow (¢/s) ¢+ ( =2 )
R . . 8o
activity in the non-gtandard 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 mllisecs)

a geometric factor in radiative heat transfer

considerations
mole ratio of nitrogen to oxygen in dry air

equilibrium constants for reactions in weak mixtures

for k th constituent

height of a cone (cm) : heat transfer coefficient

2
(cal/em? sec OC) or (keal/m? hr °C) or (cohouo/ft



hr ©°C : specific emthalpy (cal/gm)

H vevescense enthalpy (cal)
HC ...:j....... hydrocarbons o

: : - : ot ; : : s i
BF eeeeeessss heat of formation at 298.15°K (cal/mole) -
1.0.€.P encee indicated mean effec#ivg pressure
I ceeececose minimum ignition energy (cals) : ionization current
IO‘VOOG sesesoce inlet Valve Opening .

I.V.0s cevees inlet valve closure . i

ki +eesesess specific rate constant for reaction between molecule

and 12th active particle (cc/molecule sec)
k. secvscess specific reaction rate constant (cc/mole sec)
Kp] eesesesee forward specific reaction rate constant
Kio secesenan reverse specific reaction rate constant

KT asesesses correction factor in turbulent burniné velocity

expression

Ky eeeeeeses equilibrium constants for reactions in rich and

stoichiometric mixtures for k’th constituent

th

ka sssesecss equilibrium constants for k? constituent
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1 .eeeeese. length of engine comnecting rod (em)

"L eeesvsccas scale of turbulence : characteristic linear dimension

in bonvéctiv? heat transfer analysis

: LEU.%"“;"‘ Euleridn scale of turbulence

| I, ceeeneene Lagrange scale of turbulence

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

m ..........0

of a general hydrocarbon fuel

mass flow rate (gm/cm® sec) : molecular weight

M, seseecses  molecular weight of dry air

D sasrassen engine speed (rev/min) s mumber of atoms of hyarogen

in a molecule of ﬁ general hydrocarbon fuel

th

D seccsesse moles of k? constituent in burnt mixture (rich and

stoichiometric mixtures).
D7 sssessaes total mumber of moles of species in burnt mixture

{rich and stoichiometric mixtures)

np sesccesess Moles of products of combustion by stoichiometric
equation

Du eB s e soD moles Of reactants
Nox ssesenee oxides of nitrogen
NU +ececesss Nusselt number

P e+eeveseess partial pressure



Pj <«sreresese mole fraction (partial pressure) of i2th aetive

particle in burnt gas
PeDelgcsesaces partsAper million
P eccecsescoe pressure (atm)

PI' ssevesesene prandtl mlmber
Q +eeecessesse reaction order : overéll;heat transfer rate (cal/sec)
radiative heat transfer rate (cal/sec)

qw ssscnsase

Qogy **t0eeee convective heat transfer rate-(cal/sec)

9 evescscsss parameters of equilibriuﬁ composition calculations

in rich and stoichiometric mixtures
Q essenensce heat transfer (cals)
Q, seeeereeee heat of reaction (cal/mole;

T seveececsns crank throw {(cm) : distance of hot-wire anecmometer
probe from cylinder axis (mm)

TP eeovesenns distance of flame travel in turbulent flow
cossssssas distance of flame travel in laminar flow

Y. eesesesses Walue in unsteady heat transfer analysis
B eeeevesses DUniversal gas constant {cal/mole °K)

RE sesssssese Reynolds MNumber
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specific entropy (cal/gm °K)-
entropy (cal/gm~mole °K) : engine stroke {cm or ft.)
entropy at 298.15°K and 1 ATM pressure (cal/gm-mole °K)

. , o
time (seconds) : time of conmtact between an eddy and

the flame front (seconds)
reaction time (seconds)

autoignition delay period (sécoﬁd#)
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characteristic time defining the Lagrange scale of

turbulence

ionization current rise-time in a laminar flame (secs.)
fall-off time in a laminar flame icnization current (secs.)
time for piston to travel from B.D.C. to T.D.C.

mean f{lame travel times to ionization probes 1 and 2

(milliseconds)
temperature (°K)

mean temperature (°K)
ignition temperature (%K)

top dead centre
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cosseseses apparent delay period (seconds)

charge temperature (°K)
T sseee n_E- saw combustion chamber Wﬂll témpera.ture (OK)

|
;

Tem veersesees time averaged value of the charge temperature

over & complete engine cycle.(oK)
Ty eecceseens méximum deviation of Ty from Tgy in an engine cycle (6K)
T esecveccos steady state combustion cﬁamber well temperature (°x)
Tp cesenas .?.. periodic combustion chamber wall tErnpef‘atu‘fc . piston temp (°K.)
T, oceeescasss cdolant temperatﬁre (°K) ; cylinder wall temperature (°K)
Ty essessecees cylinder head temperature (°k)

Ugs Vs Wy eoe instantanecus flow velocities in the x, y and z directions

Wy, V; W ocesee time averaged components of the instantaneous flow
velocities uj, Vis Wie

ul, vl, wh «s» momentary fluctuation components of Uiy Vis Wye

w?’ ... ..... rTOOt mean square value of the flow fluctuation

components i.e., turbulence intensity
U esesensees & directional flow velocity

esscsssses an average flow velocity

Bt
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velocity fluctuations

mean flow velocity (cmMéec).or (metres/sec)
unburnt gas yelbcity (c%]éécj

turb#lgnt burning velocgﬁ;-(ém/éec)

burnihg velocity due to;@i¢r§c§opi§ turbulence
laminaf burning velocityt(cm/sgc) A

turbulént movement velocify

flame.éenerated turbulenéé:

specific volume (cc/gm)

volume (cc)

apparent flame speed i.e. velocity of flame front

relative to combustion chamber (cm/sec)

laminsr flame speed {cm/sec)

fluid velocity irn convective heat transfer analysis
mean piston speed (cm/sec) or (metres/sec) or (ft/sec)
fraction of charge mass burnt

mezss fraction of exhasust residuals in unburnt mixture
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Wi

Y ®essss v

c

Zk sersssans

Z oessessaead
AMessssssanns

As demsesrosasas

mass’ fracétion of air in unburpt mixture

mass fraction of fuel in unburnt mixture

'sterie of probability factor

distance in reaction zone (cm) : distance into

cylinder wall (cm) 3 fraction of chemically correct

"air entering a particular reaction

. distancea from the spark plug to the ionization

probes 1 and 2 (cm)

" average displacement of element in flame front under

influence of turbulent fluctuations

distance from piston instantaneous position to the

top of the cylinder block (cm)

root mean square displacement of a flame element

from the mean flame front position

parameter of equilibrium composition calculations

in weak mixtures
an impact coefficient (No. of collisions/cm® sec)
element of mass burnt during a specified stage (gm)

change in specific entropy (cal/gm ©K)



AQ cevvonnans

AF

A0

VRN

Spvesesand

LR R N NN R R |

[ R R XN NN X ]

I FEERERENNEY )

aessssasese

LI N A A

SH % e 20

I IEE N NN NNEN ]

dessss0 0N

48 s sa0sases

heat transferred during a specified stage (calories)
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tegpegature and pressure
th;rm;ljcbndu;tivity (cél/;; seck°K):
crankangle (degrees)
ch;nge in crankangle during a particular stage (degreés)
miéfofufbuleni fluctuation period (sec)
macroturbulent fluctuation.period (see)
eqqivalence ratio
volumetric efficiency

value in unsteady heat transfer analysis

density (gm/ce)

"eddy diffusivity

kinematic viscosity (cm?/sec)
reaction rate (molecules/cc-sec) : angular frequency (c/s)
viscosity (gm/cm sec)

Stefan - Boltzmann constant (1.36 x 10-12 cal/cm2 sec °K4)



Y eeeseesses emissivity factor

eEt esasssssss vValue in unsteady heat transfer analysis
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50 ostimate within step iteration

k» th constituent of gas mixture

relating to oxygen

relating to unburnt charge

initial conditions : properties at start of stage :

. standard conditions

properties after combustion step

properties at end of stage

average or mean
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CHAPTER 1.

INTRODUCTTION.




CHAPTER 1.

INTRODUCTION.

1.1. GENERAL COMMENTS.

Computer simulations of interngl combustion engine
cycles‘ape desirable because of\thgﬁ&hey provide in design
studies, in predicting trends, in sérvigg as diggnostic -
tools,:in giving more compléte data than is normally avail-
able from experiments and in helping to understand the
complex processes which occur. The advent of high gspeed
computérs 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 gngine combustion, mainly because the heat release
patterns in such engines can‘be predicted fairly:accurately
from considerations of the characteristics of the fuel
injection equipment.

In spark ignition engine combustion, on the other hard,
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 propegates outwards across the combustion
chamber. The speed of this propagation is, in practice,
determined by many veriables including the temperatures of
the burnt end unburnt fractions of charge and the degree of
turbulence and swirl existent in the combustion space.

No anelytical model has yet been devised which accurately
simulates actual spark ignition engine combustion over the
' gcomplete 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



compression, combustion and expansion phases of the 4-stroke,
spark ignition engine cycle from a fundamental viewpoint. To
this énd, an analytical model was- developed and programmed

for use on a digital computer which incorporates the salient
féatufes df the above mentioned phéséé of the engine cycle.
I%, thus,.a;lows for the varying éffégts of mi%turé compo—
sition, dissociation according to‘bheﬁical'equilibrium con- -
siderations,; finite rates of flame propagation, heat transfer,
spark and valve timing, compression ratio,:charge temperature
and pressure at inlet valve closure, enginé speed, piston
motion, exhaust residuals and the presence:of injected water
as a possible meané of controlling ceftain.obnoxious exhaust
emissions. Allowance is also made for the use of three differ-
ent tfpes 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 expérimental 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 NOx according to
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 ccmputers,
attempts to predict the performance of spark ignition engines

suffered from the difficulties of great arithmetical complex~-

ity and tedious repetitive calculatig . The development of
ns



4.
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 the otto cycle engine from the time of. their
introduction in 1935 by Hershey, Eberhardt and Hottel.l
They have addltlonally been revised & number of times to
allow for 1mprovements in fundamental daﬁﬁ.2,§’4_ While
they allow a considerable reduction in the mathematical
diff:.culties of the otto cycle anslysis however, they are
not general as they are invariably presented for a particular
fuel and a selected pumber of air/fuel ratios. Also, a
congtant 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
thermodynamic studies of combuction in constant volume bombs.
Among the earliest was the study of Nagel5 in 1908. Similar
analyses were made by Flamm and Mﬁache6 in 1917 end Rosecrans7
in 1926 which made use of some eGuilibrium studies. Endres
was among the first to consider the effects of piston motion
whilst ﬁottel and Eberhardt,9 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.

10
Rasgweiler and Withrow and Rassweller, Withrow and
Cornelius11 suggested a method for treating the combined
effects of flame propagastion and piston motion in engines
from photographs taken through a Quartz window instelled

12
in a cylinder head and in 1940, Withrow and Cornelius
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proposed a method of calculating the pressure rise in an
internal combustion engine utilising the thermodynamic
charts of Hershey et al.l

Rabezzana, Kelmar and Candelise13 in 1939 conceived
of a method for the analysis of flame propaegetion and ex-
pansion during combustion which took account of combustion
chamber ceometry, spark advance and p;stﬁn motion. Although
this analy51s considered the thﬁrmodynamics of the worklnc
fluid in an uncomplicated manner, pressure-time disgrams
could be calculated from measured flame propagation rates.
_ These analyses were hindered because fundamental data
abouf flame propagation was not available. However, even
if such data had been available, the sheer magnitude of
the calculations involved would have precluded any extensive
analysis. | |

The problem of considering the combined effects of
mixture composition, variable specific heats, dissociation,
flame propagation, heat transfer and piston motion simui-
taneously presented such a formidable mathematical obstacle
that not until the widespread use of digital computers was
such an analysis contemplated. In this context, Edson,14
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 amd 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 chanmber

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

segnent of mass being transferred from the unburnt to the

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

1) 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
Iunbdrnt and previously burnt fractions to a final
breSsure such that the total energy aml volume of
the system are equal to the total energy and volume
before the combustion step was initiated.

ii) a piston movement.step - to the ﬁéxt crenk angle
position following the combustion step. This move-
ment isentropicaliy compresses (6f e#pandS) the
burnt, unburnt and the newly burnt segment of mass
to & new volume détermined by theuﬁhysical chéracter—
istics of the engine. o

iii) a mixing operation -~ the newly burmnt 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 isemtropic 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
engine combustion simulation of Patterson.15 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
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Same nove. Combustion was assumed to occur in numerous

small increments each of which consisted of seven steps.

Each increment included tlie burning of some of' the charge,

piston motion and heat transfer according to the expression

17

of Eichelberg. The seven steps weres

i)

11)

i1i1)

iv)

v)

vi)

vii)

a constant pressure combustion of & small mass .in-
crement: The total volume of burnt and unbuirnt géses'

was allowed to increase to maintain this constamt

presgsure.

a constantlpressure mixing of the inflamed méss
inerement with the previously burnt portion.:

8 fecomﬁreésion.of.both burnt and unburnt gaé to

the volume prior to combustion in step i) such that
the unburnt gas'followed an isentropic path.

an isentropic change of state of both gaseous regions
to allow for piston motion. 1Initially, the time
required for combustion of this increment was estim-
ated Later, this step and the succegsive ones were
recomputed using & more accurate time interval.

This intervel was computed in step vii) below.

a constant volume heat transfer.

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 pressures

finally, the fleme propagation velocity was computed
from the initial conditions in the unburnt gas (step
i) and the final conditions in the burnt gas (step
vi). From this and a knowledge of the extension of

the flame front into the unburnt gas during this
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‘Increment, the time interval for combustion was
calculated. This was compared with the wvalue used
in step iv) and, if an apprec1ab1e dlfference existed,

steps 1v) to vii) were redone.

\

Patterson con51dered the expansion process to congist

of two stepss : : i ' '
a) a constant volume heat transfer.
b) en isentropic chénge of state due to piston motion.

He went on to simulate the complete 4-stroke cycle'making
simplifying assumptiops fpr the exhsust 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 operafing point.

Strange18 publighed some work in 1964 on an anelysis
of an ideal otto cycle which included the effects of heat
transfer, finite combustion rates, chemical dissociation
and mechanical losses. During combustion, the system was
assumed to comprise ten cells of ejyuel 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 temperastures 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
éhange 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.



where
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i1) a constant reaction front propagation rate.

iii) e variable reaction front propagation rate of the

form
( . )
{ (p,) 0 Ca, 7,0 )
RE\ VRo ¢ ( P4y . G o (930 1y
(o) ¢ %))

dq, da‘and d3 are constantse.

VRO , Po am T, are the initial values of flaméjspeed,

pressure and temperature respectively, and

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

calculation scheme.

The constents in this expression were chosen after
some experimentation to increase the flame Speedlby 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. Despite the allowances and in-
clusion of many variables, Strange's model cannot be con-
templafed as a gserious attewpt at simulating actual engine
combustion because teo many simplifications are involvede.

In 1966, Phillipps and Orman proposed a completely
new analytical model of gpark ignition combustion. The
mathematical procedures used have also been adopted in the
model being developed in this work (see Chapter 3). These
workers attempted to simulate the combustion in a Ricardo
Eb engine and, in so doing, utilised the concept of a spherical
burning pattern. The flame propagetion was assumed to follow
that predicted by the thermal laminar fleme theory of Mallard

20
and Le Chateliery with & modification to allow for the
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effects of_turpulence. Heat transfer effects were catered
for by the Eichelberg expressipn17.

Many results are given in' thé Phillipps and Orman
study of the influence on engine @erformance and flame
travel times of véfyihg many parameters-including mixture
composition, ignition:timing, ?niéial change temperatures
and pressures, engine speed and exhaust residual fractions.
It is claimed that the resulting pressure~time diagrams
compare favourably withfexperimental ones although no
comparisons are acfually given; Cne of the major failings
of the work was the inability to predict accurately and
corfectly the air/fuei fatio at wﬁich the flame travel timé
was a minimum for the three fuels they used, viz. iso-octane,
benéene and di—isoﬁﬁtylene}

In 1969 Krieger et a1 simulated on a computer a crank-
case scavenged, two-stroke spark ignition engine and made
some comparisons with experimental data. A numerical inte-
gration rcoutine was used. The effects of dissociation were

included by using empirical curve fiis for the auilibrium

thermodvnamic nireoperties of the combustion nroducts of alr

and the fuxl bheling eramined. To describe the wrocgrass OF

. . 22
the combustion process, a scheme proposed by Walker vas
adopted in which the mass fraction burnt is snecifiied by

+
1

the functions:

Wy, = Cy. X vhere 0£& X < q\
N
= 1 - Gl (1 - )% hare 5. £ Y& 3
b - e N v -
in which

fraction of mass burnt

vi

i

D

pd = fracticon of the combustiorn ~“niration

Ny, = enonent
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Sy = some intermediate value of X called the synchronous
value. '

. and Cl, C2 = constants..

21
Krieger et al converted the mass fraction burnt

in the sbove expressions into a mass burning rate by using
differentiation. The Eichélberg correlation 1is again

used in this simulation for theigas'side heat transfer

- coefficient.

1.3« GENERAL REQUIREMENTS FOR AN ACCURATE SPARK

IGNITION ENGINE COMBUSTION SIMULATION.

The computer program derived in this work endeavours
to take account of the following:

1) a finite rate of combusfion - this is fundamental
to eny 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 1in turbulent flame propagatiog.

ii) dissociation - thermal dissociation of the burnt
gases must be allowed for in any adeGuate model of
the combustion processe. Severel methods for the
calculetion of these effects are available in the

literature. Most of these are enumerated in Chapter
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6 together with an account of the development of
the particular one used in this work.

an accurate flame propegation pattern - Chapter 5

‘contains the considerations which were involved in

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

vto resemble closely that in the actual engine. -~ -

fv)-

heat transfer - it is necessary to make some estlmate

of the quantity of heet 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 litersture 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 consicerations which are fundamental tc spark

ignition engine combustion simulation are ellowances for:

v)
vi)
vii)
viii)

ix)

x)

xi)

mixture composition variations.

piston motion.

spark and valve timing varistions.

compression ratio changes.

variations in change temperature and pressure at
inlet vealve closure.

engine speed.

changes in the mass fractions of exhaust regidusals

present.
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xii) veriable specific heats.

The constituents of all gas mixtures are assumed to
behave as ideal gases. The methods of calculatiﬁg the ther-
modynamic properties of ideal gas mixfure$ &t a known tem-

perature, pressure and composition ere given in Appendix 7.

The resulting computer program has been written in
Fortran 4 for use on an ;¢T71905 ¢omputer. A listing of
it is given in Appendix 8.

l.4. SCOEPE.

One of the most impoftaﬁt‘usés of a theoretical analysis
of spark ignition engine combustion is to provide an insight
- into the éhysical processéé underlying various observed
phenomena; In this connection, its application to the study
of the possible causesg of c¢yclic dispersion is cited as
being potentially significent. Also, the ability of such
an analysis to predict trends in the obnoxious emissions
carbon monoxide and the oxides of uitrogen with variation
in engine operating conditions is spparent. Some meens of
reduction of these emissions cen also be easily deduced ard
compared e.g. exhaust gas recirculation and water injection.
From a more pragmaetic viewpoint, such a facility, when
developed to a sufficient degree of reliability, could
provide & means of reducing the amount of engire testing
reGuired at the design stage. It, thus, should help to

optimize an engine desgign.
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CHAPTER 2.
EEVIEW OF COMBUSTION AND EXHAUST EMISSION

"FONDAMENTALS TN  SPARK TGNITION ENGINES.

2.1.  INTRODUCTION.

‘Although combustion is &\ chemical process, the engine
_spec;alist is interested in bbth its physicel and its chem- .
‘ical”conSQQuences. Its physiéal conséQuencGS'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
enginets tendency to produce certain obnoxious combustion
reaciion‘prodﬁcts. -

.The purpose of this Chapter is to define some of the ‘
fundamental processes and phenomensa involved in sperk ignition |
engine combustion and in the combustion reaction products
which these processes generate. It is also intended to
serve a&s a criterion by which the computer simulated analyt-
ical combustion model can be compared with regard to its
capacity for meeting the reduirements of actual combustion.

Qf the three major pollutants which are of primary
concern in attempted reductions of exheust 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 genersal
review, however, also considers the unburnt hydrocarbons.

The reasons for this aret

i) their generation is intimately involved with the

flaeme propagation process in the combustion chamber.

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



16.

bustion efficiencye.

iii) because it is necessary to realize the trends involved
in the appearance of these emissions in engine exhausts
whenever any particuler variable is altered to try and
reduce carbon monoxide or the oxides of nitrogen.

iv) because the continuance pf,this work in the future
(see Chapter 9) reQuires an éxtensive‘background |
knowledge of the modes of generation and control of

all the obnoxious emissions.

2.25 COMBQgE;ON_ FUNDAMENTALS .

. A typical four stroke, spark ignitibn eﬁgine cyclic
process ig shown in Fig. 2-1. The combustible mixture of
fuel and eir is drawn into the engine 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 & virtually homogeneous mixture the temperature and
pressure of which is reised considerebly by the compression
process from point ¢ to point D. At point D, the charge is
ignited by a spark discherge and a flame propegetes through-
out the mixture until combustion 1s 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 cycle. 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 surroundirgse.
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The period pf the cycle under study in this work is
thet from inlet valve closure to exhaust valve opening
(i.e. from C ﬁo F.in Fig. 2-1). It thus includes the com-
pression, combustion and expansion phases.  As already
stated, the cémpréssion phase increases thé temperature
and pressure of the charge. The extent of the 1ncrea e
depends upon the conditions at inlet valve closure, the
compression ratio of the engine and the degree of heat
egghénge between the charge and the sﬁrroundings.
. ‘Dﬁrihg this éompression process, prefiame reactions
tgke:p}ace in:the:charge and the rates of phese increase
as the temperatures and pressures get higher. If conditions .
get severe enough, it is possible for a condition to be
attained at wﬁich'the entire cherge igniteé spéntaneously.
' There is no control over this type of combustion at all
amd, in order to achieve some degree of control, the charge
is forcibly ignited invariebly by a spark discharge across
the electrodes of a sparking plug. This discherge is usually
generated externally from a high tension coil and interrupter
and it usually consists of two components:24
i) a cepacitive component which is oscillatory in nature
‘and lasts for epproximately 1.0-6 seconds.
ii) an inductive component which follows on directly from

the capacitive component end lasts for about 10

seconds.

There is much controversy as to the reletive importance
of these two components in initiating combustion. It is
unanimously egreed, however, that the spark provides the
energy (in the form of heat and active particles) rejuired
to0 bring asbout the chemical reactions necessary to achieve

& 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 compustion reaction in the adjoining ‘portion of the mixture.
In other words, the reaction rate has to overcome the'heat .
losses. ‘ S ' \

It iszclear tngt ignition_procfssés 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 and that dissi-~
pated to the surroundings by means of thermal conduction,
convec¢tion, radiation and mass transfer.. As & result,
there must be a certain minimum Quantitj of energy nécessary
to initiate combustion under a given set of conditions.
This is a function of many parameters, the most impoftant
of which are air/fuel ratio, fuel composition, charge tem-
perature and pressure, the degree of mixture motion, the
distance Detween the electrodes of the sparking plug, the
configuration of the electrodes and the type of spark.
Detailed discussions of such infiuences on the minimua
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 thogse in highly turbulent engine combustion chambers.
Typical of such expressions, however, are those of lewis
and Von Elbe , Spalding28 and Weinberg and Odgers  whose

eGuations are of the general form

I= &-d2. /\ (T‘b - Tu) ......... 2-1
Su

where



I is the minimum ignition energy (calories)

A is the charge thermal conductivity (cal/cm sec °k)
a is a constant ‘ '. : |
'd is the quenching distance (cm)

Su is the burnng velocity (cm/sec)

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

gas respectively (°K).

24’ 26 : . .
Meny authors have quoted I'eS'U.lt_SrtO.ShOW th_&t,

providing the energy of the spark is sufficient, it has

little or no 1nfluence on the establlshment of _combustion.

Nevertheless, it should be supplied in a relatively eff1c1ent

manner, within a small volume &and in a sufficiently short
time to ensure that oni& a negligible emodnf ie'loét ofher
than to establish the flame. Typical values of the energy
per spark in conventional spa.sk ignition engines vary within
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 and a region of
unburnt gas. These two regions have been found to be sep-
arated by & distinctly luminous flame front. The flaxe
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 compugt?on cbambér hés an important bearing on the bhe-
haviour:of fhe enginé. in thebry, the chargé shoﬁid;bﬁrn és
quickly as possible in order to minimize the heat losses
and to permit.the maximum expension of the burnt gases. 1In
practice, howevef, véry fapid burning causes excessive com=-
bustion pressures anj high rates of heat transfer to the
engine structure. The result is noisy engine operation
and sometimes piston failure. Very slow burning, on the
other hand, is undesirable because heat is wasted:during
expansion and passes into the exhaust causing high fuel
consumption and poor exhaust valve life. It is thus important
to ensure that combustion occurs atl exactly the right speed
for any cormditions of engine operation.

There is presently much controversy over the relation-
ship between flame propagation and pressure development
during'the combustion process. On the one hand, there is
the school of thought (represented by Starkman35 and Clarkeaé)
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 technijues) and the pressure developaent. le con-
cluded that the entire charge had begun to react well before
the peak pressure of the cycle was reached. In other words,
the peak pressure was developed many crankangle degrees

after the reaction front had complctely traversed the com-



bustion space. This hyﬁothesis is supported by Clarke who
obtained direct visual information on the combustion process
by fitting a Quartz window into the cylinder head of a single
cylinder, research engine. Clarke maintains that the advanc-
ing flame front is follpwed by the main heat feleasing front

which lasts an appreciable time after the whole charge is

alight. S

Opposing these contentions are those investigators who

I,

suggest that the heat release process is effectively completed

at the flame front. Supporters of this theory are Rassweiler
and Withrowlo and CupryBé. From correlations of motion
pictures of flame propagation with pressure-time diagrams,
Rassweiler and Withrow obtained good agreement between the
combustion chamber pressure development 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,
spark timings and throttle positionsll- 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 ard progress of the flame froﬁt by ionization
gap techniques. He did, in fact, use no less than 49 of
these gaps in the combustion chamber. 1In all his measure-
ments, the occurrence time of peak pressure 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

neat liberation tekes place in the flame front. This is

srobably untrue of the processes which actuelly occur since
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the chemical reactions take place at a finite rate and equi-
librium is not instantaneously establiohed (see Chapter 6).
The errors involveé from this essumption will ienﬁ to vary .
with the speed of the flame propagation but, however, they
are not con51dered 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. Withrowy and
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 depoﬁdihg on the -
mixture‘ratio.

Fig. 2-2 shows the mechanism of combustion which ensues
from assuming that all the heat releese 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 eqQuilibrium is attained. Thus, it
is clear that the flame speeds,; which are measured or observed
in engine combustion chambers relative to the cylinder head,
ere the vector sums of two fundamental quantities: -

i) the linear velocity of the flame fromt with respect
to the unburnt gas. This is here called the turbulent
burning velocity, Upe.

ii) the velocity of the unmburmt gas itself im moving away
from the flame front. This is due to tihe 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, however,



23,

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 primdrilj involved. The condition of
the charge itself is highly turbulent which enables a high
rate of propagation to be achieved.

As already .stated, immeciiatély after ignition, the so-
called "delay period" exists during which there is no notice-
able inérease in.preésure due to combustion alore. Theoretic-
ally, it is most difficult to define the extent of this period
since no critical point éan be indicated either on pressure-
time diegrams or on flame photographs. Some worker331 have
circumvented this‘proﬁleﬁ by ﬁtilising the concept of an
'apparent!' delay .period as being proportional to the time
taken for the flame to propagate a certain small distance
ffom the sparking pluge. This'technique hag ensbled numerous
investigators to observe the influence of many different
engine operating conditions and variables on the magnitude
of the period. Obviously, the faster the .rate 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 equivulence ratio of 1.1 to
1.2-31,38
31,38
ii) decreases with increasing eng;ne speed . X
iii) is influenced slightly by spark timing variation53 .
iv) is reduced by the use of faster burning fuels.
v) is reduced by the presence of deposits in the combus~
tion chamberBl. The mechanism for this reduction is

that the heat losses from the small flame Kernel which

exicts just after ignition are less when deposits are
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present.

At this stage of the combustion process, the expansion
Eoffthe bﬁrnt gases accodnts fop the g}eater pért of the flame
speed i.g. the gas velocity,rUg, is mgch greater than the
;tuﬁbulent burning velocity, Ug. This is because the pransion
Etaﬁes pléce élmost entirely in %hg direction of the unburnt
.porfion (see the simplified énaioéy in Fig. 2-2).
An explenation for the generally slow flame travel

'during the delay period can ﬁe found in the lower temperatures

of the burnt and unburnt fractions of charge and in the visual
fizaﬁion of a "boundary 1ayerﬁ covering the entirejcombustion
chamber walls‘and separating them from the turbulent main mass
‘of charge. In this layer, the gas is practically stagnant and
it is invariebly 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 laminer in nature. From correlations of computed
and experimentel pressure-time diagrams in this study, the
thickness of this layer was egtimated 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 éccounts for the shortecned delay periods found
when turbulence and swirl are deliberately induced around the
spark plug.38

The slow manner in which the flame propagates after
ignition is clearly shown on photographs ig the works of

Rassweiler and Withrow , Rasswiler et al 4 Withrow and
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Cornelius 4, Clarke and Wentworth and Daniel .

The main period of combustion follows the “delay period.™
‘This is the phase of the combustion process during which- the
flame spéeds and heat release rates are greatest since the
te@perature, pressure and density of the unburnt gas is Béing
Foétinuoqsly increaséd o%ing?to its compression by both ﬁhgff
expanﬁing burnt geses end 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 combletion, when the
piston is within the close vicinity of top dead centre. For
a gi&en compression rétio, this criterion is primarily detér-.
mined by the crankangle 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 continmuously 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). DBecause 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 flame
travel is characterized by the slowing down of the flame
speeds and by a reduction in the heat release rates. The
reasons for this are?

i) the piston is usually on its downstroke wnen this
phage of the combustion procegs is reached. This has

the effect of expandirg tlie firel unburnt charge
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volume with consequent reductions in its temperature,
pressure and density.
11) the generally low degrees of turbulence near the com-

bustion chamber wall at the end of the flame travel.

The expansion of the newly burnt increments of charge
at this time tekes place @sinly in the direction of the
burnt portion (see Fig. 2-2).- Thus, the main component
of the flame speed is the turbulent burnlng velocity.

During the propagatlon of the filame throughout the
combustion chamber, the unburnt gas is subaect to a further
source of heat supply in addltlon to those from compression
by the burnt gases and the piston motion. This additional
source is caused by some chemical énergy release in the
unburnt ges itcelf, en effect which has been found to exist

40 41 42

by Harrow , Salooja and Johnson . Johnson, in fact,
attempted to derive a technigue for calculating its megni-
tude under various conditionse. Such e phenomenon should
strictly be incorporated in the analyticel model in this
work. It is not pecause of the difficulties involved in
relating the time dependent kinetic Guantities to the time
independent thermodynamic considerations.

It should be noted that an ebnormal combustion situation
could be attained in the final stages of flame propsgation
under certain conditions. This occurs when the remaining
unburnt gases (the end gases) reach a condition at which
drastically high heat release rateg are evolved, which result
in the phenomenon known as 'knock.' Whether in fact such a
condition is resched depends on whether the normal flame,

spreading from the spark plug, engulfs the remaining unburnt
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charge before it reaches its explosive state. If it does,
normal combustion will result. If it does not, knocking
combuétion eﬁsues. |
The reason for the end gases attaining such explosive
proportions hés b?en éttribdted t0o many causes. it seems
clears however, tﬂat ¢ert§in preflame reactions are taking
plece in thesé ga;es,ithe:rates of -which increaset;iiﬁ . |
increases ins: ‘
i) the rastes of change of temperature and preséuré.
i1) the levels of temperature and pressures
~1i1) the time lag before the érrival of the normal flgme:

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 geses at either a
point or st a number of points in advance of the
normal flame front.

ii) sponteaneous combustion of the entire unburnt charge.

iii) an acceleration of the fleme front to meny times its
normal speed owing to the increased temperatures in
the unburnt charge and the increasing concemtrations
of active perticles and radicals from the prefleaae
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 ig being derived in this work is most difficult and is

beyond the scope of this worke

7.
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Flame progression in spark ignition engines has been
the subject pf mﬁch.studyand observation for.a period of
about 40 years. :Numerous technigues ﬂave been used to gein
what information we now have on it. Thesé include;

i) gas_;amplingiatgvarious points*throughéut the com-
bustion pfocéés44. In this; the disapﬁearahce of
ﬁhe oxygen indicates the presence of the flame.

ii) the fittiﬁg of Quartz windows into cylinder headslo’26.
This method provides a useful means for easy observa-
tion and ﬁhotdgraphy of flame progress; the accuracy
of which is beyond reproach.

1ii) the use of ioﬁization gaps in the wall surfaces of
45,46,34
the combuqtion chamber « The presence of the
flame front is indicated by the ionization of the gap

and the generation of an electrical dischaerge across

it.

These techniques have indicated that any factor. which
tends to 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 associated with
sperk ignition engine combustion sre:
i) variations in the temperature of the burnt fraction.

ii) cyclic dispersion.
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Flame progression in spark ignition engines has been
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47
Hopkinson was the first to notice variations in the
temperature of the burnt fraction during flame propasgation.
:Itéjcause isfattfibuteé to the compreésioh of the previously
‘burnt fractions 6f charge by the expahsioﬁ of the ﬁewly
;burﬁt small incrgmentsj(see Fig. 2-2). For an enlerged dis-
ééuééibnuén tﬁis,gsee Lichty 0. The_proceés ieads to a
~édnciiiion where the temperature of the prddudtsrat the point-
of ignition is much higher than at the flame fromt. This
'6cc@rfen¢e hes been recognised by both Néﬁhali%s and Starkmen
et al49 in relation to predictions of obn&xioqs emigsions
Iseé Secﬁionjza); In this work, such an effect is not catered
for since the temperature of the combustidn pfoducts is |
‘assumed uniform throughout. :
Cyclic dispersion is the name given to the varistion
in the combustioh development from one cyéle to another.
Numerous investigatodr.s have studied these irregularities
50 33 51 52
including Vichnievsky 4 Solteau 4 Patterson , Karim ,
Curry34 and Harrow et al 1. In this connection, there is
general agreement that the faster the mixture burns, the
less is the extent of the digpersion. Many hypotheses have
been made regarding its underlying causes including:
i) fluctuetions from cycle-to-cycle in the time occupied
by the %“delsy period." Pen'.te‘.rsonsl in fact made some
hot wire esnemometer measurements of the gas velocities
around the spark plug and proposed that cyclic disper-
sion is primarily a function of the mixture velccity
variation near the sperk plug et ignition.
ii) variations in the ges flow 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 cyciie 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 fPr a more uniform flow
. \
pattern from cycle-to~-cycle in the engine combustion chamber

50 -
that, if the flame

is thus appérehﬁa Ii has been éhggeéﬁed
propageation rate under a given set of engine operating con-
ditions cou;d‘be maintained at & uniform constant maximum
level, power increases of from 2 to 10% could be achieved

with subsequent savings in fuel economy and obnoxious emissions.

2.3« EXHAUST EMISSION FUNDAMENTALS.
2.3.1. GENERAL. ‘

In view of the current legislation in the U.S.4. end
the proposed legiletion in many other parts of the world
against the ensroachment of motor vehicle emissions on man
and his environment, the study and control of these have
assumed enormous importance in recent yeers. Such emissions
are introduced into the atmosphere from the engine exhaust,
the crankcése vent, the ceiburettor and the fuel tank. How-
ever,; it is only thege producte 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-
treated' motor vehicles , most of which reach the atmosphere
through the exhaust pipe. The remainder are emitted from the
crankcase vent &s a result of leakage from the combustion

chamber past the piston and piston rings into the crankcase.
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Exhaust gases have been found to contain all of the
followings:
i) unburnt hydrocarbons.
ii) carbon monoxide.
ii?) o;ides of nitrogen.
i&) cﬁrcinogens. _
;) pﬁrti&ﬁl&te matter.
vi) lead.
vii) odour.

viii) oxides of sulphur.

Thué far, the soiution of the exhauétfemissién pfoblem
has been confined almost exclusively to the attempted elim-
ination of these pollutants which are considered to be
pregent in the greatest Guantities vig.‘the unburnt hydro-
carbong, carbon monoxide and the oxides of nitrogen. Such

partially oxidized constituents represent & loss in the

efficiency of the combustion process. It will be appreciated

~that the mode of engine operetion exerts a controlling in-
fluence on the concentrations of these pellutants. This is
shown in Table 2—A54 from which it is clear that:
i) the idle and deceleration modes are the most produc-
tive of unburnt hydrocarbonse.
ii) the idle, acceleration and decelerstion produce the

highest concentrations of carbon monoxide.

the cruise and acceleration yield the most oxideg of

[ i
=
[ e
-

nitrogen.

Enformation such as is given in Teble 2-A must be
releted to a time base in order to be meaningful in terms
of air pollution controle These time beses are conceived

to represent arbitrary typical driving schedules of motor
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TABLE 2-A.

TYPICAL VARTATIONS IN_ EXHAUST GAS

COMPOSITION WITH THE MODE OF ENGINE

OFERATION.
Mode of -Unburnt’ Carbon Oxides of
Operation. Hydrocarbons Monoxide Nitrogen
PePefle % pep.m.
Idle 750 5.2 30
Cruise. . 300 0.8 1500
Acceleration 400 5e2 3000
Deceleration 4000 4.2 60

94

PFrom Starkman



vehicles e.g. the U.S. Federal end European test cycles
(Fig. 2-3). These cyclés show the approximate contributions
.0f each driving mode tb the total amount of emissions; As
yet (1969), there are no limits on the pollutantemounts
‘relating to the Européan cycle. However, tge intense smog
_problem in the Los }ngeles_basin has_acgelefated the onset
of legislation in Califo%nié and thelU.S..'A.L This is:becom- :

ing progressively more severe with the passage of time.

2.3.2. THE UNBURNT HYDROCARBONS, HC..

Haageanmithss in 1952 established that unburnt hydro-
carbons ard the oxides of nitrogen in the presence of ultra-
violet radiation were the factors mainly responsible for the
irritating and dameging conseQuences of “smog" in Los Angeleé.
He further postulated that a photosynthetic chemicel reaction
was involved.

In spark ignition engines, the mechanism of formation of
the hydroceaerbons in the combusiion 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 congsidered to be involved:

i) when the combustion chember wall temperatures are

high, the predominant mechanism of HC formation is

thought to be the Quenching of the propagating flame

at the walls. Daniel ° fourd that the fleme failed

to propagate through the mixture located within about

0.005 to 0.038 cm. of the combustion chamber wall.

Thic region of the charge he termed the "Quench layer.“
ii) at low wall temperstures, the HC formation by wall

5766

quenching is augmented by fuel condensation .

55,
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1ii) very small concentrations of hydrocarbons'can be
formed as equilibrium products of the combustion
reaction56- ‘
iv) the highly turbulent condition of the gases in the
combusqion~chamber can allow small pockets of un-
burnt mixture to pass through the reaction zone .with-
out be{ng ignitéda Again, the conéentééfians from |
thes source are bound to be small.
v) inhomogeneity in the umburnt gas can result in fegiqns
of very rich and very wéak mixtures in which the flame
might fail. to rropagate. Under such conditions, quite

large concentrations of hydrocarbons would be exhausted.

During idling (i.e. at Quite high manifold vecua), the
sources of HC generation listed ebove are swamped by the
effects of incomplete burning of the charge. Aﬁ such times,
the throttle is only open enough to provide a smell flow
necessary for the engine to run slowly and this condition
engenders a comparatively high depression in the inlet
menifold. When the inlet valve opens towards the end of
the exhaust stroke, this depression draws some of the exheaust
gases from the cylinder and the exhaust manifold back into
the inlet manifold so that the imcoming fresh charge is con-
siderebly diluted before the subsequent compression and com-
bustion phases of the engine cycle. During combustion,
owing to the presence of coamparatively large amounts of
inert exhaust gases, the fuel molecules have great difficulty
in finding oxygen molecules with.which to combine and burne.
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 then stoichio-

metric and generates high CO and qQuite high HC concentrations.
The actual amount of exhaust dilution present end the amount
of enrichment required will depend on a number of factors, .
one of which is the degree of valve overlap.

During deceleratlon, the englne is rotating faster than
at idle and the manlfold vacuum is 1ncreased beyond that at |
idle. This resultg in a much increased exhaust dilution and
a gravé deterioratiqp in compustion which is often so bad as
virtually to amount to & complete misfire. Unburnt fuel 1is
-thus exhausted in large proportions and appears as excessive
"HC emission. '

Wentworth and Danie139 have observed and photographed
:combustion undér such ﬁ light load conditions in an engihe
having & quartz window in its cylinder head. They found
that the flame usually failed to propagsaste throughout the
entire mixture and that the two main reasons for this were:

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

rletion of its travel.
ii) or it travelled so slowly that the exnhaust valve

opened before flame propagation was completed.

Both these effects can be attributed to the preserce

of excess exhaust residual gases. It should be noted that

the tranrsient act of closing the throttle produces an abrupt
‘rise in the inlet manifold depression which, in turn, produces
a sudden evaporation of eny 1liquid 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. ConseGuently, the CO and HC
emigsions are much greater at this time. Several methods

have been used to overcome this problem includings



i) heating the inteke manifolds.
1i) reduction of the internal surface area of the mani-
. folds and ports.
iii) preventing the rapid'clogure of the throttle.

iv) inteke valve throttling . Oy

The concentrations and chémical character of Ehﬁ-unbufnt
hydrocarbons resulting from engine combustion are extremely
variable;almost every possible degsign factor and operating

condition is involved.

Alr/Fuel Ratio.

A typical variation in hydrocarbon concentration with
this parameter is shown in Fig. 2-4. A possible discrep-
fancy from the general indicated trend occurs at very lean
mixtures when the flame might fail to propagate complete;y,
a condition which would result in very high hydrocarbon
Quantities in the exhaust. Cood mixture formetion and

distribution is thus reduired.

Surface/Volume Ratio.

The combustion chamber surface/volume ratio exeris
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 gainsg in hydrocarbon con-
centrations. The ratio does, in fact, increase with increases
in the number of c¢ylinders, the bore/stroke ratio and the
compression ratio. Other factors which can influence it ares

i)piston movement.
60
ii) poor piston ring design .

61,67,68
iii) combustion chamber shape .
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Turbulence and Swirl.

One of the effects of increasing the turbulence and
swiri in the comﬁustion chamber is to reduce the “Qpénch'-
layer" next to tﬁe.wallsés. As a conseluernce, the tendency
for hydrocarbons.to formfis lowered. This effect can be
;‘achieved by 1ncre351ng englne speed and/or by careful de51gn
.of the induction man1fold62’63, 9. Care must be used in
its application, however, since, beyond a certain level of

turbulence, the burnablefrange of air/fuel ratios decreases.

;§park Timinge.

Variations in this parameter have a great 1nf1uence

on hydrocarbon emissions. For example, a retarded spark
increases the concentrations at the eihaust 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 exnaust
temperature is higher with a retarded spark, further oxida-
tion reactions can take place in the exhaust pipe (if suf-
ficient oxygen is present) and this reduces the duantity of
hydrocarbons leaving it. This method of HC reduction wmust
be weighed against the penalties of losses in fuel economy
and power. Increasing the sperk advance, on the other hand,

has exactly the opposite effectse.

Deposits.
Deposits in the combustion chamber have been found to

65 .
increase HC emissions <« The mechanisms for this have been

postulated as beings:
i) because of slight incresses in the compression ratio

and the surfsesce/volume ratio.



ii) by the charge being sQueezed into the rather poreus

structure of the deposits during the compression stroke

and escaping being burnt.

Compression Ratio. . | . . ﬂ
| Compression ratio 1ncreases tend to glve higher HC
concentrations for three maln reasons: -
| 1) the surface/volume ratio influence already alluded to.
ii) the observed fact?p that the exhaust gas temperatures
decrease. The effect of this is & retardation of the
oxidation reactions in the exhaust manifold.

iii) the more efficient scavenging of residual exhaust
gases from the combustion chamﬁer. Daniel and Went-
worth have found that, because of the viscous
property of the gases adjaecent to the combustion
chamber walls, these are the last to exit the chamber
during the exhaust process. Their importance in this
context iz that they are much cooler and they contain
approximately eleven times the HC concentration of
the remaining exhaust gases. ConsedQuently, 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 aversge

concentration level.

Combustion Chamber Wall and Coolant Temperaturese

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.ge.

propane, metiane etc.) do not condense on the combustion
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chamber walls and provide more hombgeneous charges. Both
of these effects reduce HC emissions. In comparing fuels,
note should be taken of variations in air/fuel ratio and

burning velocity.

Yalve Overlap. A _ \

fUndgr deceleration and idliné éon?itions, it would .
be ideal to have zéro valve overiﬁp in order to preveﬂt
:dilution of the fresh charge by the residual exhaust gases.
;Thié woﬁld, however, considerablyﬂreduce ﬁhe power output
at higher engine loads. The possibility of variable valve
ftimfng is thus significant.‘ - |
. - 70

Tn fuel-lean mixtures, Davis et al found 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 com-
bustion chamber'quer knocking conditions cause the
gas to vibrate and scrub the chamber wells. This
action removes the quench zone gases into the bulk
of the charge where they have higher probability of
being 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 tﬁe

zone to react with the oxygen in the zone itself.

3.



Although photo chemical smog is formed by reactions
between oxides of nitrogen and hydrocarbons in the presence-

of sunlight, individual hydrocarbons differ in their tendency

function of chemical structure énd 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. Op the other hand,
the satureted lower paraffins (methane, ethane, propane,
butane and pentane), bepzene and acetylene are found to be
préctiéally non-reactive in the photo chemi&él process and
aré now considered to be virtually harmless. ' In this connec-
tion, it has additionally been reported that:
i) no significant change in reactivity occurs because
of engine conditions?l.
ii) the reactivity increases with spark retard and de-
creases with leaning of the mixture air/fuel ratio72'
iii) the reactivity of the exhaust gases may increase
with increaesing engine displacement7l.
Three methods have been contemplated in attempts to
reduce the HC emissions from the exhausts of motor vehicles:
i) oxidation of the unburnt hydrocarvons in the exhaust
system by low pressure air injection intoc the exhaust
73474
ports .
ii) engine modification to reduce the volume of these

75476
pollutants being emitted from the cylinders .

40.
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Since this generally involves lean mixture operation,
good carburetion and mixture preparation is vital.
1ii) the use of a petrol injection, straﬁified charge
- engine. This ensures a uniform distribution between
: cylinders at all times. In such an engine, the aresa
. of the Quench zone nexﬁjtqjthe combésti#n chember
- wall is automatically féduéed at reducea IOad; How=
ever, a new quench zone at.the interface between
the combustible mixture and the: air is introduced

where considerable mixing and quenching can occure.

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
term exposure of urban populations to the gas7 . Thus,
legislation in recent years has attempted to ensure that
the cuantities of CO in exhaust gases are being minimized.

Unlike the hydrocarbons; CO is primarily formed in
the bulk of éhe charge. Of all the engine degign variables
and opereting conditions which can influemnce 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 therefores

i) operation at weak mixtures.

ii) good mixture distribution between individual cylinders

to avoid some cylinders running richer or weaker than

others.



iii) good mixture homogeneity within individual eylinders
thereby ensuring thet a uniform air/fuel ratio exists

at all points in the charge.

These cfitéria can effectively be achieved by good
~.design of the induction system and carburettor.

o Carbon monoxide formation is not greatly affected by

the temperature and pressure levels attained in reciprocating
:gnging cbmbustion Processes. 'This is especially so at the
richer fuel/air ratios (see Figs. 6-4, 6-19 and 6-34 in
Chepter 6). Thus, discounting eir/fuel ratio, the influences
j6f thé mény other remaining engine designtand:operating

conditions are not very well definede.

Spark advancee.

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 amd higher combustion temperatures and pressurese.

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.

4R,
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Deposits.

| 'le-significant effect hag bheen observed on CO emissions
with deposit accumulation. 'Theoretically, one might expect
them to increase a very small amount because of the reduced

heat transfer amd the slight rise in compression ratio.

‘ The amount.of air available for combustion is the most
significunt factor affecting the CO concentrations produced.
It dwarfs any differences between fuels78. .The physiCal
characteristics of the fuel (e.g. viscosity, volatility etc)
can, h0wevér, have great influences on the mixture distri-
bution between cylinders. This is why CO concentrations
have been found to be lower with liQuefied petroleum gases

79,80
than with petrols o The effect of fuel temperatures

81
on air/fuel ratios can also not be discounted .

Ambient Temperature and Pressure.

Changes in these quantities under operating conmditions
can radically affect CO formation because of fluctuations

82
in the. air/fuel mixture ratios being supplied to the engine .

As 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 comcentration reductions. An additional approach %o
obtain slight reductions is to add an inert gas to the in-
ducted fresh mixture, the effect of which is to reduce the

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



ratios if this technique is used.

Exhaiist gas analyses and direct spectrogcogiczobserva-
3,84

tions through windows in combustion chambers have both

revealed that CO once formed during combustion, does not

_chang? concentration very much during the ‘ehsuing éxpaﬁsion j

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~haﬁe been found to more neérly reflect
a. frozen composition at combustion temperature. and pressure
eQuilibriﬁm values thah the eQuilibriuﬁ cdmﬁosition at
exhaust temperature values (see Fig. 2-5 ). This is ob-
sérved to be especially so at the leaner mixtures.

Starkman and Newhall sought an explanation for this
behaviour in the water/ges reeaction

H2 # CO02 === Hp0 4 CO =~---=--- - 2-2

after observing that there were non-equilibrium amounts of
all these four constituents in engine exhausts . This re-

action wag viewed as a combination of the two dissociation

reactions
COp ==CO # % 03 ~------- 2-3
and HoO == H, # % Op -=----- 2-4
which were combined &inearly to give
COp + Hp=CO + H20 ----- 2-5
and COop + Hp0==CO + Hp + Op -- 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 Eduation

2-5. The eQuilibrium corresponding to this reaction was
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found to be influenced only slightly by temperature so that
the equilibrium species distribution of combustion products
reflected only minorgﬁariations throughout expansion (see
Fig. 2-5).

Fo?'lean and stoichiometric mixtures however, signifi-
cant Quéntiﬁies of o#ygeh‘werefnoted to be prgsent;iﬁ_addigion
to the other speciess 4s a reéult, EqQuation 2-6 ﬁés:thbught
to be the opersative reaction for inclusion in the eGuilibrium
system.  This was found to exhibit a strong teamperature
dependence with the fesuit that the cooling process, associated
with thefexpansion stroke, resulted in a rapid shifting of the
equilibrium species distribution (Fig. 2-5).

Thus, for rich mixtures, the exhaust concentrations of
CO tended to correspond to those predicted by equilibrium
theory. For weak and stoichiometric mixtures, on the other
hand, the maximum rate of CO oxidation to COp eppears to be
exceeded when eQuilibrium conditions are assumed to exist
with the result that the CO concentrations in engine exhausts
under such conditions correspond more nearly to those pre-
dicted for the peak 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
eguilibrium values, N’ewhall86 analysed the kinetics involved.
Rate expressions for 32 elementary chemical reections were
comiined tc yield 13 coupled,; non-linesr differential equa-
tions reprecenting the following 13 chemical species:

No, Op, Hpy Hp0, CO2, OH, N, O, H, NO, CO, N2O &nd NOp.

These gQuations were integrated numerically in a stepwise



manner using the Runge-Kutta technique. The procedure was
started at the initisl boint of expansioﬁ where conditions
were congsidered to'be‘adgquétely represénted by:a chemical
eguilibrium distriﬁution of.the species‘correspondihg to

| avefage conditionsjof;real éngine combuétiob pr@cesées.
; Thé temperature vafiaii?n during expansion was Epproximated-
by a simple polynomial relationship with the cylinder volume.
Results were obteined as concentration - time histories
throughout expansion for each of the 13 species.

For carbon monoxide, it was found that, during the
initial steges of éxpéﬁsion} this pollutant was destroyed
at a rate corresponding to & shifting chemical equilibrium
condition. As the?prokess Qontinued, however, an incressing.
deviation from equilibrium occurred until, at the end of
expansion, the CO éoncentration was as ﬁuch as ten times
the equilibrium value. An exrlanation for this behaviour
was found in the concentration-time histories of the atomic
species O and H and the hydroxyl radical CH the beheviour
patterns of which were noted to be very similar to that of
CO. On this evidence, Newhall formed the opinion that the
inhibition of CO oxidation during expansion is due to the
failure of these atomic species and redicals to recombine
at & rete sufficient to maintain a continuous chemiceal
equilibriuome Thus, in addition to CO, 0y H and OH persist
in excess quantities throughout expsansion.

The mechanism for this state of affairs was thought to
be contained in the bimolecular feaction:

CO + OHe&==C02 + H-------2-7
This atom exchange reaction was found to be reletively

fast in both forward &nd reverse directions and was also

46,



continuously equilibrated throughout expansion, an observae-

~tion which was most surprising in view of the noted non-

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

times in equilibrium,.the relative levels of:CO and CQO2

will be c.ontr\olle{d solely by the -existing levels of the

CH eaxd H species;acco$ding to the relastionships
(e 1. ( E)

(Co2 ) kc“ (oH )

where k, is the eqGuilibrium constant. 3

When the temperature fallé during expanéion, therefore,
the partial equilibrium, which controls the concentrations
of H and‘OH, favours a dispropbrtionately largé'humbef of
H atoms reletive .to @H radicals. It was in fact found
that, at.a certain point in thé expansion, thé‘OH donben—
tration wes epproximstely four times its equilibrium value
whereag the H concentration was over twenty times its eGui-
librium velue. Thus, during expansion, the ratio of H
atoms to OH radicals, as dictated by partiel eGuilibrium,
is much greaster then would be the case for total equilibrium.
From thig, it is deduced that the ratio of CO to COp is
correspondingly greater than for total eguilibrium and,
as a result, there exists an excess of CQ. The CO concen-
trations calculated in this way over & range of air/fuel
ratios were in substantial agreement with some measured

exhaust concentration levels.

2.3.4. THE OXIDES OF NITROGEN, NOx-

As hes slready been stated, the oxides of nitrogen are
major participants in photochemical smog reactions. Under

strong sunlight, they evolve the poisonous gases ozone and

47,



nitrogen dioxide, NOp, which react with the hydrocarbons

to significantly reduce atmospheric visibility and to cause
respirotory diseases and eye igritation « Much controversy
persists over -their importence.to the photosynthetic re-
ections since at least one outhorS? has suggested that the
levels being currently produced by englnes are greater than
the quantltlee requlrea for the meximum reactlvity'rate and
that to reduce_those levels might only produce a more severe
situation than.prosentiy exists. However, in spite of |
these arguments, legisiation is being enacted to reduce

- their concentrations in engine exhausts.

Because of the thermodynamics involved, the oxides of
nitrogen produced at the englne exhaust port consist almost
entirely of nitric oxide, NO. 1In the presence of oxygen,
this constituent rapidly becomes nitrogen dioxide, NO2.
This oxidetion usually takes plece in the atmosphere but
it can also commence in the exhaust system particulerly if
air hes been added to the gases at the exhaust valve in
efforte to oxidize the unburnt hydrocaerbons and carbon mon-
oxide. Besides being a toxic gas end contributing to the
photocatalytic synthesis of smog, NOp produces & charecter-
istic red colour when pregsent in the atmosphere and is
acidic in its reaction to other materials. From the fore-
going; two points are clear thus far:

i) the engire produces NO in amounts which completely
swamp its production of NOo, and N20.
ii) the reactive material in the smog photocatalysis is

NO2 .

Attempts to control the emission of these oxides to

48,
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_the atmosphere are extremely difficult because the air/
:fuel ratios required to suppress their formation are the
‘very ppposite of those required to minimize CO and the
‘unburnt hydrocarbons'(see'Fig. 2=4). In additiong the
émodes of engine operation at Wthh the NOx are low in- con-.
:centratlon conflict: entlrely with those at whlch the unburnt
hydrocarbons and carbon monoxide are low. (see Table 2-4).

Like carbon monoxide, however, the oxides of nitrogen
.are products of the more Br less homogeneous combustion
‘region of the charge in.the.qombustion ¢hember. They are
‘primaerily functions of air/fuel ratio and combustion temper-
ature. Thus, the importence of good mixture distribution
between individual cylinders'and of uniform charge hoﬁogeneity
‘needs hardly be stressed.

NOx concentrations in combustion processes can be
decreased by:

a) decreasing the coumbustion temperature.

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

Means of aechieving combustion temperature reductions

1) by decreasing the compression ratio.
ii) by retarding fhe sparke.
iii) by avoiding knock.
iv) by decreasing the inlet charge temperature.
V¥) by decreasing the coolant and combustion chamber
wall tempersastures.
vi) by reducing depogit accumulations.
vii) by incressing the surface/volume retio of the com-

bustion chambere.




viii) by decreasing the mixture pressure. This causes
a greater percentege heat loss which might be coun-
tered in part by increased NO formation at low com-
bustion teﬁperatures. (see Figs. 6-9; 6-24 and
6-39 in Chapter 6).: ‘ S \
ix) by adding an inert substance to the inducéed charge.
This is discusseq in greater detail later.

x) by operating at very weak mixtures.

Methods of decreasiﬁg the oxygen availability for com-
bustion reactions include:
i) operation at very riéh miﬁtures.

i1) decreases in the homogeneity of the charge.
i

Other factors affecting NO formation in spark ignition
engines ares )
49,88
e) engine speed - it has been reported that
increases in engine speed reduce the formation
of NOy in engine cylinders. Two factors mey be
involved in the explanati&n for this. The first
of these is concerned with the peak combustion
temperatures-attained at various engine speeds.
It is well-known that the flame tekes & longer
time (in terms of crankangle degrees) to traverse
the combustion chamber when the engine speed is
-increased. This is because the flame speeds do q
not increase in direct proportion to engine speeds ?
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

50,
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the lower engine speeds, where the peak combustion
temperatures are higher, there is more time aveilable

- for the NO formation, and this leads directly to in-

' creased Quantities of these pollutantéa Contravening

" this general trend ‘however, is the greater heat trans-

~fer from the gases in the combustion chember at the
1ower englne qpeeds ow1ng to there belng more tlme
avallable for it to occur.

b) temperature gradients in both time and space in the

combustion chamber - the reason.ﬁhy the temperaiure

- of the burnt gas charge is higher at the spark plug
than at the flame front has already been described

_ in Section 2+2. Newha11%8 found, from & theoreticsal

analysis, that such effects do not significantly in—
fluence NO concentrations if the mean bulk temperature
of the charge is used. On the other hand, however,
Starkman et a1.49 obtained evidence, by direct experi-
mental means using sampling valwes, to show that large
gradients in composition are cfeated across the com-

tustion chamber as a result of the temperature grad-

ients whichpersist through expeansion.

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
or very lean. (see Fig. 2-4). Although quite effec-
- tive, the use of rich mixtures is undesirsble because
of increases in the CO and HC emissions and the disas-

trous effect on fuel economy. On the lean side, it
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is difficult to burn a mixture which is weak enough
to decrease the NOx to the desired amount. There
appear, therefore, to be limits to both the richress
and the leanness that can be.used. |
iij the addition #f aﬁ inert substdnce td the fresh
jinduzted mixtuﬁesii Uéeful sﬁbsfancesjto edopt in
this technique~aré nitrogen,:cafbon dioxide, water
and exhaust gaées. From considerations of practical-
Zity, it is clear that weter and exhaust gases possess
considerable edvantages over.carbon dioxide and nitre-
‘gens It should be noted that the reductions in the
oxides of nitrogen caused byloperation at very weeak
‘mixtures result, in fact, from the presence of excess
air which acts asran inert diluent. The mechanism of
ﬁhe NOx reduction by this teéhnique is the lowering
of the combustion temperatures since the inert diluent
in effect ebsorbs & portion of the chemical energy
released. =zven a modersaste decrease in the combustion
temperature results in a significant drop in the NOy
production because the amount produced from nitrogen
and ozggen is an exponential function of this temper-
“ature .+ It should be realised that the eddition of
an inert diluent to the ingoing charge is only really
required during the sacceleration and cruising modes
of engine operation (see Table 2=-A) when the concen-

trations of NOj, are excessivee.

Exhaust Gas Recirulation.

Because of the ready aveilability of exhaust gases,

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 reduc1n% NOx emissions
whenever: the technlque has been attemptedg' but usually
at the expense of a decreased power output; an increased
fuel consumption and poor driveesbility. ' - )
iNewhallfB'c&rried out a_theofetical digitel computer
analysis of NOx formation in spark ignition engines with
exhaust gas recirculation. Although his results are some-
what=limited in application as thg influenpes 0of heat trans-
fgrénd finite flame propagation rates were not considered,
they;are:instructive in supplying the mechanisms ard the
trends involved. For example, it was found thats
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 grester 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 reletively 1little influence

on the effectiveness oi the recycle.

v) any oxgen in the recirculeted exhaust adversely affects

the NO reduction.

water Injection.

S3.

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
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NOx emissions . Various properties of water render it
thermodynamically suiteble as an inlet charge diluent.
For example: '
i) 1t has a relatively low vapour pressure at normal
induction system teﬁperatures.
:ii) it possesses a hlghglatent heat of vapourlzatlon.
iii) it has a low bomling point relatlve to the maximum
' engine cycle temperatures.

. A 92 | _
A theoretical analysis based on chemical equilibrium

calculations hags indicated that the reduction of the oxides
ofjniﬁroges from water:injectibn at rates cbmparable to the
fuel consuaption rate 1is quite significant. .The analysis
also %evealed that the:mechanism primarily responsible for
this effect was the combustion temperature réduction which
far outweighed the effscts of any evaporativs cooling.
These theoretical results were confirmed by experimental
measurements which further indicated that there was no
change in the volumetric efficiency and thet the b.m.e.pe.

and beg.fec. were slightly improved.

As with carbon monoxide, the oxides of nitrogen in

engine exhaust gases were much greater than would be expected

if equilibrium cornditions had been maintained throughout the

expansion process. Fig. 2-6 (taken from Ref. 54) compares
actual exhaust ges measurements with some concentrations
which were calculated when equilibrium was assumed at the
maximum bulk cylinder temperaturé and et 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



greater ranges of mixture ratios than with CO. ZEven the
assumption of a frozen composition at the peak combustion
ﬁemperature is a poor -prediction. This is supported by
spectrometer observations8 which have shcwn that:
1) NO freezes in concentration at 1east as early eas
the p01nt of overall peak cycle temperature.
) the overall or peak cycle temperature will not account

" for the NO concentrations.

several workers have attempted to f£ind explanations
for these occurrences. Starkman considered the reaction
N2 + 02 === 2N0' =---2--= 29

as the most important one controlling the rate of NO form-

ation and destruction. From Ref. 94,.he obtained the re-
versge rate for this reaction to be |
ke = 2.6 x 1012. exp (463800/RT) eq/mole—sec.

Calculiations using this showed that NO, once formed
in the combustion chamber, does not appreciably decrease
in guantity throughout expansion.

Newhall's basic approach86 in considering the kinetics
of species behaviour in engine cylinders has already been
described in the secfion on carbon monoxide. The reactions

influencing YO decomposition were thought to be:

NO + 0==03 + N =—ccn- 2-10
NO + N=No + 0 =-----— 2-11
NO + NO==NoO + O =—-=== 2-12

Bach of these was found not to be eduilibrated during ex-
pansion so that not one was sufficiently rapid to achieve
appreciable decomposition. In fact, reactions 2~10 ard
2-11 were noted to be about 500 times more effective in

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



agreed with previously noted trends indi&ating that NO

is essentially fixed in concentration throughout expansion.
.- A.simiiar,fbut mﬁch more simplified, abproach in at-

tempts to elucidate the generation and behaviour of NO

durlng combustlon was used by Eyzat ahd Guibetgs-- These

authors con51der that: there is a temperature-tlme effect

56,

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

"After estimating the temperatures, pressures and per cent

dassés éf charge burnt at various poinmts in. the combustion
process. from pressure-time diagrams, they utilised the
reactioﬁ in?EQuétion 2-9 to obtain the rates of NO form-

ation sccording to the relationship:

awo) _ key$ (M2 = M3 (0p) - DI - g, (N2

2

at v \
where

NO is the instantanecous number of moles of

NO.

lcrl and kr2 are the forward and reverse reaction rate

constants respectively (cc/mole sec)
(N2), amd (O2)p are the number of moles of nitrogen and
oxygen at ignition.

ard V is the combustion chamber volume (cc)e.

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 noi account
for the many reactions which are known to be involved in

, 94,96
the formation of NO during combustion.
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b) THE BURNING OF A SMRALL INCREMENTAL VOLUME.
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CHAPTER 3

DESCRIPTION OF THE COMPUTIONAL

PROCEDURES INVOLVED IN THE ANALYTICAL

COMBUSTION SIMULATION.
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CHAPTER 3.
DESCRIPTION OF THE COMPUTIONAL PROCEDURES INVOLVED

3.l GENERAL. \
| The‘synthesis of internal combustion engine cycles
by digital compuiers is ﬁow an established aid in the design f
and development of feciprocating enginesg?’gs. Such syn-
‘theses invo;ve stepwise calculetions of the state of the;
charge in the engine c¢ylinder fréﬁ point to point arodndl
the cycle. The basic problem is to determine the state Qf
the charge at crankéngle (6 +A8) knowing the state at
crankangle ©. Here,A0 is the step length being considered.
The problem can be approached in either of two ways; .
i) by numericel integration of an appropriate set of non-
linear differential equations.
ii) by estimating the values of the statiz properties at
(6 +A©), whemce it is possible to evaluate the correg=-
ponding energy changes and exchanges during the stepe.
The property values are finally adjusted by an iterative
proce%Pre until the energy balance reGuired by the

First Law of Thermodynamics is satisfied to some stip-

ulated precision.

Non-linearities in the relationships between properties
| affect'these iwo 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, thé overall energy balance need not be correct at (6 +480)

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




tegration procedures (e.g. Runge-Kutta), this balance may
drift during a seriés of steps. Of course, a suitable choice
of step length can reduce the imprecisfons involved.

In the iterative technique, the evaluation 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. _

Annand99 attempted;to§establish a rational basis of
seléction between these two techniqaes from direct éomparisoﬁs
of computexr programs developed to carry out identical opera-
tions. His conclusions were that:

i) iteration is always the faster method.

ii) iteration does not show the instaebilities coamon

with integration technidues.

iii)

difficulty with an iterative technique.

Thus, the iteration method is clearly to be preferred

and is, in fact, used in this worke.

4s stated in Chapter 2, the period of the engine cycle
ander 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

congiderations
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i) the compression of the charge from its physical and
thermodynamic conditions at inlet valve closure to
the. predetermined crankengle .at which the combustion

~ commences. |

ii) the combustion process itself lasting until:angthe:
- charge has been completely burnt. |
iii) the expansion of the pfoducts of combusfion‘to the j

crankangle at which the exhaust valve opens.

: The procedure in cycle synﬂhesis ﬁork, as preﬁiously
noted, is to divide the period under examination into a
éeries of steges, each of whi¢h.0§cupies 8 specified angle
of crankshaft rotation. Each stege is associated with a.
change in the c¢ylinder volume, wfth heat transfer from the
pharge to the cylinder walls or vice versa and, during com-
bustion, with the conversion of the chemical energ& of a
pert of the unburnt charge. A Guantitative analysis of
these processes allows the conditions in the cylinder at
the end of any stage to be calculasted from the known con-
ditions at the stert of that stage. These final values
then provide the initial conditions for the succeeding stage.
In this way, the caléulation works round the cycle evaluating

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

3.2. THE COMPRESSION PROCESS.
3.2.1. DESCRIPTION OF THE ANALYSTS DURING COMPRESSION.

The gas trapped in the cylinder when the inlet valve
closes is regarded as e homogeneous mixture of air, gaseous
fuel and residuel exhaust gases left over from the previous
cycle. This mixture is called the "unburnt charge." All-

chemical reactions in it are neglected amd its composition
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is calculeted 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 exhasust gases

present. Details of this calculation are given in Appendix 1.

The cycle caléulaﬁion'can start at'any convenientipoint
in the_compressionﬁstrdke Qhen'ihe unburnt charge fills the
cylinder at known température and pressure. Inlet valve
closure has been chosen as the starting point in this worke.
The revised temperature and pressure atj#he end of the first
stege of step lengthA® must noﬁ be established. The volume
of the cylinder is easily calculated from the dimensional
cohfiguration of thé enginé and the entfbpy at this point
is estimated from the known initial value and from the
Quéntity of heat trénsferréd between théAcharge and the cjl—
inder walls during the stage. Corresponding values of |
temperature and pressure cannot be foumd 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 éélculated
for the originally estimated values. In practice, the final
value of the entropy is corrected in each iteration because
the heat transfer Gepends on the temperature and pressure
at the end of the stage.

The corrections to‘the temperature and pressure diminish
repidly as the iteration proceeds until they become small
enough to saiisfy the desired degree of accuracy. These
last estimates then provide the initial valueg for the next
stage. In this way, the calculation works through the

compression process until the specified crankangle is reached




at which combustion begins. A step length of 10° of crank-

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
6f unburﬁt charge duringfthé'compression process and its
masgs, My 1is assumed constant thrpughout.

_ The initjel and finél praﬁkaﬁgles at_the beginning
and end of a stage are répreseﬁted by ‘the symbols @ and
©s. Likewise, all the remaining properties of the charge
at the beéinning and endvof a étage are denoted by the
subscripts (0) and (2) respectively.

The total cylinder volume at the end of a stage is

calculated from the expressions

2 ' - . \

It is elso given by:

Vp = M Vg oo cmrmi i aeeee B2
where "V, is the specific volume (cc/gm) of the unburnt
mixture at the end of a stageo

Heat transfer to or from the charge is assumed 1o
take place reversibly. The reversible transfer of s smali
quantity of heat, AQ, to & system, accompanied by a small

finite change in temperature, results in a change in the

specific entropy of the system given closely bys:

AS=AQu/muTm....................3-’3
where Tm is the mean system temperature during the stage.

Thus,

S.M_2 — Su.o -+ 244@““ ...................3...4_
mu(":m‘*Tu:j)
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where
Suz - 1s the specific entropy of the unburnt charge at
‘3the end of a stage. o o _
" g,o 1is the specific entropy of the unburnt charge at -
the beginning of a stage. : : : \
Tuo ' 1s ‘the unburnt charge temperature at the beginning
of a stage. ' | |
T..,; 18 the Jj'th 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
- the iterative procedure, Tuj adopts the final value T,,.
Equations 3-2 and 3-4 are solved gimultaneougly for

and unburnt charge temperature, T _ at

the pressure, P L2

2
the end of a stage. 4s previously stated, this is accom-
plished by an iterative procedure in which successive est-
imates of these values are improved until the reguired
accuracy is achieved. Thus, approximating these properties

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

expansion, we have

Viz =:‘Ulqj 4‘(CT;2“TLQJ.£[EE§L —k—(té"ng)-a'thj_% .......

R i

oT 3P

Sun = Sy + (Tr=Toog) 950t + (AoPy) o

~— e 3-—6

where V suzj and sz are the J'th estimates of the

2i)
required valuesS.

On substitution of these expressions for V _, and S,

into Equations 3-2 and 3-4, two simultaneous eGuations are
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obtained which can conveniently be expressed in the matrix

forms
_c?i:;i; _Cﬁﬂ_ AT; Suo- + RAQy; — Sug |
j | wilh | — m“(Tt:lo"'Tuaj)
%’J J‘U'u_,' ‘
| T _—§T5i; LfﬁF?l L_}G — My Ve _J‘
where AT; =. (Tuz__f:l:i)-- | : ' ~ 3.7

and - AR = (R-Ry)

Values of Sue and V, are calculated from the known
conditions at the beginning of the step and the: known value
of 92, Initial estimates are made of the finai:temperature
and pressure and these are used to calculate the coefficients
of the matrix. The equations are solved ard improved esti-
mates of'the temperature and pressure are obtained thus:

Tartged = Tuzj # ATj oo v 508

Pz(_i-w) — P:J B

These 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-
ebly smell.

. The velues of AQ eare written with the subscript J
because they are furnctions of both the initial and final
states, and must, therefore, be evaluated within the iter-
ative cycle. The technigues involved in the calculations

of ésuq dSuz; and vaq are described in Appendix 7.
T ' TSP ST, 5P

3¢3. THE COMBUSTION PROCESS.

3.3.1. DESCRIPTION OF THE ANALYSIS DURING COMBUSTION.

4t ignition, a smell quantity of charge is comverted
from an unburnt condition to a burnt condition, which process

releagses the chemical energy stored in the fuel in this




small portion of charge. Thus, the cylinder contents can

no longer be regarded as a single homogeneous system but

must now_be'treated as two separate. sub-systems having

equal pressures. One sub-system is called the 'unburnt

fraction' and the other the f'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 species whose concentrations

are governed by chemical equilibrium qon@idergtions. The

method used to calculate these equilibrium concentrations

is given in Chapter 6 of this report.

- Each geparate stage during the combustion phase occupies

20 of crankshaft rotation and is subdivided into two succes-

sive steps:

i)

ii)

the combugtion 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
vailues of total volume, total energy and entropye.

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. A4n iterative procecure similar to that

described for the compression process is used.

3.3+2. THE COMPUTATTIONAL PROCEDURES FOR__STAGE CAICU-

LATIONS DURING THE COMBUSTION PROCESSg

The stetes of the two sub-systems at the start of a
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given stage are defined by the common pressure Fz and the
temperatures Ty, amd Tuo. The initial masses of the sub-
systems are given the symbols m,, amd m,, whilst the:initial
crankangle is represented by €. The mass of charge is
aésuméd to remain constant throughout and complete combus-
tioﬂ‘is'cohsidéred; As just describedy thejpréqesseg under- -
gone by the sub-systems during a complete cdmbustion stage
are treated in two steps.
- During the combustion step, & known incremental mass,
Am, is transferred from the unburnt to the bﬁrnt fraction.
The final states at the end of this step are denoted by the
subscript (1). S '
. In the piston movement amd heat trangfer step, the
craﬁkshaft is rotated through & known incrementbe so that
the total system volume undergoes a corresponding change.
Certain Quentities of heat AQ and AQ@ are transferred from
the sub-systems during this period. The final states are
denoted by the subscript (2).
The object is thus to determine P ,T,, and Te, and,
hence, R, T,, end Ty, . These last values then define
the states of the sub-systeﬁs at the end of the stage i.e.

at the start of the succeeding stege.

— e S Sk e

The totel system mess is assumed to remain constant.

Therefore,

My, = Mye—AM ... . . ... Lot v oL .30
and fﬂb. = My A AM e s —— o - L el el LB
The reaction takes place at constamt total volume.

N 2 SRR b

The expression enabling the calculation of the total

. cylinder volume is given by EGuation 3~1l. This volume is




also given by
Vo = Mg Vo, + myg Vg, m e o 313
where Vi, and Vi, are the specific wlumes:of the unburnt
and burnt fractions respectively. -
In eddition, the process is adia?atic aend, consequently,

the total internal energy, E, remeains ‘constant. Thus

| E, = Eo”-""'”"""""’“"“""'3"4
end
‘Eé = mu.l'em ~+ mbl.eb,.-. et . e nemae. B—I5
where €., and-eb, are the specific internél energieg of the
unburnt and burnt fractions respectively. -

One further equation is required to define the finel
states which relates to the intergction between the subf
systems. Here, one can assume either that:

i) any process in the burnt fraction is isentropic:
r.e. Ser = Sbe
or that
ii) any process in the unburnt frection is isentropic,
i.€a Sur = Sueo

However, because at ignition the initial vaelue of the

specific burnt entropy is not known, the condition

= SRR 2

w = Sue
muct be used since S,., 1is known at this time.

The equations 3-13, 3-15 and 3-16 must be solved sim-
ultaneously for P, , Tus+ and Ty,. 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
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vuf = vulj +(Tun'—n|j)-é%||' + (PI“F?J)C)-\ELH I
T OP
T3

b= Ve + 7;.—71.1)- IV 4—“(’?—%). IMViy + o
v 2T -

Vv o=
| 3P ~
T 3"'8
€ = 'ewj —+ (Tu.u u.aJ) Jeuq -+ .- - . :
T
N z-19

e = e, + (TL—~Toy) dey 4+ (e;e;-). Sewy 4. ...
T ap

On substitution of these expressions for W, , -VL
. . 1
€u., € 8nd s, into Eduations .3-13, -15 and 3-16, three
simultaneous eqQuations ere obtained which can be conven-

iently expressced in the matrix forms

Js — —_— — —
Ay O c‘su'] T:.n—' T"-*‘J- Suo S‘-‘“J
T P
Mg Qeu.j m ée . m. o€ I - . -
i e ety ||| = e, — g | sea
Moy %E‘_'! m.,,_c)‘\f'b,'l 2 m, ;_‘\_f_..i_ P'_- P‘J VO - uéb m, -V;J
JT 2T u,b %EI T L ! ]
The Quantities v, . v . . . and

iy T by Twg, T—b'.fJ e“‘d ) eb,J

Sw, 8re the j'th estimates of the required values Vy,
Vi, Tuo, Tt , €ur, €, 804 Sy, respectively.

Wt
The procedure consists of evalueting s,,, E, and V,

at the known conditions at the start of the stage. First
estimates are then made of the final temperatures ami pres-
sure. These are used to calculate the burnt fraction ccm=-

position as described in Chapter 6. The coefficients of
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the maetrix can then be evaluated using the methods outlined
in Appendix 7. The three éimultaneous equations are then
solved and the resulting values.of Tm-- T:“j)) (Tb'._‘]‘bu.)

and (P,-'_— P:j) used to obtein improved estimates as follows:

TaGey = Tug + (TamTag)orov o e 3-25
TaGed = Tog + (TomTog) - oveeer ome ol 5-2a
Riey = Py + (R=Py) «wrooee oo 2oas

These improved estimates are used to recalculate the
burnt fraction.composition and, hence, the coefficients of
the matrix. This'itefatibn is repeated until the caleulated
values of (_T;,__-"[;,J);J (Tbl_Tle') and (P'"'Pu) become
acceptably small. S o

The Piston movement and Heat_Transfer Step.

— i W A S e e R G . mmm el NS S G amm emm el S Em

The masses of the sub-systems are assumed constant

throughout this step. Thus,

M, = m,, e e e et ettt e mie e amn e e D20
Mz = M e it it s e aee s 2277

The final crankangle is given by
ez :el+Ae......-....--..-.....g.-;;g

and the corresponding final total volume by the expression
in Equation 3-1. It is also given by

\é = M2 Vaa + MV -~ S-=29
As for the compression process, heat traensfer is assumed

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

processes in the burnt and the unburnt fractionss

sz — Sbl + ZAQbJ e e e  B-2@
mbz. (Tb' +Tbgj)
Sug - Su_| + RAQUJ e e m e e e e =2

Muz (Tul"}'-ﬁt'.tj)
The eGuations 3-29, 3-30 and 3-31 must be solved simul-

teneously for Pa' N Tu:z and -Gz- This is achieved by first of
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all expressing the Quantities "V, Vi, ,6S,, and S, as
Taylor series expansions as follows:

V., = V;a, ~ (Tua"':'-’:ﬁ;)-'gvu:j + (F.)?_' FZ,J) C)V 2]

uz < Tugp 4
2T P .
\ 3-23
Vo, = Vi (TeamTog) oy + (B=7). Qo4
=T —— 230

Suz = Su:j + (Tt_:.z-— T:ta.i- ) és“‘i -+ (F:'_ %)J___SU’J + e
: oT P .
——— -3
Sbz = Sua + .j-’l'z'%-Tb:j)- ISps + (Pf 3})- ISus 4

The values V. . 4/) and  Spa;

waj , ’,b:}, TLLJJ Tb’i _,Paj', Su?j
are the j'th estimates of VD.:, Via, Tuz )“r&"a P.» Suz and
Suz respectively. The expressions 3-32 to 3-35 are sub-
stituted into EQuations 3-29, 3-30 amd 3-31 to provide the

following three simultaneous eGuations expressed in matrix

form:
<;St.t:aj ®) ésuai T-;? — -’12-
T - - - aP !
O stgj- ‘)Sb:j 'T‘b -__sz.
ST P z 4
mug_'b'\f;,j Mpz, V] fbmz‘iv_;i R — R
ST > 3P 2
Sy, 4 Z.AQuJ' _ .
Myz (Tt:u + T;laj ) i
Sb. + 2 AQI:J s—36

my, (T':-N""—rbzd) - szj

v2 -_ éb mR.-v;'




Values of §,, S, and V, are calculated from the known
conditions at the beginning of the step and the known value
of ©,. Initial estimates ere made of the final tempera-
tures and pressure, and these are used to calculate the
burnt fractioq 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 f

temperatures ami pressure are obtained from

TuzGey = Touaj + 6ﬁa—ﬁ34) ~—— 337
Tb?(.f'“) = —rt.azj + (Rz‘— T-b:q) T . 3-38
P:e(j-r—:) = p:e + (pg - Pfq) T 3032

These are then used to recalculaste 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 fipal ectimations become the initial values for the
rext combustion step.

The valves of AQy; and AQ,; 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. DESCRTPTION OF THE ANALYSTS DURING EXPANSION.

When ell the unburnt cherge has been completely burnt,
the expansion phace of the engine cycle beging. This pro-
cegs 1s conducted in successive steps of 100 of crankshaft
rotetion in this work and each step is now associated only

with pigton movement ard heat transfer. The calculations



ere very similer to those alresdy described for the compres-
sion process except that the unburnt charge considerations
are replaced by those of the burnt charge. Thus, dissocia-
tion effects are. included. The evaluations continue until
fhe exhaust valvé oﬁéns.

'3.4.2. THE COMPUTATIONAL PROCEDURES FOR STAGE CALCU=
LATTONS DURING THE EXPANSION PROCESS.

The cylinder contents now contaln exclusively burnt
combustion products and the mass of charge, m, is assumed
constant throughout the process. The crankangles at the
beginning and end of a;stége are denoted by @ and €, vhere .

©,= 6, + O .

The initial sﬁateé at the beginning of a stage are
again defined by thelsubscript (0) amd the final states by
the subscript (2).

The total cylinder veolume at the end of a stage,V,,
can be calculated from the expression in Equstion 3~1 and

elso from

— —_ 3-40
Vo = MoV,
Heat Transfer is assumed again to take place reversibly
so that
Spz = Sbo + R.AQy,;

mb(-rbo‘"' bfq)
in which T;Rj ig the j'th estimate of the value of the

3-41

temperature at the end of a stege.

Eguetions 3-40 and 3~41 have to be solved simultaneously
for F; and T, .. 4s before, an iterative procedure is used in
which succegsive estimates of these velues are improved until

the reQuired accuracy is achieved. The properties of the



charge Vi and Spp &re approximated by the first few terms

of a Taylor series expansion to gives

. ba — Vl-::?_] T TI:::J) J b?} -+ (% 2‘( ) gvb:
. oT . 3>P
“‘-v—~——_ 2-42

seba_:: Sba; + (T —Tba,) c)s,,_.,, -+ (P 21) c’)S""l+
JP

T

On substitution of these two expressions into EQuatlons.
3#40 and 3-41,; two simultangous eQuations are obtained.' In

matrix form, these are:

ésbaj ésb?] T 1_f_73  — : i S

3T 3P b2~ lea ot 24Qyj g
- = T s
" Vha b= P _ . . _ . .

ST _T;T:'l 2 B?J _ Va mb-“—sz

Values of s, and V; are calculated from the known
conditions at the start of a stage emd from the known value
of ©,. Initiel estimates are made of the final temperature
and pressure and thece are used to calculate the burnt
fraction composition and, hence, the coefficients of the
matrix by utilising the techniques in Chapter 6 and ippendix
7. The eGuations are solved and improved estimates of the

tempereture and pressure obtained from
.TLQ(J'_‘.‘) e TIDQJ + (T‘b.?—"Tbﬂj)
By = Py + (B-8) — 346

This process is repeated until the calculated correc-

345

tions to the tempersture and pressure become acceptably
small. The value of AQy is written with the subscript
(j) because it is a function of both the initial and final

states and must, therefore, be evaluated within the iterative

cycle.
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.3.5 COMPUTER. PROGRAMMING OF THE ANALYTICAL PROCEDURES

'l‘he above analyt:l.cal procedures have been programed
_'for use on a digitel c\omputer as is shown in the main ,part
qu the complete p;'pgrain list.ing in Appendix 8. This Appendix
‘also containg a Flow Diagram showing the menrer in which the
computer program has been built up and some of the main

‘considerations and technidues used.




CHAPTER 4.

THE RATE OF FLAME PROPAGATION.
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CHAPTER 4.

" THE RATE OF FLAME PROPAGATION.

4,1, INTRODUCTION.

Since the analytical model'pbstuléted in Chapter 3 \
‘aséumesfa finite period of time for the combustion of the |
charge to be completed in, it is necessary to be able to :
:calculate the mags of charge burnt at any particular point
of ‘the flame travel in the combustion chamber. This is
-acﬁievea from a knowledge of the rate of flame propagation,
-the volume of charge consumed by the flame during a partic-
‘ular iﬁterQ31 of time and the density of the unburnt charge .

The apparent rate of flame propagation in an engine
isrverj highs A4s 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 ges,

Up. The remasinder of this Chapter is devoted to obtaining
a generel expression for this quantity in order tnat calcu-
lations can be made of its magnitude under the many varying
conditions of the charge e.g. equilence ratio, temperature
etce.

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- o7

e

sionality. Thus, it must be recognized from the outset

thet any equation used to represent the rate of flame travel
in an engine can only be approximaete. Its validity may

only be determined by a direct comparison of calculated




and experimental burning rates. Aalternatively, this could

be achieved indirectly through & comparison of calculated

and experimental pressure-time diasgrams. Both these approaches

are used in this work as a means of comparison (see Results).t
Tt is well known from observed and calculeted rates of ‘

flame propegation in spark igpitién engines that combuétion

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

be to consider in some deteail the fundementals of turbulence

and turbulent flame propagation in engine cylinders.

4.2+ TURBULENCE AND TURBULENT FLAME PROPAGATTON IN

' SPARK _IGNITION ENGINE COMBUSTION CHAMEERS.

4.2.1. TURBULENCE GENERATTON.

It has been known for.many years that the complex,
-unsteady flow exisitiing 1in engine cylinders during combustion
results from the following sourcess:

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 disturbamnces originsting during com-
pression and combustion. These are due mainly to the
contour of the combustion chamber.

iv) the mass movement of the unburnt charge Iimmediately
ahead of the flame front during combustion. This is
the so-called "flame turbulence® ard it can be visual-
ized as follows. During the thermal expansion of the

hot gases in the combustion zone, every element of the
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combustion wave introduces into the unburnt gas a
velqcity component normeal to it. In turbulent flames,
these small elements fluctuate at rendom and, in so
doing, they impart a suﬁpleﬁentéry turbulent effect

to the uhburnt gas. It is this which'conhtitues

flame generated turbulence. .

4.2.2. THE NATURE OF THE TURBULENT? FLOW.

' The nature 6f the turbulent £1low cﬁn generally be sub-
divided into thrée distinct effects, éach of which hes &
varying degree of influence on -the oversll turbulent flame
 speeds These are: - |

a) swirl.

b) ‘large-scale turbulence.
c) small-scale.turbulence.
Swirl.

This is a large-scale megs 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 cylindér. 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). .4inother
method is to force the air thréugh a tangential passage
into a sepérate 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

ig used in combination with an inlet vortex in order to
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either reinforce the rotation or to produce a toroidal
flow pattern (Fig. 4-4).
* ' The gereral ‘effects of swirl in an engine have been
known for some time, particularly to fhose désigning direct
'injéction combustion chambers. The eérly wofk of RicardolOl
‘showed that, if the air in the cylinder of.a direct injection
engine was motionless, only a small proportion of the fuel
would find sufficient oxygen for combustion. This is because
it is impossible to distribute the fuel droplets uﬁiformly
throughout thé combustion space. An orderly and controlled
air movement is required in order to bring a continuous
supply of fresh air to each burning droplet and to sweep
awey the products of combustion which otherwis% would tend
to suffocate it.
| Some recént fundamental studies on the mapping of
airflow patterns in engines with induction swirl have been
carried out by Willis et alloa- 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 pody rotation nesr the centre and poten-
tial flow in the outer portions of the cylinder. During
induction, the vortex generated by the swirl was unstable
and non-symmetricel with its centre of rotetion offset from
the cylinder exis and forming e helix extending the length
of the cylinder. Figs. 4-5, 4-6, 4-7 and 4-8 (taken from
this work102) give a clear indication of how the flow into
the cylinder generates differenf kinds of swirl when differ-
mask
entrangle; are usede.

In carburetted, spark-ignition engines, such large-

scale swirl is not really very desirsble for four main
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reasonst
i) in order for a flgme to propagate through an externally
prepared, pre mixed charge, a condition of general and
indiscriminate'turbulence is’requi:ed to act on the
flame front. An order;y, larg? scgle flow merely tends
to displace the flame bodily wﬁtho@t m@ch distortion
of the flame sﬁrface being-appérenﬁ.
if) it can greatly increase the heat losses from the
engine. . .
iii) its géneration:may adversely affecf the volumetric
efficiency of the engine.
iv) under some conditions, it can lead to rough amd irreg-
ular combgstiop due to the rates of‘pressure r;ge
being considerably increased. A possible mechanism
for this effect has been suggested by Pattersons'1
who proposes that the swirl shears the flame kernel
Jjust after ignition and, in so doing, increases its
flame front area (see Fig. 4-9). This increages the
surface over which combustion reactions occur and

thus accelerates the burning of the charge.

Most spark igniiion engines, however, have a certain
amount of a general charge rotation or a mean flow movement
in a particular 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 portiﬁg configuration.

The effects of a large swirl on flame propagatign in a
spark ignition engine have been analysed by Johnson 3. He

used ionization gaps and a radiation detector to determine

flame travel data in & multi-holé CFR engine. With swirl
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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 results of .
Wlllls et allog already referred to. .There also apbeéred
to be\a force acting on the flame tendlng to move 1t in a
curved path towaros the centre, in much the seme way as a
centrlfuge moves less dense particles towards tne centre and
more dense particles to the outside. _JohnSon concluded that
this centrifugal force resultied from phe_flqme peing_approx-
imately one-third the density of the unburnt gas. The swirl-
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 whirls and eddies hav1ng no general directlon of flow
(FPig. 4=-10). It may or may not be superimposed on a swirl
or a mean motion. As previously mentioned, turbulemnce of
the charge in the combustion chamber arises maeinly from its
flow into the cylinder during induction. It is a conseQuence
of eddy formation on obstacles (e.g. inlet velves and ports)
and the shear flaws set up due to the retarding effect of the
cylinder walls and the mixing of streams of different veloc-
ities.

The chief characteristics of turbulent 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 beceause the turbulent Quantities corresponding
to the molecular mass and the mean free path are not constants

of the medium. In particular, the varieble eddies and



vortices, which constitute the turbulent motion, are not
all of the same size and velocity (see Fig. 4-10) but are
distributed ‘over wide ‘renges. :

Because the masses of the fluid elements and the average
distances they move ére m&ch lafger than the mbleculaf mass..
and the dmean mdleéulaf frée path, turbulenmt transport.of mass
and moaentum is several magnitudes larger than molecular
transport."" Tt is’this property of turbulence which is
importan; in iﬁs ﬁtilization in flow phenomena, heat transfer,
-mixing and flaie propégation.

A typical .oscdillogram, taken with a hot wire anemometer
placed in sﬁch:a furbﬁlenﬁ'field as exists in Fig. 4-10; |
might indicate the fluctuations, as a function of timeiin
the x-direcfion, éhowr; in Fig. 4-11. It should be noted
that such fluctuations also occur in the y and z directions.
The instantaneous welocity, u; is seen to fluctuate abouts
its‘mean value . with respect to both time and spatial
direction. Theoretically, it is convenient to split the
instantaneous velocities u; , V. and w into their time
average components G.,'V‘ and w and their momentary fluctuation
components u' V' amd w', Thus
u, = u + u.'

v, = ¥ + V
énd w, = w + w'

These relationships were developed by Osborne Reynolds
in connection with his investigation of turbulent flow.

In-é theoretical analysis of fluid turbulerce, the
instantaneous velocity components must be expressed mathe-
maetically in terms of both spatial coordinates and time.

These functions have been found to be so extremely compli-

£8.



cated however as to defy accurate description. It thus
appe&ars Fhat the theoretical solution reQuires the applica-
. tion of statistics. On this basis, since the root mean |
sQuare (r.m.s§) value of the turbulent velocity fluctuations
" is a definite‘Quantity in a given turbuleﬁt\field ard repre-
- sents & sultable statlstical meagsure or: the:magnltude of the
fluctuations, it is termed the 1ntensitg or level of the
turbulence: Thus,. '

the intensity of turbulence = V/fi?\ for isotropic flow.

| Sometlmeu, the ratlo of this value to a mean flow
velocity (i.e. the relative intensity) is termed the intens-
ity. That is,

2
intensity or relative intensity = U for isotropic

flow.
When the turbulence is not isotropic,; the mean value

of the three fluctuating coamponents may be used so that

z 2 2\%
the intensity or relative intensity = —b—{ uw +V o+ W')
3

The scale of turbulence is congidered to be the dimen-
sion of a typical eddy or vortex making up the turbulent
field. =ven though thege 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 ass
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 turoulence 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-

lence cannot be p&dduced separately without great difficulty. '

In thls context also, the mixing length 1n turbulent

flow is deflned as the average distance over wthh a fluid

element mOVes before 1t loses- its 1dent1ty by m1x1nD with :

the surrounding fluids
v T e ¢ - o S S N 1.04-
Several classifieations of turbulent “flows exist” .

The more important of these arés:

a) homogeneous turbulence - in which the scale and ihtens-
ity of the ﬁurbulent fiei@ are independent of the
co-ordinate position.

b) isotropic turbulence - where the gcale and. intensity .
are independent of direction. Here, the intensity of‘
the.turbulent fluctuations is the geme in all direc-

tionse

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.

A turbulent field can be further defiped in terms of
the velocities of motion of the individual eddies. TLhes
criterion is termed the gpectrum of turbulence amd it rep-
resents the average fraction of the kinetic energy of the
turbulent motion, i:(£), between, for example, the fluctua-
ting frequencies £ and (£ +wi£)~—- see Fig. 4-12. The
availability of spectrum presentations of turbulence inform-
ation permit one to congider 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
thet much of the energy is associated with the large eddies.

4dbove 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. Tﬁe iﬁdication isy therefore,
that the;kinetiC“energy is communicated to the turbulent
motion from the mean flow: (if present) by the large scale
gddies. From thgse} iﬁ is transferred down the scales from
the-larger to the smalierieddies where it is finally dis-
sipated into heat by the action of viscous friction. Thisg
tfansference of energy'has beén found to oc¢cur rather rapidiy
§0 that the size of the turbulegt eddies decays quite quickly

with time.

4.2.3. ACTUAL TURBULENCE MEASUREMENTS 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 separation of the total effect into its various
sub-effects and the determination of the influence of each
of these on the overall flame speede. In this way,; il may
then be possible to find the degree of influence of:

a) the mean mixture motion (or swirl) if present.
b) the large scele turbulence.
¢) the small scale turbulence.

Thig ideal involves the direct measurement of air

currents in the cylinders of piston engines. Very little

fundamental work has been carried out on such investigations,



however, in spifé of their great influence on the velocity
and efficiency of the combustion process and on the design

of suitablé combustion chambers. The dearth of such investi-
gations is largely explained by the great difficulties en-
countered in the measurement of unsteady flow. Thé\reéults:
éf the few workers who havé attempted such measurements will
ihus‘bé quoted in somé detail in this report.

Several -téchnidies are availablé “in¢luding hot wire ™
anemometry, the use of electrical discharge9105)106 and
iaster doppler methodle7.A However, to date, only hot wire
or hot film anemometry has beeh used to measure the small
énd large scale turbulence-in éngine cylinders.. These.ins
struments have the advantage of a very low inertia so that
fhe turbulent pulsations are not disrupted and fhe flmﬁ
itself is not disturbed to any marked degree.

The principle of operation of this instrument in 1its
application to gas velocity measurements depends upon ihe
relationship between the forced transfer of heat from a
heated, c¢ylindrical filament and the velocity of the flow
in which it is pleced. A discussion of the construction,
deve lopment and operation of & 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 measureaments in engine
cylinders refer only to the particular engine and combustion
chamber configuration used by them in their worke. 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 .

In 1953, Molchanov completed some work on determina-
tiops of the dynamic state of the charge in an engine cylinder
during the induction stroke, the compression stroke and the
period of the enginﬁ cycle during which flame propagation
occurs viz. up to apbro#imatgly 309 after top.dead centres
. He used an instrument having only & single hot wire which
meant .that direct.measurements of: turbulence- in three co- .
ordinates could not be maede. It did,. however, enable measﬁre-
ments to be made of flow velocities aﬁd fluctuations of |
:these flow velocities (with frequenciés up to 2000 cycles/

" gecond) under the prevailing conditions of varying temper-

atures and pressures. A variable compression ratio engine

iwas ﬁsed with a cylindrical combustion chamber. The engine
was motored in the 'cold' conditilon and no combustible

mixture was supplied.

— . A e mm ey —

This period was considered to extend from the opening
to the closing of the inlet velve. The noted variation in
gas velocities with crankangle rotation at certain points
in the combustion spéce 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
ié feasible to attribute these ogcillations 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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During compression.
'_ —Dﬁring fhis-sﬁage 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 mede of flow velocities at
" neighbouring points in;théAcbmbustidn sbace when the hot wire
was rotdted through 3609, These indicated:
" a) the absence:of any'largé scale, directed flows - '~
b) evidence of 1oca1jswirlfcurrents or vortices as in
Fig. 4-10. This conclusion was drawn from the regularly
repeated transition of local flow velocities from meximum
to'minimum for two adjaéenﬁ poéitibns of the filamént.
This indicated the presence of locally directed streams
of.different magnitddes'at'neighboﬁring 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 reletive intensity of turbulence,
w?
(W)

) /2
the absolute intensity, U | can be contemplated.

» under these conditions no longer makes sense: only

Treating the measurements of the large scele 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 2 in Fig. 4-13.
The following conclusions can be drawn:
i) on closure of the inlet valve, the gas flow velocities
fall sharply amd become approximately edual to the mean

piston speed for all compression ratiose.
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ii) the flow velocities vary in different ways as a
-function of compression ratio up to about 20° before
' top ‘dead centre. After this point, during the period
_correspording to flame propagation, it appears that
‘they decrease slightly as the compression ratio is \
finc?easeq. |
1ii) the maximum ges velocities are attained at the same \
T Y point in thecycle for ‘all compression ratios viz.
' jatj2Q° BeTeDoCo A.systematic.decrease is observed
from this point onwards throughout the flame propa-
. gation period howevere.
Molchanov, perhaps erroneously, concluded that the
" wyariation of compression ratioc within Lide limits had
practically no effect on the velocities of ordered gas streams
in the combustion chamber.® This is certainly true up to 20°
B.T.D.C. However, if one éonsiders the velocities &t T.D.C.
in Fig. 4-14, it will be noted that the difference in flow
velocities between compression ratios of 6 amd 12 is epprox-
imately 0.7 metres/second. Compared with the mean flow
velocity at this point of 2.5 metres/second, this veriation
achieves quite large proportions of some 28%. The effect
of this on the burning velocities in a firing engine can
cleafly not be ignored.
By filtering out the low fregquency flow velocities so
as just to record the high freguency fluctuations, the
measurements in Fig. 4-15 were obtained. Tt can be seen
that there is an increase in the magnitudes of the fluctuation
velocities during the fleme propagation period. Al some
points, thece are considerebly grcater than the meximum

velocities of the large scale motion. The reasons for this



are given later.

’ 110
- The Turbulence Measurements of Semenov .

Molchenov's work was followed in 1958 by Sememnov's
'flndlngs on the same problemi Again the measuriig instru-
ment: was a hot—wire anemometer with a siligle wire which
me&ans that the results are eubgect to the same criticisms
as Molchanov's regarding the inability to measure flow in
the co-ordinatess A single cylinder,. variable.compression
ratib C.F.Re engine héiing a cylindrical combﬁétion chamber
was used and -this was motored 'cold' with no combustible
mixture supplied.

The errangement of the measuring hot-wire filament and
the correction element {which compensates for fhe varying
gas temperatures) in the combustion chamber is shown in
Fig. 4-16. The measufing'element was free to move along
the bore diameter between the valves at a distance of 10
mm from the top 6f the chamber. It could also be rotated
ebout its exis.

semenov defined three velocitieg to describe the aero-
dynamic conditions in the cylinder:

i)} a directional velocity, w, - this is the flow velocity
averaged over a meagsured intervel (about 24° of crank-
angle) for one cycle. It involves eddies with fre-
quencies below 300 cycles/seconde.

ii) an average velocity, W, - this is the flow velocity,
messureG over the same cycle interval as for the
directional velocity but averaged for several cycles.
Tt was necessary to define an average velocity because

the unsteady flow in engine cylinders gives rise to

O6.
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continual variations in the magnitude and direction
of the directional velocity at a given point in the
cycle over successive cycles. Fig. 4- 17108 shows
ihis pPhenomenon to good‘efféct.

iiii).a fluctuating velocity; uﬂ - this is the deviation

| of the instantaneous velocity from tﬁe directional
velocity at e given point in a cycle. The root mean
sQuare value of the fluétdétiné‘éeiééity, \/EF?\, M
calculated over a great many ¢ycles was considered a
measure of the intensity of tﬁrbﬁlenbe. The lower
limit of the freGuency range for v[——\recordlrgs was
chosen rather arbitrarily to be 300 ¢/s and the upper
1limit to be 6200 c/s. It was. consldered thet only
the eversge values u ard -v/:T_\ could serve ag objec-

tive criterie of the gas flow in engine cylinders.

During Induction. -
The varistion in 4 with crankangle rotation at various
points in the combustion space is shown in Fig. 4-18.
These results give the same kind of indicative effects as
thoge of Molchanov (Fig. 4-13). The periodic oscillations
are sgain precsent because of the accoustical oscillations
of the gas ceolumn in the intake pipe.
The marked velocity differences between neighbouring
points in the combustion chamber provide evidence of the
Jjet nature of the gas flow during intake. These differences
ensure the formation of considerable velocity gradients
during the phase of the cycle, the magnitudes of which reach
thousands per second at the limits of the jet.

Second mexime of & are observed at points M in Fig. 4-18.
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Since these are larger than would be caused by periodic
oscillations alone, one must look elsewhere for an explan-
ation of their origin. It appears feasible to suggest that
their generetion is due to certain points in the combustion - \

‘chember being located within the core of the jet at the end -
.of intake ﬁhieh, dﬁring the rest of theistroke, remain out- .
side .of the jet (e.g. at v+ =23 mm and-28 mm). - Such dis~
placeménts.of the Jet at varying inlet valve 1liftsg have been
, _ : ‘ 111 112 :
discussed by innand and Taneakea .
~ Fig. 4-19 shows the variation in the values of U grad i

and VG;;\'duriqg intake with changes in a) engine speed and
b)»ﬁolumetric efficiency. It is clear that; these three
‘parameters very linearly with engine speed énd decrease with
increase in throttling, the decrease being linear for grad G
and VCEF?: These results indicate that, whenever there is
a linear change in grad U, a corresponding linear charge in

JE;;\is also apperent. One might hypothesize from this
that the velocity gradients in the flow during induction
are lergely 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 @nd better economy in addition to im=-
proving the exhaust emissions. Such devices have been used
by Volvo and Zenith-Solex62 to achieve Jjust these effects.
4 most interesting suggestion on this problem is that of
Stivender58 who proposes the use of & varieble 1lift intake

valve, inctesd of a carburettor butterfly, for throttling

the charge intake. It is claimed that turbulence of a
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smaller scale and of a greater intensity is achieved.
Other observations from Semenov's work during the
induction period includes: -
i) the presence of sharp variations in the velocity fluc-
tuations over the combustion chamber cross-section.
ii) the throttling had hardly any effect Bn the initial
Jjet velocity during intake but tended'to feduce it

considerably throughout the remsirder of the stroke.

During_compressi Q.ﬁ;

| Iﬁ waé assumed that there was no continuoﬁs, directed
stream present in'thié pariicular combustion chamber during
this stage of the cycle. Thus, the values of u refer to a
large scale, eddying gas motion originating from the jet
flow during inteke.

The manper in which U and VG'° veried from B.D.C.
to about 60° 4.T.D.C. is shown in Fig. 4-20. These results
are in substentiel agreement with Molchanov's with the ex-
ception of the point during compression at which U peaks.
iiolchanov finds it to be at 20° B.T.D.C. whilgt Semenov's
results show it to be at 40° B.T.D.C. A possible reason
for this discrepancy could be that the low frejuency motion
was'considered over different frequency ranges in the two
workse.

Figs. 4-21 amd 4-22 summarize Semenov's results for
changes in G;and V/ET;\ with varistion 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 & to decreasse with increasing distence

from the combugtion chamber cemntree
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ii) the fluctuating velocities (»ﬁl—'f)achieve a shallow
minimum at about three-Guarters of the distance from
‘the combustion chamber centre to the cylinder wall.

iii) - ‘U decreases by abouf 20 % with increase in compres=-
: sion ratlo from 4 to 9. 5 This observat.lon agrees

) with the 1nd1cat10ns from Rblchanov's work..

iv) : f_\ is v1rtua11y independent of compreqsmn ratlo;
only decreasing by 8% over the compression ratio
range examined. |

v) both U and fﬁ—';\ débrease linearly with :throttl'ing;

vi) U increases with engine speed according to the re-

~ lationship '
a 'TI
whilst \/_'i\ increases almost 11near1y with th:Ls
paramneter.
vii) a correlation can be drawn between the velocity gred-
ients originéting during intake and the fluctusastions,

Ja'* | during thi ‘
, = is stage of the cycle.

During the period when flame propsgation takes place
therefore, it is clear that the following aerodynanmic con-
ditions prevail in this cylindriceael disc combustion chamber:-

a) a field of turbulence composed for the most part of
relatively low freqQuency fluctuationss.

b) variations in the turbulent fluctuations, \[—37\-‘: and
the average velocity, @, of the flow with crankshaft
rotaetion (Fig. 4-20%. |

¢) varietions in \[U.—'? and 4 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 w1th the aerodynamlc conditions during the remainder
of the cycle. However, the effects of such varylng flow con- .
ditions on flame propagatlon cannot be ignored in an accurate

attempt at deplctlng combustlon development.

The change_in gugbglgpg energy during compression.
Megsurements of the variation in the energies of the
turbulent fluctuations as:the'cycle approached ard passed
through the combustion stage are summarized in Fig. 4-23.
This showss . |
i) the varlatlon in the sum of the energies of the hlgh
frequency fluctuatlons (>300 ¢/s) and the low fre-
Guency eddies (300 c¢/s) per unit mass. i.e. (u.-+E1?),

the varietion in the energy per unit mass of the

=
2
N

high frequency fluctuations (>300 ¢/s) only i.e.
¥,

iii) the varietion in the sum of the energies per unit

rvolume of the high freduency fluctuations and the

low frequency eddies. i.e. %—P("'z-*' az).

The three curves indicete:

a) & pronounced minimum energy at 90° B.T.D.C. Caused by
the jet flow of gas during intske suddenly being cut
off.

b) the energy of the large scale eddies Gﬁ'ﬁ?)being re-
distributec among the high frequency fluctuations as

the chamber volume decreases.

This lstter phenomenon can be seen more clesrly in

Fig. 4-20 from Semenov's results and Fig. 4-15 from lolchanov's



rESulis. It is noted from these two graphs that U decreases
linearly from 40° and 20° B.T.D.C. respectively omwards
:through T.D.C. At the same time,lVG;;\ increases up to
T.D.C. and decreases thereafter. This is due ‘to the re-
_distribution of the energy of the-lgrge scale-edd%es among:
‘the small scale eddies being great enough to deintain an
-increése(in \/};;\ before TeDeCe whilst, after this point,r
the energy redistribution decreases, possibly because most
of the kinetic energy in the large scale eddies has already
been given up. As a resdlt of this energy dissipation
during compression, the turbulence 'intensityf is at & max-

imum near T.D.Ce.

As an aside to his work, Semenov substantiated Clerk's
cla:'un113 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 combug-
tion period originateg from the flow into the cylinder during
the intake stroke. Without induction, the energy sum,
= (Cﬁzﬁ‘tif),at T.D.C. on the compression stroke constitutes

only sbout 10% of the energy of a normal cycle. This is the

fruction of the energy produced by the piston motion alone.
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Using bandpess filters over the range O to 6200 ¢/s,
Semenov made the following observationss |
i) during compression, a conrsiderable fraction of the
turbulent energy was in the range below 500 c/s.
ii) the increace in turbulerce t'intensity' with opening
of the throttle and with increasing engine speed was

attended by an increase in the overall energy balance

OZ,



of the high freQuency part of the flow.

iii) there was an increase in the fraction of high fre-
Quency energy with en increase in compression ratio.
This denotes an increased dissipation of the large

scale, low QFEngncy-eddies.

Tufbulence Mﬁasure@énts in.Constant-Vplume Bombs .«
B Atfempﬁé are made from time to time at simulating the
serodynamic conditions end the combustion in piston engine
cylinders by experiments in constant volume bombse In
: thege devices, turbulence and swirl are commonly generated
by rotating mechanical stirrers, the number of whicﬁ control
the flow pattern generated. The advanteges of this type of
approach are:

i) the mixture swirl velocities can be easily varied.

ii) turbulence measurements, involving the use of hot-
wire anemometers, are considerably simplified because
the anemometer can be calibrated for any desired
initial pressure and temperature. Calibreation is a
most difficult tesk in an engine.

iii) the separate Guantitative effects of mixture pressure,
temperature and swirl velocity can be easily obtained.

114
Bolt and Harrington uged 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 turbuleni velocity were associated with each stirrer

speed (see Fig. 4-25) and that whilst the mean mixture

103,
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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 lines were carried out
by Sokolik, Karpov and Semenovlls. Thése suthors were
mainly concerned with;théﬂméchénisﬁ oféturbuient combustion
however. A two-element, hot-wire anemometer was used in
the central part of their bomb‘and'turbulence was produced
by four stirrers spaced Symﬁetfically around its circumfer-
ence. .It was found that isétrépic'turbulence was created
up to a redius of half the distance from the bomb centre to
the bomb wall without direcﬁed;stréams anmd without circulat-
ing flows of gas. These conditions were considered analogous
to those in engine cylinders withodt any large-scale swirl
at the end of the compreésion stroke.

The big drawback to bomb simulation of course is that

the effect of piston motion on the flow pattern cannot be

aljowed fore.

4.2.4, TURBULENT FLAMZ PROPAGATICN - THEORIES AND MeCHANISMS.

Although a great amount of research has been done on the
nature and laws of turbulent combustion, no single theory has
yet been established wnich adeduately describes turbulent
burning processes. It might be more correct at present,
therefore, to speak of a model of turbulent combustion rather
tnan a theory. Nevertheless, theories of turbulent burning
velocity abound and the more impbrtant 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
qomplex. In connection with this, there can be

116
included the observations of various investigators \

105,

that there is a large_incrga#e in the distances between

fhe emission maxima of the  species CH, CH end Ho0 iﬁ
turbulent hydrocarbon reaction zones and that the
ionization currehts are much greater.
ii) é considerable increase in the speed of flame propa-
gation. |

a turbulent flame is usually accompanied to some de-

(d
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gree by noise and rapid fluctuations of the flame
enve lope.
iv) a contraction in the limits of inflammaebility when

the intengity of turbulence is increasede.

aAbove gll, it is the effect of turbulence on the speed
of flame propagation which is of interest in this work. In
this connection, there ic general agreement that macroscopic
turbulence has the greatest effect whilst the influence of
the microscopic fraction is considered to be much legs im-
portant. Nevertheless, since gstetes of purely microscopic
and macroscopic turbulemnce do not exist in engine combus-
tion chambers, an adeQuate theory of turbulent combustion

for this application must consider both influemnces.

The increased rate of burn of a turbulent flame over
a laminer flame is normallly accepted as being due to either
one or a combination of the three following processes:

i) the turbulent field may distort amnd wrinkle the flame
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front thereby markedly increasing its surface area.
At the same time, the normal component of the burning
velocity is .the laminar burning velocity.
ii) the turbulence may increese the rate of transport of
heat and active-par?icles, thus increasing the actual
: burning velocity nofmalgto the flame surface.

iii) the turbulence may rapidly mix the burnt and the
unburnt ges in such a way that the flame becomes
a homogeneous reaction, the rate of which depends
on the ratio of burnt to unburnt gas produced in

.. the mixing process.

In all these three processes, the large scale turbulent
effecf-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 gspeed of propagation slightly because of increases
in the transport of heat and active particles and because of
micro-recycles of bu;g;, unournt and partially burnt gas in

the combustion front « An expression for these processes

has been derived and is of the form:

%
UTmle'o — UL... (__D:g'"'f-“) AR o |
™M

where

Up micro = the burning velocity due to microscopic turbulence.

the laminar burning velocity.

UL,

Dy micro = the coefficient of microscopic turbulent diffusion.

the coefficient of molecular diffusion.

Dy

Turbulent burning theories, which are based on the

assumption of increased surface areas (Frocess i) above)

are given the name Surface or Wrinkled Flame Front Theories.
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The remaining theories, which have their foundation in

Frocesses ii) amd 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@poiht the front
of a laminar flame and consider its behaéiouf in 1§rge
scale turbulence. Under the influerce of thisg, the laminar
front is thought to undergo. fluctuating deformations, thus
bécoming wrinkled. The surface area of the turbulent flame,
Ar, is, therefore, considered to be greater than that of
the laminar flame, Ay, 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:

" Up - Ag
UL Aj,

The DamkOhler Theory.
" 115
Damkohler pioneered the theoretical work on turbu-

lent combustion. He considered sepsarately the presence of
both large-scalec, low intensity turbulence and small-scale,
nigh intensity turbulence but chose the former as the pre-
dominant effect. In comparison with laminar flow, he sug-
gested that the flame surface area was much increased by
the large-scale fluctuations but that the laminar transport
processes remained unaffected (see Fig. 4-26).

Because of the complex nature of the wrinkling, Damkghler
confined his expression for the turbulent burning velocity to
a proportional relationship with the Reynolds Number of the
flow as follows:

Up ¢ Re —--=-—so-——cvm—-o-- 4-2



By experiment, he derived the plot shown in Fig. 4-27

for propane-air flames. This is of the fora

Upr ='aj.Re + ap
for the linear part of the graph where 'ag'-is assumed to
be the influence of small-scale turbulence and 'ag' is the
slope. : : :

"To explain the influence of this microscobic turbulence
on the burning velocity DamkoOhler investigated the changes
in diffgsion and heat transfér with the Reynolds Number of
the flow since the small-scale turbulence was assﬁmed to
produce: no roughening of the flame surface. Using this

apprbach, he derived the expression

UT micro = £ -

where € is the eddy diffusivity.
and V is the kinematic viscosity.
This is of the form of equation 4~1. For further

details of DamkOhler's theory, see Refs. 118 and 25.

The Theory_of Shchelkin.

119
Shchelkin expanded Damkdhler's model but eventually

came fb §imilaer conclusions. He suggested that the breaking
up of the laminar flame front under large scale turbulence
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:

Up = Aversge cone surface atea_.___..-.- 4-d
Ug, average cone base area

The base area, bi, was taken to be proportional to the
square ‘of the scale of turbulence, L.
jes ®» = TT1?

A
4

108.
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and the height of the cone, h, was assumed proportional

to both the average fluctuating velocity, V'

, end the tine,

t, during which an element of the combustion wave was assoc-
iated with an eddy.moving in a direction normel to the wave.
Thus ,' ) - | \

t = L
UL,

LJa®
U

and

tJa?

From geometirical considerations of a cone, the following

i

relationship exists: : 1
e . — 2\ %2
Cone Surface Area = WL ’.4_ (f.'?_-g—-—)
4 Ul

when this was substituted into Equation 4-4, Shehelkin

obtained the expression

2
U_r.:-_—_ U f (2\‘_'2 ) R, M)

for the large scale turbulent burning velocity. From this,

it is clear that Up becomes practicelly independent of Ur,
for very large values of

For small scale turbulence, Shchelkin utilised the
following relationship from the early thermal theories of

laminar burning velocity (C‘ee Scction 4. 3):

where bCye is the reaction time.
and 1._ ig 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

expressions: %

U — 14.‘L AT‘ e e e e e e AL.S]

T-MICN t'(‘e
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which, on rearrangement, gives

Lir —— LJL (’l‘+;J%1;>Ié...._i.-;_ - 4-8

micto
\For further details on Shchelkin's Qork, see Refs.
119 and :25. | -

|
.
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A model of turbulent flame propagation proposed by
Karlovitzlzo is based on instantaneous schlieien photographs
of turbulent flames. The irregularities in the flame front
were seen as acute angles pointing towarﬂslthé prbducts of
combustion and rounded surfaces towards the unburnt gas.
Karlovitz assumed that the combustion wave was propsagated
only by those elements which were projected forward by the
turbulent fluctuations into the unburnt gzas. The-elements
left behind or sent in the opposite direction were not
considered.

The time of contact between an eddy of scale, L, and

the laminar flame front weas taken to be

t = L
UL

Assuming that the average displacement of an element in the

flame fromnt under the influence of the turbulent fluctuations

was V522) Karlovitz defined a turbulent movement velocity as

' v=* R T I et
= Y=

Because this velocity was Just congidered to fluctuate
backwards and forwards with no ﬁet movement of the reaction
zone apparent, it was supplemented by the laminar burning
velocity to allow for the propagation.

ices Up = U + U = o === 410



1.

Up = UPT + UL mmmemmemee- 4-10

- ! » : . -
This expression was transformed {by considerations

of the -theory of turbulent diffusion) into

J"‘( w(_ﬁ/u :B'w

For values of . large in relation to UL, thﬁ

Ur = :{2\/—'“

expression becomes

U, = ("'2)/2 A R )
and for U_ >> \/'l"‘

./-—lz 'l" U e ..----.....-...‘.-...4...(3

Karlov1tz flnally added a term to allow for the effects

of flame g;nerated turbulence (see Section 4.2. 1). ThlS was
2
estimated to be glven by the equation

.U
-—--—— |
for isotropic flow.

121
Leason also considered the effect produced when an

eddy passed through e laminar 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 relstion-

ship was obtained: !

Y%
S o\ > 4
YU — [ |+ (A a'z) R o
U U/

However, Leason found by experiment that the area

[ =]

extension alone did not account for all of the burning
velocity increace and he, therefore, added a diffusivity

factor based on the intensity of the turbulent field.
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Scurlock and Grover developed in detail the processes
‘that can produce wrinkling of the flame surface in turbulent
flow. Like Shchelkin and Léason, they éséumed that fhe
‘passage of en eddy through the undisturbed fiamé front
‘produced the wrinkling.. The menner of this wrinkling was
envisaged as is repfeéen%ed'in Fig. 4-30. ' '

It was assumed that the average height of the wrinkles
was proportional to the root mean sq&are'displadement

\/}—_é\ of a flame dement from the mean flame front position

and that the average base width was proportional to the
Bulerian scale of tﬁrbuience; LEg- |

An expression of the form

.
o [1a b (L) e

was developed 1n Wthh k3 is a constant.

Three effects were believed to be important in deter-

mining Y 72:-

i) eddy diffusion associated with turbulence in the
unburnt gases - this tends to increase Yg;
ii) the propagation of the flame into the unburnt gases
which tends to reduce T2,
iii) flame 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 Theorieg.

These theories and models were developed for the follow-

ing reasons:




i) there was great suspicion that the surface models
might not truly represent the actual conditions in
turbulent flames.

ii) it was noted that the concept of the ‘surface model

did nPt pesult from empirical data and was not sub-
s##ntiéted experimentally by subseQueﬁf iqvestigatiéns%

iii) the vﬁrtual i@possibility that, the sﬁrfgce area of:a :
turbulent flame could ipcrease to such an extent as
to satisfy the greater:part of the increase ﬁn f£lame
veiocity. - .. - .

iv) differences in the very nature of turbulent‘ﬁni leminar
flames. e.g. the-surfaée‘models (which are fundemen-
telly based on the concept of laminer burning veloc-
itieg) do not represent the characteristic feature
of turbulent motion viz. the continuous mixing through
eddy diffusion.

- v} the fect that ionization currents are greater in

turbulent than in laminar flameso

The eddy Giffusion i; turbulent flow is thought to
inerease the transport properties of the two basic mechanigms
of fiame gpropegation viz. the thermal and diffusional mech-
anisms. An enlarged discussion of the influences of these
ig given in Section 4.3 in comnection with laminar flame
propagation. Thus both the heat transfer and the mass
transfer of active particles and radicels from the -burnt
to the unburnt gas, and vice versa, across the flame frent
sre increased. The heat transfer increase is a direct
result of the thermal conductivity of the fluid being in-
creased, which quantity is proportional to the density

and the velocity of the fluid motion and the scale of its

3.
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where

Dp 1is the coefficient of turbulent diffusion.
ef, 1s the laminar fleme front thickness.

= |

er is the turbulent flame front thickness.

The turbulent flaﬁe fronﬁ is thus consideréd té be . a
uhifiedtand continuous-waveG just as in the iaminarlcasé,
but made thicker by the ection of the increased.heat and
active particle transportation due to the turbulent dif-
fusion.

The Theory_of Sokolik.
123,115

.Sokolik envisages the turbulent fleme front
as & number of microvolumes, tge composition, temperature
and reaction rate of which depelrﬁ on the influence amnd the
degree of turbulent diffusion. The individual microvolumes
are assumed to consist of mixtures of partisl and total
combustion products and fresh gases. When these small
mixtures are more or less completely burnt, there is con-
cidered to be a local extinction of the flame in the heart
of the microvolumes.

Sokolik proposes the following expression for the
speed of propagstion under these conditions:

Llr = JEE;\-tL; s L 4.-177
t kL

in which
Vazigis the turbulence intensity.
t{ is the autoignition delay period.
eand t;, 1s the characterigtic tiﬁe of defining the Lagrange

scale, Ly, of turbulences

It is clear that Sokolik's approach results in the

cpeed of turbulent flame propagation being indeprendernt of




the laminar burning velocity.

The Model of Shchetinkov.

S e SAE dme . G Gmm e wmy Al mmm wa

Shchetlnkov propesed that an analysis of the processes
occurrlng in a turbulent'flame must consider both the increase

in the surface ares of the flame front and the volume combus—

tion of the unburnt mlxture by comblnation with combustlon

products w1th1n 1nd1V1dua1 eddles.

[,

On this besis, he formulated the hypothesis that turbulent

flucﬁuations earry out bdrnt end partielly burnt eddies from
the interior of the combustion zone. These then ignite
adjaeent eddies conteining fresﬁ_gas ﬁhich begin to burn
at their surfaces or at parts of their surfaces. It is
considefed that surface combustion predominates at the begin-
ning of the combustion zone whilst volume combustion is most
in evidence et the end of the zone. Because of the genersal
lack of detsiled knowledge on turbulent combustion however,
Shchetinkov simplified this basgsic comprehensive model by
ignoring the suriace mechanisme

He then propoced that the burning eddies, which are
projected ahead of the flame front by fluctuations, fail
to ignite the neighbouring fresh gas eddies but, instead,
mix with them and increase their temperaturee. The rate of
the volume reaction which ensues depends on the initial
temperatures within the eddies and on the concentretions
of active particles and redicals present. Eddies are thus
thought to exist close to each other in the unburnt, the
burnt and the still burninz states.

Shchetinkov's final simplified model is seen to clogely

resenble thet of Sokolik described previouslye.



Summary.

In summary of the foregoing review ¢f turbulent com-
bustion models end theories, it can bé ciearly:concluded
-{hat, at the present time, no theoreticel expression exists
which satisfies all the reqaireaa*aShéhetinkov's comprehen-
sive model (in which both the surface and the volume mechen-
isms'are_gonsidered to be important) is probably the most
accurate hypothesis of the prOCesées involved in turbulent
flame propagation but the degrees of influence of these two
mechanisms need much greater clarificatione. Also required
is a knowledge of:

i) the relationship betWeen-thé siée and velocities of
the eddies present in a given turbulent field.

ii) the indiviaual effects of these on flame propagation.

4.2.5. EXPERIMENTATION ON COMBUSTION IN TURBULENT FLOW.

Attention is now 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) isg pre-
dominant in turbulent combustion and which should be utilised
in deriving an expression to calculate the burnins velocities
of the charge in the Renault combustion champer. In co;iec—
tion with this, the work of Sokolik, Karpov and Semenov ?
deserves particular attention.

These workers proved conclugively that turbulent conm-
bustion must not be associeted with laminar combustion as

is, in fact, assumed in the Surface models. The initisl

=7,



aims of their work were, however, to determines

i) the reletionship between the velocities of turbulent

Eanci lamiﬁar flamesge.

ii) - the justification in assuming the mechanism of flame

-prqpagation to be similér in the two types of flames. ,

The ir instrumentation and apparatus has already beén

descpibed in Section 4.2.3 and results from their work in-

dicate thets

a) within similar volumes, combustion in a turbulent flame

b)

givesja considerably lower increase in pressure than
does combustion in a laminar fleme. This is attributed
to combustion extending over quite large reaction
zbnes‘in turbulent flames whereas,.in lapminar flames, .
it is completed in & very narrow zone (see Fig.4-31115).
the tﬁrbulent combustion velocity is determined by the
combustion tempereture and the chemical reaction rate
in the flame., end not by the laminar burning velocity.
This cenclusion was drawn from experiments performed
with stoichiometric burning mixtures of oxygen sedhvvith
propane,methane and hydrogen, when these were diluted
with identicel Quantities of argon end helium. The
resulting mixtures yielded flames with identical com-
bustion temperastures 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 & wide range of turbulence
intensities. (see Fig. 4-32). This figure also shows

e reduction in the velocity of turbulent combustion
when a certain value of the intensity was exceeded.

A partiel extinction of the turbulent fleme in certain

e,




TABLE 4 = A
!

"MIXTORE COMBUSTION  LAMINAR SYMBOLS

TEMPERATURE BURNING IN
(0K.) VELOCITY FIG. 4-32
. (metres/sec)

C3Hg + 502 + 184 2500 0.8 1
Cc3H8 + 502 + 18He 2500 1.4 2
CH4 + 202 + 4.94 2500 . 0.7 3
C3HG + 502 + 28.54 2150 0.45 4
C3H8 + 502 + 28.5He 215 0.74 5
2H2 + Op + 174 1650 0.29 6
2H2 + 02 + 17He 1650 0.7 7
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eddies could be the reason for thise.

The independence of the turbulent burning velocity
of the leminar velocity was confirmed by experiments with
hydrogen-eir flames (see Fig. 4-33). At rich mixtures with
‘these flames, the laminar velocity, Ur, increased when the
combustibn temperature was redu@ed;ﬂ The'reaspn for this
was “thought to be that the therﬁal-conductivify of the'
mixture increased. At the same time, however, the turbulent
‘combustion velocity diminished.  These observations reflect
the fact that turbulent diffusién, with which tufbulent
combustion is linked, is not connected with moleculsr dif-
fusion on which laminar combustion depends.

Such discrepancies between the equivalence ratios at
which the meximum laminar and turbulent burning velocities
occur (see Fig. 4-33) have also been noted by Wghl et 1127,
In butane-air mixtures, these workers report a slight shift
of the meximum burning velocity towards the richer mixtures
with increasing turbulernce.

Sokolik, Karpov and Semenov also considered possible
differences between laminar and turbulent ccmbustion from
the viewpoint of the different relationships existing between
the velocities of comuustion and the rates of reaction,

in the two types of flame. These were Known to be of the

form
UL_“ /w . . . . R .4_{?
and _
UTOC [ T . Ay X =,
Thus, for the Surface models of turbulent flame propa-
ga‘tion,

Llr =4 U[ZI;\ N e
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and, for the volume combustion theories,
U_r L A & S R R LI - 4 |

Verification of which of these two alternative mechanisms
'in EQuations 4-20 am 4-21 is valid was made by the method of
‘macrokKinetic ?hafacteristics. This epproach became Guite
involved ‘and the reader is referred to the actual work}ls
for greater detaii. A brief summary is only given here.

A ppoportional relationship for the turbulent burning
velocity'was derived which involved the assumption that the
reaction time, tpe)depends on the pressure and the tempera-
ture of combustion in the microvolume as

tre ¢ P(1.4-Q) exp (E /RT) = =---- | 422
where q is the reaction orders

Thus,

Ur = _LL, oK S
tre tre

so that
vp o p(A-1.4). exp (-E /RT) ---  4~23
For laminer combustion, similarly, a sGuare-root pro-

portional relationship of the form derived'by Zeldovich

126
and¢ Frank-Kemenetsky was used.
i.e. q
(2 - 1)
Uy, &< B. P ( . exp (-E/2RT) -- 4-24

where B is a multiplier which takes account of all the non-
Arrhenius functions of tempersature.

The macrokinetic characteristics of such reactions
were taken to be the energy of activation, E, and the re-
action order, 9. However, because G is considerably affected
by the scale of the turbulence, which is itself rather

incefinité, only E was considered a reliable kinetic character-



istics Two methods of determining these macrokinetic char-
acteristics were useds:

i) from chenges in the laminar end turbulent burning
‘velocities with combustion temperature and 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 cal/mole . and 2.0 in
laminar combustion.

ii) by calculating velues of the reaction time, tre,
from measurements of the time between the instamts
of ipitiation and decay of ionization currents in
propane-air flames. This technique was used fér
both leminar and turbulent flames under two sets
of conditions: |

a) at constant combustion temperature and varying
pressure.
b) "at constant pressure and varying combustion

temperature.

For turbulent combustion, £ was calculated to be 17000
cal/mole and q was 2.0 and, for leminar combustion, E was
21000-25000 cel/mole and Q@ 1.4 to 1.6.

Thus, the mecrokinetic charascteristics for both methods

were found to be in close agreement. Even for grest differ-
ences in the propagation distinguishing features of laminar
and turbulent flemes therefore,; results indicated virtually
identical mcchanisms of reaction in flames of the two types
and ecuality of the overall reaétion rates. Semenov and

co-workers thus considered it proved that

Ul ¢ V o
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and also that the Surface models of turbulent combustion

are groundless.

" The technique of jonization current measurements in
this reviewed WOrkll5 yielded some most.interestihg observ-
" ations' o "the structure of a turbulent combustion zone.
Two tyﬁes of fluctuation of the ionization current Qere'
recorded (see Fig. 4-34):

i) one, of period €1, corresponded in frequency to the
microturbulent fluctuations and, fhereforé; to the
intensity of turbulent diffusion.

ii) the other, of period 62, corresponded to the macro-
scale of turbulence amd defined the instants of the
beginning and decay of the ionization current (and,
consequently, the beginning and disappearance of

the ignition reactions themselves).

In thecse oscillograms of turbulent ionization currents,
@2 can be hypothesized as beinz the time intervals in the
pacsage of microvolumes of gas, surrounded by ignition re-
actions, passed a stationary ionization detector. (Fig.
4-35). On this 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 in Fig. 4-36. This is taken
from the work of SokolikleB. It is seen that there ic a
sudden inereasse in the ionization current which then drops

slowly to an equilibrium value. The duration of the reaction

within the flame ig represented only by the current rise-



time, t1. The fall-off time, tp, is mainly determined by
the rate of recombination of the active particles formed

in the reaction zone. .The laminar reaction zone thickness,

€1, can be calculated from such an oscillogram by the eqQua-

tion
eLf = ty3. T é ———————— 4-25 -

where U is the average:flow velocity in the flame zone. -

4.2.6. SUMMARY.

-.Frod thé'fbregoing anﬁlysis of turbulence and turbulent

fleme propagation, it is clear that it is virtually impos-
sible at present tb cohcei#e of an accurate theory éhi'éx-
pression for the rate of turbulent flame propagastion which
takes account of all the variables. It_appears alsc thgt
the Surface or Wrinkled flame front theories of turbulent
combustion ére fundamentally unsound since experimentation
has revealed that the Volume combustion theories contain
more of the noted mechanisms involved in the propagation
of such flamese

In this work, the desirability of usinzg a turbulent
Volume combustion theory (to express the rate of flame
propagation in the enzine under consideration) is frustrated
ag no direct measurements of air currents in the combustion
space were made. In addition, certain time constant values
are reduired, (see Bdyuetion 4-17), the esttainment of which
are beyond the scope of this work. Resort has, thus, to be
made to a Surface theory of turbulent combustion. In this,
it is necessary to use a laminar Burning velocity expregsion
which must then be multiplied by a term to allow for the

varying effects of turbulence and swirl in the engine.

R4,



4.3. THE DEVELOPMENT OF AN EXPRESSION FOR :THE RATE

OF TURBULENT FLAME PROPAGATION 'IN THE RENAULT

ENGINE _COMBUSTION CHAMBER BASED ON\ A 'SURFACE
MODEL,__OF _COMBUSTION. S

As Justsst ated in Section 4.2.6. the rat‘e 31; which
the flame propagetes 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, Kp. Thus,

Up = Kp x U --eeeeee- — 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
expression. This predominantly means the level of turbu-
lence and swirl in the chamber. Section 4.3.2 contains a
more detailsd account of this in addition to a description
of the manner in which the vslue of K¢ is calculated, bear-
ing in mind that no actual measurements of turbulenéé were
made.

First of all, however, a review of the more important
aspects and theories of laminar fleme propsgation is given
and this includes a detailed account of the derivation of

the theory used in this work.

4.3.,1. THEQRIES OF L4MINAR FLAME PROPAGATION.

Although many of the physical anc chemical processes
involved in steady state, laminar flame propagation have

been recognized in recent years, major difficulties still

125.



1Rb.

remain in the problem of describing such flames. These are
generally of two kindss
i) ignorance of.the details of the chemical. processes
actually occurring.
ii) the inab%lit& to hgndle satisfactorily the complex
A mathemat{calieduations which must be used to adequately
defiﬁe the s}steﬁ. This ﬁifficulty has 5een eased in:
recent years by the advent of digital computers.

127 _ . L
Evans gives a review of the fundamental laws which

should form the basis of laeminar flame propagation theory.
From this, it is clear that contributions from the fields

of fluid dynamics, chemistry and mathemsastics are required

for an effective solution. Certain difficulties are en-
countereds however, in attempting to satisfy all the require-
ments of thése-fundamental laws.. These arise through attempt-
ing to comprehensively describe a laminar burning process
when the reaction rate is a function of both the temperatﬁre
and the concentrations of the components taking part in the
reaction. The expression for the dependence of the reaction
rate, w, on temperature and pressure has been found to vary
according to the indivicdual reaction but, in general, it is

of the forms:

w = B, .Q,xp(—-E/RT) g,“'ﬂ:z" e e
where ——————g 27
B1 is a constant
o¢. represents the number of molecules of species i in-
volved in the reaction. |
and gi are the concentrations of the i'th components present.

The majority of combustion processes consist of a sei of

reactions proceeding simultaneously, and include not only the
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molecules of the original components bet also intermediate
active perticles and radicals. Ideally, it is necessary
to have a knowledge of all these ‘reactions occurring 1n the
flame and of the dependence of thelr rates on the temper-
ature and on the concentratlon of the reacting species.
Studies of chemical klnetlcs 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 ﬁend ﬁo emphasize one aspect of
“the mechanism of flame propagation to the relative exclusion
of the other.

Based on this, two limiting mechanisms for laminar
flame propagation are conceived:

a) the thermal mechanism.

b) the diffusional mechanism.
heat conduction is the most important physical process
involved in the transfer of the reaction zone from one
layer of gas to the next. Diffusion processes are not
considered and the concentration of a given component at

a point is assumed to be governed only by flow and reaction

velocity is determined principally by diffusional processess
It is postulateG that active particles and radicals (Eege
H, O and OH), produced by dissociation in the hot burnt

geses and by chain branching, diffuse into the fresh gas

and cause it to react explosively.
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Thermal Theories of Laminar Flame Propagation.

As Jjust stated, flame propagation is here assumed
to be caused by heat conduction from the burnt to the un-
bﬁrnt gas. The tempergture:of_the unburnt gas.is cgnsidered
to be réised to a point at ﬁhichgit'ignites and'reléases the
chemical energy stored in the fuel. The products of combus-
tion then cool as they transfer heat to the yet unburnt:
mixture ahead of the flame front. (éee Fig. 4=37).

Very often, thermal theories use the concept of an:
nignition temperature," Ti, as the point at which the:un-
burnt gas instantaneously ignites. With these theoriés,
the zone preceding this point is called the preheating
zone and the zone following it is called the reaction zone

128,129,130,20
(Fig. 4-37). The 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
ig libereted. The reaction rate was also assumed to be
discontinQOus at the ignition point jumpinz from zero in
ithe preheating zone to a finite value in the reaction zone.
Moreover, it was often assumed to maintain a constant value
in the reaction zone as the temperature increased from Ti
to Tg (see Fig. 4-37) where Tg is the flame temperature.
In view of the present conception of the dependence of the
reaction rate on temperature (see EGuation 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 Eemperature is no longer regarded
_ aé a characteristiq_phyéicai constant of the mixture an@

" an explicit statement of the expression for the reactien

129,

rate is often avoided by the substitution of an experimentally

- determined value for the thickness of the reaction zone.
Among the laminar burning velocity theories based on

the thermal mechanism are thoge of:

. 20 .
i) Mallard end Le Chatelier .
134
ii) Nusselt .
129,130
iii) Jouget and Crussard .
128
iv) . Daniell .
n 135
v) Damkohler .
- 136
vi) Bechert .
131,132
vii) Bartholomé .
137

viii) ZEmmons, Herr and Strong .

The Mallard and Le Chatelier ecuation is the original
and most freGuently quoted of these. Its derivation and
application to burning velocity predictions is described
in Appendix 2. This iz the theory used by Phillipps am
Ormanl9 in their computer simulation of combustion in the
ficardo 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.



b) a reaction zone thickness is involved. Begides the
difficulties associated with obtaining thig quantity,
it is in itself a poor:way of accounting for the re-
action rate. _ . _

¢) the variation in‘the ourning velocity with unburnt
gas temperature fof prqpanéfair fla@es as predicted
by this theory with that-observed experimentally by
Dugger and Heimelz5’138 is not all that good (see
Fig.. 4-40).

A review of the derivations of the remaining thermal

. o : 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.
The ce eQuations are based to some degree on speculation
but they do follow from considerations of flame structure
and the possible influence of a émall concentration of
reaction-chain initiators on the rate of the chemical re-
action and, subsequently; on the process of flame propaga=-
tion.

The reasoning for a diffusional mechanism begins with
the assumption tinat potential oxidation cheain carriers
(e+ge Hy O and CH) are present in the fleme front in thermo-
dynamic ecuilibrium concentrations for the flame temperatur

139 '
or the mean reaction zone temperature o It is known that
hydrogen atoms are by far the lightest and, thus, the fastest
of all active particles being nearly four times as fast as

38,142 .
any other . Beceuse such particles ac these diffuse

[130.
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rap;dly, 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 eguilibrium
concentration for that region. A concentration profile'
similar to that shown in Fig. 4-38 for H atoms is therefore \
aSsumeﬁ té exist. |

These active particles react rapidly even in the un-
burnt gas. This is because chemical reactions involving
- atoms gndjfree radicals generally have low energies of.
activation, i.e. the reaction rate is not very dependent
. on the temperature. Thus, these particles are considered
to serﬁe és initiators of the oxidafion 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 et the flame temperature.

The demarcation of the flame zone into two zones,
which is often used in thermal flame theory consideretions,
is still arpliceble in thesge diffusion theories. The in-
duction period for the reaction is now charsacterized, however,
by the s&ccumulation, through diffusion, of ective particles.
At the point of ignition, the concentrations of these and
the reaction velocities of the intermeciate reactions have
become so lerge that the combustion reasction suddenly begins.

The following theories are bsged on the diffusionsl
mechanism of flame propagetion:

139,140,141
i) The Theory of Tanforg4§nd Peace

ii) The Theory of Hanson
144

iii) The Theory of Van Tiggelen -
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iv) The Theory of Gaydon and Wolfhard145
v) The Theory of Bartholomel46
. By fer the most well-known of these are the Theories
of Taﬁford aiﬁ Pease, ana ﬁanson. Tﬁeir derivations are
described iﬁ Appendiées § an? 4 }espéctively. Neither
wasjuséd‘in this work.hOWeve¥. %or ihe Tanford and'Péase
thedry; £hiS.WaS becauses - |
a) there was a general prediction in the literature that
the Semenov bi-molecular théory'is more'éccurate.
This theory is described later.
b) its accuracy of prediction is quite poor ‘over the
' ‘ ' ' 14?,145 '
entire equivalence retio range .
¢) it' requires detailed knowledge on the rate constants
for the reactions which are occurring. These can only
be obtained from observations on burning velocities
and no iniormation cculd be found on the laminar burn-

ing velocities at the temperatures and pressures which

occur during the comoustion processes in peirol engines.

The lienson theory was not used to predict laminar
burning velccities in this work becauge:

a) the postulated analytical model of the combustion
process (see Chapter 3) assumes thet no pressure
gradients exist in the combustion chamber. The Hanson
theory, however, is based on there being & small pressure
drop across the flame front.

b) when the total range of eGuivelence ratio data is

147,148
congidered, the accuracy of prediction is quite poor .



Comprehensive Theories of Laminar Flame Propsagation..

These theories attempt to account for both the thermal
and the diffusional mechanisms since it is & reasonsble hy-
pbthesis that, in reality, boih_ﬁre‘inVolvéda fStrictly
speaking, with these theories it is necessary to identify
each chemical specie occurring during the combustion re-
action and to know all its physicel:and thermodynemic 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 €ege

149 150 27
azo-methane 4, nitric oxide and ozone .
The most well-known of the comprehensive theories
ere those of:
27
i) Lewis and Von Elbe .
151
'ii) Boys and Corner .
152
iii) Hirschfelder and Curtiss .
126
iv) Zeldovich, Frank-Kamenetsky and Semenov .

A detailed survey of Theories i), ii) and iii) is
given in Ref. 127 together with references to the original
works.

Theory iv) will, however, be discussed et some length
as it is the one used in the computer enalytical model in

16
this work. Semenov has presented the derivation of this

eGuetion in detail and, consequently, it is now widely

known as the Semenov theory.

— o S W e

Zeldovich amd Frank-Kamenetsky derived an equation

133,




for flame velocity predictions, the initial basic eQuations
of which were quite comprehensive. In itg final, simpli-
fied form, ﬁowever, it includes the diffusion of fuel mole-
cules but nqt free atoms and radicals. As a re'sult, it
tends to emphasize the thermal mechanism. The original
full'defivaﬁioﬁ*of this theory is given in B@f. 16 whilst -
Refs. 25, 15 and 127 review this defivatioh. .

,Avsecond-order, bi-molecular reaction is considered.
This: is: in accord with some other reported work on flame
propagafion:in ﬁhieh the reaction betweeﬁ a hydroéarbon
fuel and air is treated as such. Clarkeaé 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 (seé Fig. 4-39). The reaction is propegated solely
by the:heating of the unburnt gas in the preheat zone,

initially at tempereture Ty, to & temperature T4, at which

134

point the reaction begins. This is taken to occur completely

in the reaction zone wherein the temperature is raised to Tg.

The width of this zone is 'd' and beyond it no further re-
action occurse.
The general ecuation for a bi-moleculer, secornd-order
reaction is
w = Cpy. Cogy+ WeZs exp (-E/RT) =-=-- 428
in which
Cr, 1is the comncentration of fuel in the unburnt mixture

(molecules/cm3).

Co2y is the concentration of oxygen in the unburnt mixture

(molecules/cm3) .

¥ is a steric or probebility factor which allows for

the geometry of collision between two reacting species



Z 1is an impact coefficient (no. of collisions/cm3sec).

In the Semenov theory, an ignltlon temperature is

used only as a mathematlcal dev1ce for approx1mate compu-

tatlons. Semenov assume s that thls ignition temperature

is near the flame temperature. By\approx1mations, the

ignition temperature is entlrely ellmlnated from the fipal

135,

eGuation thus meking the eQuetlon more useful thaxlthe previous

OrleS »

The foliowing assumptions are made in addition:fo that

regarding the ignition temperature:

i)
ii)
iii)

iv)

o)

vi)

vii)

the'pfessure is constant.
the total number of molecules is constante.

the specific heat at constent pressure, Cp, and

the thermal conductivity,,a) are constant in the

reaction zone. |

Thermal dlfqulY@a A is equal to moleculer diffus-
Cpf’

ivity, D.

Below Y3, the reaction rate, cv,is zero.

In the reaction zone, the convection term in the

energy balence eCuation is small with respect to

the conduction and heat generation terme.

Diffusion is importent only as it affects energy

balance.

The basic etuations which aepply to the reaction zone

DfdaK — MO(K 4+ W = O -l

ol=* ol
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where

Cow — Ce
TR ?

and M is the mass rate of flow (gm/cm2sec).

The Energy EQuation.

\_X_d’[_p ...-MO{U 3w — O i s 4 BO
Cp Tdx* ol? - ) S L
‘where : :

Y=cp. (g~ Tu) / &
and Qy is the Heat of the Reaction (cal/mole of reactant).

The Equetion of State.

TR 1
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The boundary conditions for these eQuations are (see

i
A
-

I

Fig. 4-39):
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If &= over the entire resction zone, Eduations
4-29 and 4-30 are identical in form and have identical
solutions (see assumption iv) above). That is,

Cp. T + Cg. % = CB.Tu + Cfy. Yy = Cp. TB -~== 4-35
- {2

This means that the sum of the thermal and chemical
energies per unit mass of mixture is constarnt in the re-
action zone. ‘Thus, the differential eCuation 4-29 can
be replaced by the algebraic eGuation 4-35. Only the
differential eQuation 4-30 must ﬁow be solved.

In light of assumption vi), this eQuation can now

be written

n
Q
|
]

!

1
I
1
L
o

32T 4+ w.9
ax< A v




where,
atx=0’T=Ti
and

at x=4d, T=1Tg

in the preheat zone,cu 0 according to assumptlon v)

and the energy eQuatlon becomes

A.d2T - MAT = O m—————- '4-37i
Cp ax? ax
wheret |
at x = ~-o0, T=T,
and _ o _
at x = 0, T =Ty

The condition which determines the value of *M' is
that the heat transferred from the reaction zone to the
preheat zone is equel to that received by this latter zone.

That is,

n

at x o,
dT) =
YU

(dT) ——--  4-38
Preheat (dx) 3

UReaction

—~~
ﬁlra

Solving EQuations 4-36 and 4-37 and eGuating their
derivatives according to ECuation 4-38, the following ex-

precsion is obteined:

M / 22T A
U = M =
-|O CP-‘Pu (TB—TU-)

u
where
y Tg | Tx
T = <&~ w. T = = w.dT
fu Tu £

Since Ty is assumed to be mear Tg, the reaction rate
equation 4-28 can be approximated in order to facilitate

the integration of EQuation 4-39. The approximate equation

1377



138

is:
w = Cf Cop, ¥Z exp (-E/RTg) exp (-G‘E/RTaa) m——= 440
where
S =T - T
From EQuation 4-35, o : \

€t = Ta & o | edie 4-41

EEE ) TzTB'tFuj-_'

Semenov suggests that, for lean mixtures, the concen-
tration of O2 in the reaction zone can be approximeted by

its value in the combustion products. This Quantity is:

002 = Tu (

o T (1-00- G
(

—eme 4242

o
Hh
s
l—3l !
o
St N S N
Bt St N S o

where ¢ is the equivalence ratio.
25
Dugger and Simon have performed the integration of
EQuetion 4-39 in an epproximate manner. Their results

ares

Tg
f w. T =2 C:E,e££ : Co,,e££-WZ- E’é’gz_ exp (—E/RTB)
=]
where 4.-43

Clefr and‘Cogeff are the effective mean concentrations
of fuel and oxygen in the reasction zone (molecules/cm3)
For rich mixtures (¢>!),

Cfeff = Cfu. %. El - |"Z¢'F ;

)
) "
£t u’ =
TR )
and, for lean mixtures (¢<J),
Cfeps = Cfy- Ty. £
TB a—m 4-45

N N St St N N

COzese = Cozyr 78° £ 1 -$C 1 -F)

N N

In these eGuations,
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2
P s
------------- 4-456
- The quantity, Z, is proportional to the square root :
25

of temperature amd is given by Dugger and Simon  ass

Z2 = (deolg + deolgo) \/ _ETRT. (M + Moa)
, At 22) . 2 R T

in which
deo1 is the effective collision diameter. (cm)
M is the Molecular weight.
A is Avogadro's Number‘(6.025 x 1023 molecules/gm—mdle)

It does, in fact, repreﬁent the toteal number:of}colQ
lisions per unit time and volume between the fuel amd oxygen
molecules.

Semenov later relaxes some of the regtrictions in
assumptions ii), iii) and iv) so that

7

Tg 9
a) the number of moles of products, ¥, to reactants, ¥,

can be given by the ratio My/¥p in the stoichiometric

equation.

b) R. is allowed to have the vsalue ,ls in the reaction
Cp CPp
zone.

c) /]Olc- allowed to assume any concstant value - not
Cp

necessurily unity.
With the above considerations included, the final
equatién for the laminar flame propagation velocity of
a second-order, bi-molecular reaction according to Semenov's

method is:
U = (u)___ﬁ__ 2.)\33 WZC_Eu(I'_'"__) exp( E/RT)
L Cp D .fig C}% @ (ﬁf&ﬁi_)
(:ozu st

8

T———4-47



where

(Cey )
écozugst is the stoichiometric fuel-oxygen retio.

For lean mixtures, the term El - 1.5;15 replaced

by (1 -4€1-8) ).

For stoichiometric mixtures (¢¥=]J: it becomesg

simply ¥ .
' L 25
In using Eduation 4-47, Dugger and Simon  suggest .
" that | D
A=(p + 5, A
( L 43) M
and D = 1.336. _AL |

where & is the viscosity (gm/cm sec)
and M is the molecular weight.

The remaining properties are calculated by interpol-
ation from thermodynamic tebles. Because of the assuap-
tions involved in the integration, Semenov c¢oncluded that,
for a bi-molecular reaction, EQuetion 4~47 is only valid
for values of IiT..Bl’-"‘- O.l. However, recent investigations
have demonstratgd its reliability for values of RTB/E up
to 0.15.

This theory was uged 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 availsble. A slight drawback to its
use is that it dictates thet pressure has no effect on

153,154,

the burning velocity whereas it has been reported

155,156

in some inctances to have a very slight effect.

14.0.
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In Fig. 4-40, & 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 1l.135 was used. On the same
fgraph is plotted burning velocitles calculated from the
" Mellard end Le Chatelier Thermal theory (see Appendix 2).
The sgreement with experimental results is seen to be much
"better with Semenov. | |
Data oﬁ experimental burﬁing velocities of benzene
~and iso-octane over a range of eQuivalence ratios end un-
burnt gas temperatures ié 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 eSGuation.

The agreement is geen to be Quite good.

UNBURNT BURNT EQUIVALENCE EXPERIMENTAL SEMENCV
GAS TEMP. GAS TEMP. ?ATI? BURN%NG VEL?CITY BURN%NG VEL?” 1Y
Q 0 seC CM/SeEC
311 2285 1.05 34.9 34.6
422 2337 1.05 6l.6 56.8

In Ref. 157 also, the following results appear for
some bDenzene experimental measurements. A4Ageln, these are
compared with the Semenov predicted values and the agree-

ment is seen to be guite good 10 an average accuracy of 6%.

UNBURNT BURNT BEQUIVALENCE  EXPERIMENTAL SELENOV

GAS TEMF. GaS _TEWMP. RATTIO BURNING VELOCITY BURNING VELOCTIT}
(%K) (9K) (g ) (¢cm/sec) (cm/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 unburmt mixture
do ‘not differ eppreciably from those of air. In addition,
the activation‘energies of propane iso-octane, arxl benzene

. _ 158
mixtures are taken to be 40000 calories/mole .

4.3.2. THE DERIVATION OF AN EXPRESSION TO ALLOW
- FOR_THE EFFECTS OF TURBULENCE AND SWIRL

ON_THE BURNING VELOCITY.

The correction factor, Kp, in EQuetion 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 burhing velocity expression
(EGuation 4-47). These imvolve 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 very withs

i) engine speed

ii ) piéton movement
~iii) throttling
iv) compression ratio
v) inlet pipe tuning effects
159

Patterson and Van Wylen suggest that the values
of Kp be estimated from experimental pressure-time diagrams
for the particular engine umer qonsideration when running
under known conditions. Although such an approach ceaters
in an indirect manner for the varying effects on the laminer
burning velocity of most of the factors listed in i) to v)

above , it was not used in this work since it was not con=-

143,




sidered to be very realistic owing to its inherent trial
and error nature.

160 :
is based on the

A method suggésted by Spald&ng
Reynolds Number of the flow in the combustion chember which
he defined as | __-‘ . : :
Re = _ ;Eb'a ' S SV 4-48

tstr. & S
in which o
. b-is the engine bore (em)

tstr is the time (seconds) for: the piston to travel from

B.D.CQ tO T.D.CI

Using this expression, the following values were cal-

culated for the Renault engine:

Engine Speed Reynolds
rev/min Number
11000 30000
3000 98000
4500 - 147500
It was proposed that such Reynolds Number calcula}igns be
incorporated either into the results of Damkohler (see

161
Section 4.2.4) or into those of Bollincer and Williams .

DamkGhler found that, for propane-oxygen flames, at Reynolds
Numbers between 5000 and 18000, the following relationship
held (see Fig. 4-27):

Ur = 1.79 + 0.0001. Re = =-—m-=w- 4-49
UL, .

Bollinger and Williams, on the other hand, proposed a re-
lationship of the form:

Up = 1 + 0.0002 Re  ==-m=-=== 450
UL

143,
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for propane-air mixtures at Reynolds Numbers between 2000
and 35000. The different responses to turbulence in the
twe expressions are thought to be due to the two different
reagents used to oxidize the fuel. |

It should be noted that the flow becomes lamlnar at
Reynolds Numbers be low about 2000 (see Flg. 4~ 2?). As a
result, there is a dlscontlnuity in the relatlonshlp between

UT and Re at this point. This Reynolds Number value corres-
UL

poﬁds io the Renault engine runﬁing at'éb rev/min, however,
which is far removed from its usual operatlng range. The
dlucontlnulty can, thus, be safely d1 counted if this method
is used. It was, in fact, not usedlfor the following reasons:
a) the very arbitrary nature of %he Reynolds Number
definition in EQuation 4-48. |
b) because the relationships in Equations 4-49 and 4-50
only apply withip the Reynolds Number ranges stated.
The maximum Reynolds Number value was 35000 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 range which extends up to 4500 rev/min.

The method actuslly adopted is based on the work of
Harrow and Orman31 ard used in the cycle simulation of
Phillipps and Orman19- It involves measurements of flame
' gpeed in the combustion chamber between two ionization
probes (see Fig. 4-41). ,

The principle of this technique stems from the fect

that active particle concentrations in the flame front are

greater than both those in the already burnt combustion
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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-
reni otarfs to floﬁ. ConseOuently, flame arrival times at a
probe or probes can be recorded on any suitably available
equlpment e.g. an 0501lloscope.

' The usefulness of flame speed measurements over the
engine's speed range lies in the fact that they give an
ipdicatioﬁ of the gas velocities which are present in the
combustion Ehamber during normal operation. Such indications
are'oﬁly #eliable, however, when the other'parameters which
affect flame speeds (e.g. air/fuel ratio, compression retio,
sparﬁ-timing etc.) are kept constant. Thus, by observing
the flame travel times between two ionization probes (one
{ionization probe 1) ciose (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. 4-41) over
the Renault engirme's speed range at constant valueg of
ai;/fuel ratio, compression ratio, spark timing and et full
throttle, it was possible to evaluste the manner in which
the gas velocities in the combustion chamber vary with engine
speed.

If measurements were to be confined to the total time
taken for the flame to propegate 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 process when
it is travelling much faster. Thus, in attempting to deter-

mine the varistion in the gas velocities with engine speed



by these techniques, it is desirable to eliminate from the
overall flame travel times the varying effects of the 'delay
periods' just after ignition and the periods. at the end of
the combustion process when the flame is slowing down.
These are the reasons for iénization probes i end 2 being
- in the positions they are (éee-Fig. 4-41). j

. Knowing the distance between the twa prébes (68.5 mm)
and the flame travel times between them over a range of
engine speeds, it is possible to calculate both 'apparent
flame speed' amd 'epparent delay period' valﬁes. True
estimates of these Guantities cannot. be made. because the
actual path and length of the flame travel between the
probes is not known. A method of calculating these apparent
values has been cuggested by Harrow ani Orman l. It ignores
any flame accelerations between the probes and thereby
assumes a steady velocity over the whole flame path. The

following expressions are proposed:

1l
VFs =X - X3 emeoo 4-51
tb2 - tby
and
LI 1 — .
Lo = X2 tol - xltb2 _________ 4-52
*2 - X1
where
1
VFs = apparent flame speed (cm/sec)
TOl = apparent delay period (seconds)
X1x2 = distances from the spark plug to the ionization

probes 1 and 2 (see Fig. 4-41).
thy,tpp = mean flame travel times to the ionization probes

1 and 2

146.
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Details of the instrumentation used in measurements
of the mean flame travel times in this work are given in
Appendix 5. A general view of the ‘engine layout and instru-
mentation set up appears in Fig. 4-42. Figs. 4-43 and 4-44
show typicgl qscillograms obtained; A polaroid éamera'was l x
'ﬁsea fbr.thesé. The reference signal at the top in the se
photographs is the one coming from the sparking plug whilst
the signals on the middle amd bottom limes correspond re-
spe!ctiively. to those from ionization probes 2 and 2. The
horizontal scale is. callibrated in milliseconds.,

As wiil be- appreciated from these oscillogrems, con-
siderable difficulty was experiemnced in determining average
values of the flame travel times to the twoiprobes 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
conditiong either by mere observation or by a sampling
technigue. The latter method was considerably simplified
by the availavility of a Storage Oscilloscope. Aversge
values at the probes could Dbe obtained much more easily
and accurately by the use of more sophisticated electironic
eGuipment. Such facilities would ensble instentaneous
atatistical analyses to be mede of a large number of ion-
ization signals et a2 probe. In this connection, the equip-

40 162 34
ment used in the works of Harrow , Higashino and Curry
is instructive.

Results of the experiments‘performed to try and achieve
a relationship between flame speed (o< mixture motion) and
engine gpeed, under running conditions of constant air/fuel

ratio, spark timing, compression ratio anid at full throttle,



are listed in Table 4-B. Table 4=C contains the calculated

apparent fléme speed ahd délay pefiod falueé. Plots of these
listed quantities in Tables 4-B and 4G ere given in Figs. 4-45,
4eb6, 4k and (im4Be s '

It is seen from Fig. 4.45 that the flame sPeed.between the

two ionization probes in the Renault combustion chamber increases
lineerly with engine speed up to 3250 rev/min. 4 slight ﬁtﬁiling
off" is apparent above this Speadfhowever._ Similar trendsAto these
were obsérvéd:by Hérrow and 0rmanj31 and Hairou . Possibie
explanations!for these effects are given later,

Figs. A-L6 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 ipcreasing engine speed.

Fig. 4-48 shows the way in which the apparent delay period,

Tol, deéfeases with increasing engine speed over the speed range
examined. It is clearly evident that turbulence and swirl (e¢engine
speed) accelerates the initial stages of combustion.

To derive an expression relating the resulting values of f{lame

speed (Table 4-C) to values of Ky 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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mnéine Operafing Conditions.

spark Advance

TABLE 4B

_air/Fuel iatio

Compression Rafio_

. Ambient l'emperature

" Ambient Pressure

fuel

25° B.1.D.C.
12,0

.

18° ¢.
29.85" Hg.

lso~octane.

ENGINE spsEy

FLAMI TRAVEL TIME FLAME

FROM SPARK PLUG TO

TRAVEL, TIME

BETWEEN FROBES

REV/MIN
YROBE 1  PROBE 2 1 and 2 (millisecs)
¢ b, U = )
(millisecs)
1150 2.0 7.5 5.5
1350 1.6 6.5 4o9
1810 1.3 544 4ol
2000 1.3 4.9 3.6
2500 1.0 40 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 : o
'ENGINE SPEED APPARENT FLAME APPARENT DELAY
(REV/MIN) ' (cm/z%EETD (mil%oél:)
1150 1245 1.6
1350 1400 - 1.25
1810 1670 1.0
2000 1900 1.04
2500 2285 0.78
2720 2450 0.79
3400 2850 0.63

4100 3120 0.54




This is of the form:
VST _ 0.75 n+380 ' S
It is clear that tﬁe flame sbeed values obtained refer to‘the
rate.of burn relative to thejcombﬁ;tion chamber walls. They a&e..
vector sums of the turbulent'burnihg velocities relative to the
unburnt gas, Up, 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, Vi» will be that due to laminar combustion only since the
flow in the chamber at zero and low engine speeds (< 60 rev/min)

is essentially laminar. Although such an extrapolation is most
dangerous, it does nevertheless give a value of laminar flame speed
(380 em/sec in this case) which can be compared for accuracy with
known burning velocity wvalues of iso-octane-air mixtures. These
latter values are normally determined in a rig at atmospheric
pressure and over & rauge of unburnt mixture temperatures. Howevzer,
no cava could be found, in a leterature search, relating to the
combustion of iso-octane-air mixtures under conditions approximating
those at which these enginre tests were conducted viz. at an unburnt
gas temperafure of sbout 600°K and an equivalence ratio of 1.25.

It was noticed, nowever, that the lamirar burning velocities of iso-
octane-air and propare-air mixtures were in reasonable zgreement and
S0 a propane-air value was used for the comparison instead. This was

found to be about 125 cm/sec25 under the above conditions.

Isl.



There is general egreement that fla@e sgeeds are approximately
2} to 3 times the burning velocities ovef the greater part of the
flame travel in an engine, The laminar flamé speed of 380 cm/sec
at zero engine speed thus corresponds to:a lamipar burning wvelocity
of about 130-150 cm/sec. Such a value cémparﬁs reasﬁnably with the
already stated laminzr burning velocity of propane as determined
in a rig.viz. 125 cm/sec. '

Equation 4-53 can now be rearranged into the form:-

4e 54

v 1 . .
FS - 1+ .00197n
V1, ' '
where V7, is 380 cm/sec. Since VF31¢3-2% to 3 times Up over a
. wide range of engine conditions, it is reasonable to assume also

that V= 2.5 to 3 times U, On this basis,

1
EE = EEE = 1+ 0.00197c ——— 4,55

Equation 4~55 shows a similar dependence on engine speed as
expressions derived by other workers in this field. For example,

19
Phillipps and Ormarn obtained the relationship
Up . 1+ .00mn e 4,56
UL

163
for a Ricardo E6 engine and Hodgetts! results for a Ford Zodiac

fark II1 engine can be rearranged into the form:

L Y - W — 457
UL

15%.




Comparing the flame speed values calculated in Table 4-C with

those from Hodgetts' work however, it was epparent that they were

quite appreciably lower. For example, at 3500 rev/min, the flame

speed in Hodgetta' results was 6000 cm/sec 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 arpd air/

fuel ratio. An explanation of such large discrepancies in the two

sets of results was sought and attributed mainly to & combination

of the four following effects:-

a)
b)

greater turbulence in the Ford combustion chamber,
larger quantities of exhaust residuals in the Renault
engine over the speed range examined in the tests the
effects of which are to slow down combustion., The
Ford engine results were all taken with a centrifugal
mechanism on the distributor which advanced the spark
timing with increesipg engine speed, This is desirsble
because, for a given engine spesd increase, there is
not a corresponding proportionsl incresse in turbulence
and,thus, also in flame speed. Such advances ensure that
combugtion is completed reasconably efficiently =nd is not
prolonged down the expansion streke with the conseguent
effects of poor volumetric efficicncy and increased
concentrations of exhaust residusls in the fresh charges.
In the Renault results, the spark timing was fixed at 25°

B.T.D.C. so that it seems feasible to sugzest thet, at

153,



the higher speedé, the spérk advance was not great enough
td prevent these-effects occurring. At the low engine
sﬁeeds, the édvaﬁce w%s prbbabli edequate, It is, thus,
apparent that such te%ts 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 on;y be reasonabiy approached
by the inclusion of a speed sensitive, spark advance
device as was doﬁe in the ford tests. |
In this connection also, it appears that Harrow and
Orman's resultsBl, which were utilized in ﬁhe Phillipps
and Orman combustion simuwlation worklg, are subject to
the same criticism as those obtained in the Renault., In
Fige 4-49, some of thesé_results are reprocuced. Clozc
serutiny reveals ilie same trend of a falling off in tke
{lzme speed values with Zncreasing engine speed at a
constant crark timing. This is éspecially noticeable
when the ignition timing is at 15° B.T.D.C. and at engine
speeds above 2000 rev/min. These observations are
explainable by the above discussions. At 25° B.T.D.C.
spark timing 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,

1s4.



c)

d)

Some authors have:attributed such:®fallings off™
in flame speed at high:engine speeds and constant ignition
timihgs to lack of turbulence anpd swirl in the engine.
It is apparent from thé fdfegding'discﬁssign, however,
that such a conclusion can only be drawn if the tests
show a similar response when repeated with variable spark

timing.

the positioning of the ionization probe 1 too close to
the sparking plug (see Fig. 4-41). Thia, houever, wic
unavoidable for the reasons stated in Appendix 5. The
effect of this on the flame speed is that the period
when thg 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 periocd' had
been completely removed by positioning the ionization
probe 1 at about 10 to 15 mm. from the sparking plug.

In Harrow and Orman's workBl, it was 16,5 mm away.

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 ionization probe 2 of the
slowing down of the flame speed as the cylinder wall is

approached at the end of the flame travel,

155.
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It is difficult to predict the exact influence of these factors
on the results obtained during the tests and on the relationship
derived in equation 4-55. However, since this expression is of \
" the same order a? those derived by Harrow and QrmdnBl and‘Hbdgettsl6%
and bearing in mind the approximations used in its derivation anyway,
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'relationship compares favourably with the virtual linear rises
in the mean flow: velocity and in the root mean square values of the
fluétuéting 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 correctien
factor, K;, in Equation 426 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 what sort of errors will be ipvolved if these eff'ects zre
ignored and Equation 4-55 alone is used to represent KT.

The indications of the effects of pistorn movement on flow
velocities during the flame propagation period can be determined

from Molchanov's and Semenov)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 virtually impessible to defire using the flame speed
measuremeﬁt techniqﬁe described abﬁve. 'Thié is bécause thé 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 uofk, however,
(see Fig., 4-22) shows uhau both the average velocities of the large
scale eddies and the turbulent fluctuations decrease with inéreased
throttling. Quite large errors might be expected in the value of
Equation 4—55,—thererore, ir this is used to represent turﬁuience
and swarl under throttled conditions.

The efrect on the gas tlows in the engine cylinder or compression
ratio variations is again mosT dirizcult To cevermine by 1lame speed
technigues. This is once more atiributable To the varying quantities
oI residuel exhaust gases present in the cbmbustion chamber at cifferent
compression ratios. It should be noved thatl increases in compression
racio reduce the exhaust residual iraciions because of the improved
scavenging of the engine. Semenovllo found that vhe mean velocities
of the large scale eduiles in the combustion chamber decreased whilst
the turbulent iluctuations remained essentially constant as the comp-
ression ratio was increased {see Fig, 4-<l). He irormed the opinion
that such variations in the gas {lows had almost no effect on the

turbulent burning velocity within the compression rutio range 6 to 10 : 1,




=x3

whilst for a drop in compression ratio from 6 to 4 : l,gthepe was

quite a large decrease in the burning velocity.

\ The effects of compression ratio variation ofh the flame travel

\ : - . :
times throughout combustion have however been studied by Harrow,

Eilisdn andiﬁaywardl64. These workers fouéd'that ihé fiame iravel'
times decreased at all stages of combustion development with increas—
ing compression ratio. The intergretat;on of tpei# resulis, however,
is dependent, as already ataied, on the avility to différentiate
between increases in flame speed due to reduction in exhaust residuals
and iﬁcreases in flame:speed due to the aerodyn;mié conﬁiti&ns and
the higher temperatures existent in the combustion chamber. Despite
this, substantially thé same conclusions wére dfawﬁ froﬁ theée resultg
as were 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.

It was shown by Semenovllo and Molcbanovlo9 (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 was reached. Such observations were only
appropriate, however, up to an engine speed of 1200 rev/min, Kumag ai

and Kud046, on the other hand, showed that in high speed (up to
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manifold temperatures and pressures , humidity, ’

31

‘ combustion chamber deposits and exhaust residuals or

other diluents;és.

rhe derived cérreétion féctor, Kp, in Equaﬁion 4%55iréqultéd
from experiments with iso-octane only. It appears perfectly reason-
ab}e, hoquer; to assume that this relationship also applies to the
other two:fueis 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 velociﬁy is-given by
the expression . !
U, = UL x (L + 0.0u1Y7.n) — 458

where Uy, is the laminar burning velocity given by the Semenov

relationship in Equation 4-47.

0O
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CHAPTER 5.
THE FLAME PROPAGATTON PATTERN IN
THE RENAULT ENGINE.
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CHAPTER 5.

5. THE FLAME PROPAGATION PATT“RN IN THE RENAULT ENGINE

It has been assumed in prev1ouq computer ulmulatlons
of comoustlon in upark ignition englnesl9 199 that the
flame- whlch propagatec outwarcs from the eparklng plug is
opherlcal in shape ‘with the centre of the sphere at the
sparking plug. Fig. 5-1 typifies this assumption. From
the works of Nlthrow and Cornelluslz, Rassweileﬁ et a1111,
Rassweéler and Withrowlo, Rabezzana et a1}3, Curry 34,36,
Clarke 6, Went@orth and Daniel  and many others‘hoﬁever,
it is clear that the flame does not propagate spherically
in any type of combustion chamber uged on piston enéines.
Such a situation is only approached when & Cuiescent com-
bustible mixture in a spherical constant volume bomb is
ignited at the centre.

In this work on the simulation of combustion in the
remisphericael combustion chamber of the Renault engine,
en attemut is made to incorporaie into the model e reslistic
fleme vattern depictine the incremental position of the
flave front e a function of time. In this connection,
the observations of many workers have been drawn upon.

Numerous factors are known to exert some influence
on the manner in which a flame propagetes through a combus-
tible mixture in a compbustion chamber. Thece includet

i) combustion chember Cesign.
ii) swirl. |
iii) piston movemerte.

iv) charge bhomogeneity.

v) locelly generated turbulernce.
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vi) combustion chamber surface temperature variations.
vii) compression ratio.

- . yiii) the flame speeds in the charber.

________ ’ ' \

It is obvious that the combustion chamber design is
one of the main influences in determining'the.flame propa-
gation pattern appropriste to & particular engine. There

is no flame pattern applicable to all types of combustion ..

chamber é each must be analysed individually. Rebezzana
13,09
et al * proposed that the flame pattern development from

the sparking plug is distorted in relation to the combustion
chamber wall contour and the volumes ahead and behind the

flame front.

Swirl.

The influerxe of swirl on combustion in spark ignition
engines hac already been dealt with in Chapter 4. It is
noted that the main effect of a swirl iz tc deviate the
fleme pattern from a symmetrical path anout the sparking
plug end, in so doinz, to increase the fleme fromt area

(see Fig. 4-9).

Al e - v e S b

Ficton movement affects the fleme propagation pattern
hecsuce the combustion chamber shape is continuaously chang-ing.
In eddition, due to niuzs move.ents of the chserge, it can
change the position and contour of & burnt velume of charge
ecpecially when this ic emall just after ignition. Such

32

effecte were observed and noted by .arvin et al .



Charge Homogeneily.

‘ In-homogeneity of the charge during combustion neces-
sarily leads to a condition where the air/fuel ratio st
different points in the combustion chamber varies from very
rich to very weak. When a fleme is propageting through
such a mixturegithere is going to be an accelgration of

the flame front in the rich areas of the charge and a 'de-
celeration' in the weaker areas. Thus, the flame pattern “ﬁ?h
can be grossly distorted at the flame front.PXIn all com=
bustion chambers, there is bound to be a certain amount of
charge inhomogeneity unlegs special preceutions have been
taken in the preparation of the charge. It is most aif-
ficult to define an accurate flame pattern under such con-

ditionsg.

famriliiegh A e = R

wxverimental evidence indicstes that, whenever a flame
front auproaches a sudden change in the combustion chamber
contour, tnere is an incresse in the burning velecity.

This is manifected sg en increece in the rste of pressure

e

¢ cen pe attrivuted to the generation of

rize. Zuch e

P

fec
8

O
=

locel twswlance . t5 infliluence on the flame pattern is

similar to the rich ereas in an inhomogeneous charge.

e T — — e e e e e T e | o wm — mme me e

In 211 comcustion chambers, considerable differences
in the temperatures oi the rurizces comirising the chamber
42
are syparent. For exannle, Jehnson et al suggect that

tyuvical values of the cylinder well, cylinder hesd, picton

ané exhaust vale in e spark ignition engine are 322°K,

422K, 52C°K and 6109K resocciively. Experiments  indicate




that the fleme moves faster over the hotter surfaces (e.g.
the piston and exhaust velve) and more slowly over the rel-
atively cooler surfaces {(e.g. the inlet vealve). At certain
times undér certain conditions in engine combistion, hot
spots are'for@ed in the chamber. Thege influéence the flame
pettern in the same manner as just described. In 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 retio on the flame pattern
is lergely confined to its influence on the degree of flame
curvature between the cylinder head and the piston. A nore
detailed discussion of this is given leter. It must be ap-
preciated that the combustion zone moves more rapidly through
the middle portions of the combustion chamber than along the
csurrace walls. Thic is probably due tec the cooling effectis
of thege walls. Thus, tie nortion of the charge midway
Detween the head ané the piston burns more “uickly than

thwose portions ncar the wallis.

[s

The Flane Speedss
Flame speeds assume thelr greatest importence op the

flame pattern Gevelopment whenever g large scale gwirl is

sregsent in the combustion criamber. EZngine operation under

conditione winich tend to increase the flame speeds result

in a minimizetion of the effects of the swirl on the flame
N

vattern.

Before emberking on conwiderustions of the menner in

snich the flsme progresses in the Renault combuction chamber,

~OIJ,
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it is necessary to determine whether a two-dimensional
fleme mep is an accurate enough criterion in depicting
flame propagation or whether the infl;ences 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 from & surface whick is rerpendicular to the
plane from which the flame progession is being viewed or
detected.
34

Curry investigated this problem in & C.F.R. engine
in which good charge homogeneity was ensureg?ﬁn which the
incremental position of the flame front as a function of
time wag detected and depicted by the use of 48 ionization
gaps in the combustion chamber - 26 in the cylihder head
and 22 in the piston. He first of all corgidered separately
a disgremmatic spherical fleme propagation (see Fig. 5-1)
and realised that, as the radius of the sphericel flame front
increaces, the erc segment of the 1leme front between the
cylincer head and the piston arproaches a straigit line.
This in the resson why it has been generally sssumec that,
1if the Gistunce between the two surifaces is sufficiently
guieil, & negligivle error is introduced by assuming that
the flame front ig & surface verpendienlar 1o tne ¢ylinder
head. Thnus, two-dimensional flame maps, determinsd by aea-
surements with ionizestion saps on one gurisce of the com-
buction cnamber only or by onticel tecinitues, have been
presumed to rerresent edecuailely the positions of three-
dimensional flame curhees. h

Curry'e three-dimensional studies; however, have shown
that this general concept is not necessarily valic. Such

factors as ewirl =rd uneven surface temperstures were found

1



to generate a guite different picture of flame propagation
from that derived by two-dimensional measurements only.

Fig. 5-2 ic a three-dimensionel flame map taken from Curry's
viork = 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.th& flame
travel. This is as expecteﬁ since the flame épproximates.a
sphere rather than a plane surface ghortly after ignition.

Tne influences of the surface temperatures of the valves on

the propagation are also evident. 1In the region of the cool

intake valve,; the rate 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 similsr to those shown in Fig.
£~-2 were observed over & wide range of engine cpeeds, com-
rresgion ratios ane other opeérating cchaitions. It was
thaet the magnitude of the fleame curvature

Iount, hoéver,

r

ecrezced with increacgiuz compression ratio. This obgerv-

[a)

sticn is exnlairavle by the urevious discussion on the
gerner in wnich & erhéerical ourning pattern in the vertical
rlere spuroaches a straight line when the piston is near
the eylincer hcad surface.

vihen a lzrge degree of gwirl was induced in the C.F.R.
couiduction chamber, howsver. marked flame curvatures were

ctill appsrent cven &t very high compression ratios (see

]

*ig. 5-2). Unexpcctedly, comioustion was comuleted firet
gorcss the piston in these cases ana the last frection of
charge to burn was thet across the exheust velve. It must

be assumed, therefore, thet the induced swirl velocity is

AUD
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different across the piston surface from that along the
cylinder head surfece.

From the foregoing; it can be concluded that the flame
pattern development in an engine combustion chamber-is much
more complex than i% generally assumed, so much so that &
detailed two-di¢ensional flame map is unacceptable when

accuracy is required.

In this work, the flame pattern development in.the
Renault compbustion chamber is the result of attempts to
incorporate as many as possinle of the foregoing influences
on the flame propagation. First of all, therefore, some
flame travel time measurements were made to the ionization
probes 2, 3 and 4 (see Fig. 4-41) in order to see if there
wag any merked degrge of ewirl precsent. The techniGues of
such mcasurements have been degcrivced in Chapter 4. Results
of thece tests, over & range of air/fuel ratios, appear in
Taple S5-a. From tnis, it is noted that the flame itrevel
tines 1o the orobes predict that the flame propagates in
an almest symmetrical maenner from the sperking plug with
tite end ées region being finally loceted in a position
almost directly across the combustion chamber from it. Tt,
thue, eprears that there is not much, if in fact any, swirl
presente.

- The assumption of comnlete charge homogeneity in this
work precludes the idea of the effects of chearge inhomo--
cereity on the flame pattern development. Likewige, the
inr luence of piston movement, locally generated turbulence
ana curfece temperature varistions are most ciificult to

account for ir a realistic ascsecsment of the incremental
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TABLE 5 - A.

ENGINE OPERATING CONDITIONS:
FUEL ‘ :  ISO-OCTANE
ENGINE SPEED : 2000 REV/MIN.
g
IGNITION TIMING 40° B.T.D.C.
AVMBIENT TEMPERATURE : 18° C.
AMBIENT PRESSURE ¢ 29.938" Hg.

COMPRESSION "RATIO

ATR/FUEL FLAME TRAVEL TIMES' ( MTLLISECS)
RATTO TO IONIZATION PROBES -
2 3 4
9.38 4.4 3.2 4.25
11.5 4.5 3.0 4.3
12.7 4.7 3.1 4.3
14.9 4.7 .4 4.6

17.6 5.2 3.6 5,0
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fleme front position since these effects tend to vary with
the mode of engine operation. 411 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 &llow for. \

The result of these considerations in the Renauli hemi-
spherical combustion chamber is the flame development shéwn
in Fig. 5-4. It will be noted that the flame is spherical
in form in its initial stages of travel from the sparking
plug but, thereafter, it propagates outwards into the greatest
volume of unburnt cherge where the constreint to its motion
by the compustion chamber walls is lesst. As the distance
of the tlsae front from the sparking plug increases, the
'resistance' to its motion tends to eCuelize over its entire
surfece and the corresponding rate of travel across the
flawe front becomes uniiorm. A Spgerical flame propagation
thus ensues towards the end of its travel.

The mannel in wiichh Flame curvature iz aCcounted for
in the verticel plane is also shown in Fiz. S5-4. A spherical
sropazation le assuned 1o exis& in this wlere throughout tie
entire Tlame travel with the centre being at the spafﬁ pluge.
Juctification for this is obtained Ifrom Curry's workj in
winlch he shouwed thet 1ittie sccurscy is lost when thig
technicue is useu. It also gpgroximates closely the obiserv-
ance of less flame curvseture withi increasing compression
ratio and dictence of the fleme front {from tie sparking plug.

Havine developed this flame front progression, it w;s
recuirea to be able to celculate the volume (end hence mass)
of charge burnt in the combustion chiamber a2t any particular

ciston position wnd at eny deglred “lame front distance Ifrom
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the sparking plug. This was achieved by constructing plester
casts of the combustion chamber and cylinder bore. These
were chaped to correspond to the flame pattern development
andé flame curveture (see Figs. 5-5 and 5-6). The trocedure
wags to weigh the 'burnt'tvolumes‘of the plaster cacts at
all the ien flame front positions and at all the eleven
piston positions shown in Fig. 5-4. KXnowing the densities
of these casts, plots were constructed of their 'burnt!
voluwes against the distances of the ®*flame fronts" from
the sparking plug at all eleven piston positions. Foly-
nomials were fitted to eacn of these plots thereby allowing
estimates to be made by interpolation of the 'burnt' volumes
at intermediate piston pogitions between those for which
ectual measurements were made.

Several sources of inaccurecy were apparent in this
techinitue including very slight non-uniform densities in
the lecter ceésts and errorg in getting the flame curvatures
in the vertical plane to coincide exactly with those shown

in Fiz. 5-4. These are nrot too important, however, Deceause

()

burnt volumes are, &t best, averoximations to actuality.

~
.

Tie t=chni ue, itcelf, becams uite tedious but it was rec-
cenired w5 peing the only way of ettemptin~ to accurately
simalste the fleme prorazeation.

Reanlts from this section of work thus enable the
burnt volumes of the cherge in the cowbugtion cl.amber to
te estimated at any particular ilame front or piston ros-
ition. The pertinent polynomial eguations which apply i;
tiis cage are listed in SUBROUTINE BURNTVOL of the cemplete
program lirting in Appendix 8. In addition, it is possible

to caleulete the flame front rositione when the burnt volumes




<08,

and piston positions are known. The polynomisls for these

calculations are given in SUBROUTINE FLAMDIST in ippendix 8.




FIG &§—| — A TYPICAL SPHERICAL FLAME

PROPRGATION.
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CHAPTER 6.

DISSOCTATION.




6. DISSOCIATION.

6.1. INTRODUCTION.

In a épark ignition engine operating over the normal
range oi alr/fuel ratlos, it ie observed that the maxlmum
temperatures attalned ourln_ combuction are legss 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 fof this is the phenomenon
of dissociation of the combustion products. An appreciable
amount of this can occur at high temperatures and it 1is
accomoanied by anesgorption of internal energy which is
transfiormed into chemical energy. This implies that the
temperature rice will be lecss with dissociation than with
no ciggocistion for an adiabatic combustion procecs.

Experiments show that, in & reaction between two or
more elements or compounds, the rate of convevsion of the
initisl reactants to the final products is retarded by the
Gigeociation of some of the final »roducts to trne initial

s3lishe. when, for the dis-

L.'

reactants. w-uilibriun is eats

“+

soclating elemente or compounds, the creed oi i forwerd

reactinn eguals the speed of the backwara reaction (ihis

is calles the Iew of Masg anction). For given initisl re-

41
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f dissociation has been fourd to in-

crease with increzses in temuerasture. aAlternatively, for

[u.l

civen temperature, tne degree ol dissocilation ceuenlds .

on the composition of the initiad reactuonts.

his work, the dissociation of the products of

i—
b
o+

comctistion of hydrocarbon fuels are oi direct interest.
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These consist of various combinetions of carbon, hydrogen,
oxygen and nitrogen. The way in which these four elements
are combined after combustion and the proportion of the
various species in the burnt mixture depends on:

a) the proportions of these elements present in the original

mixture (i.e. the air/fuel ratio). ‘

b) the temperature.

¢) the pressure.

d) the extent to which chemical ecuilibrium has been

approached. A discussion of this is given later.

In a high teaperature, comoustion reaction between a
nydrocarbon fuel and oxygen and nitrogen, the following
general eCuation can be written when the burnt combustion
products consist of the fifteen species on the right hand
¢ide of the ecuation:

Cm Hpn + % (m + erjg C2 + xg¢ Em 4+ %g No = n3. CO2 + ns. CO

(
Mo + na. H2C + ng. Op + ng. H2 + ny. NO + ng. CH

+
3
1,

+ ng. B + nj0. O+ nji. H02 + n12. N2O # nj3. NH3 + niq. HNO
+ np5e N S e 6-1
In this EGuation, m and n are the number of carbon and

nyurozen stome in & molecuve of the fuel and 'g' ic the mole
ratio of nitrosen to oxyeen in air. This latter Quantity
has been cetimated as peing 79.01/20.99 (= 2.764) in appendix
1. additionelly, nk (k = 1,15) ere the numoer of moles of
€02, CO, N2, H20, 02, H2, KO, OH, H, 0, NO2, N20, NH3, HNO
and W resrectively in the burnt mixture.
In prectice, many other dissocisted specics are also

orecent in this mixture after combustion e.g. H2 02, HO2,

[2]

C colid, CHa etc. To ever, bDesides thece species heing so
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low in comncentration as to have virtually negligible influ-
erce on the reaction, they are in themselves of no direct
intersst in this work. It should be noted that such com-
bustion reactions as in EGQuation 6-1 are less complete at
nigh temperature? than at low temperatures when the concen-
trations of many of the dissocilated species are very small.
The remainder of this chapter describes the-mefhbd end
agsumptions 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 QOF THE PRODUCTS OF COMEUSTION.

6.2.1, ASSUNMPTION OF CHEMICAL EGUILIBRTIUM.

In thic work, the concitions under wihich combustion
occurs &re necessarily idealized for the purpose of calcu~
lating the concentrations ox the chemical species 1n thne
burnt mixture. Such idealization includes assumptions of
steady state conditions, charge homogensity and thie absence
of any flame Suenching et the combustion cnamber walls.

It is apvarent, however, that, in vractice, combustion

in spurk ignition enzines occurs under conditions which are

o~
]

ucually far from ideal. <Conseluently, resuits baced on the

ideslized assumptions aboves generally tend to over-estimate
the erforrance of the engine. 4s a preliminary to methode
of calculating the concentrations of chemical species in a
purnt mixture thersfore, it is necessary to investicate

whet effects deviations from these idealizations might nave

upon the chemical compogsition or the working fluid and the

periornance o1 the engine.
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Steady staste conditions.

The assumption of steady state is tantamount to the
assumption of chemical equilibrium. The impliication is
that the system, comprising the products of combustion,
nas been allowed to remain in a given state of temperature,
pressure and volume long enough to attain an eCuilibrium
condition. This can bect be explained by consideration
of ths reaction:

ni. A+ IBe B "——“ngo C+mnp. D —-eooo- 6-2

where & snd B ére the reactents, C and D are the products,
and hyg, ng, ng and np are the moles of 4, By C and D res-
pectively.

at the eguilibrium state, all the chemicsel reactions
neve proceeded to such an extent that the rete of the forwsra
reaction is just eSualled by the rate of the reverse re-

action. The reaction rais Tor the forzard reaciion B is

usualily written as:

Ng
—_ - I dC = ,E { " e - ---- == -3
AR o Ae A 8

whnere n;i and ng corresuond to the values Ifroa
iometric eCuation 6-2 and Cgi and Cp are the concsniraiions
0f the reactants - nd B. Xup ic the gpeciiic rate consitant.

Similarly, Ior ths reverse reaction,

(. dC. Ne ~ Mo
Wep = — AL ikb'C; Gy b4

The symabols heve the same gignificsnce in this eluction &s
- . . ) AN
in =tuation 6=2.

Thue, at ecuilicrium

n g . e
Wog = *kag. Ca Tl T = W = ‘Ech G

and the ratio of the syeeiiiec rate constants is

Tp

PAT |
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The significance of this expression is explained in
Appendix 6. At this point, the free enérgy of the system
is at a minimum and no spontaneous change can occur within
an isolated system. Thus, because this is en BQuilibriﬁm
sﬁate; the éomposition can be complgtely determined by the
methods of ciassical thermodynemics.

The problem, however, is tnat the time aveilable for
combustion may be s0 short thet true eqﬁilibrium is not
attained. A finite time is retuired for equilibriuam to
be established in ail dissocietion processes. This time
ig called the 'relaxation time.' If a system passes through
a rapid change in pressure or temperature, then it is pos-
sible that there will ve insufficient time for ecuilibrium
to be estaﬁlished. Calculations oi tlie composition of the

cgases 1In these Circumstances reguire a knowledge of reaction

Strictly szcaking, the re¢laxation time is zero in an
interrnal ceoibustion engine becauce the system volume, tem-
verature and _aessure are constantly changing. Fortunately,
tais chenge is usually relstively slow in comparison with
tne time mewnilves to achisve ejuilivrium. Thig is estecially
trae curing coursusiion becauces

i) the temperatures, pressures and reaciion ratss are at
a matimoum durins this stage o)X the engine cycle.
ii) piston velocity and volume changes are -uite small
ne to the kinematics of tne engine mechanism.

f iy
15 _ )
Fatterson hes attenpted to compare tre orders of

1=

Oy

saspitude of ths relaxation times in i.c. ensines during
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combustion with the time required for one degree of crank
rotation during which period changes in temperature and
pressure are not large. For an engini4operating at 2000
rev/min, tais latter time is about 10 seconds. Although
accurate 4uantitative estimates of the time intervals neces-
sary to reach neer eguilibrium conditions in a system as
complex as the working fluid of an i.c. engine are diffi-
cult to predict, Fatterson recognized from Refs. 170 and
171 that, for meny of the chemical species present, these
relaxation times are of the order of lO_ to 1098 seconds
at the temperatures amnd pressures existent during combus-
tion. This lends support to our assumptions of chemiceal
equilibrium during combustion.

During expansion, however, it has been shown by many

85,86 _

workers thet the instantaneous concentrations of many
of the chemical srecies oresent in the burnt mixture corres-
pond to & state of non-ecuilibrium (see Section 2.2). This
iz wue to severalil 0f tiie recomuinuation reactions, which might
se expected to teke place during this stage oi the cycle
from e:uilibrium considersations, being kinetically limited
cwing to tne-temfervatures, pressures and reaction rates
seint appreciably lower. In other words, the M™time" for

fianze in stete of the systeux is so short compaved with

€

&

he gug is effectiveliy “frozen"

F

The reloaxation time that

[\
1)

gt & cowpocition corresponding more to cozbustion temper-
ature and oressure eluilibrium values.
~ven the assumotion of a "frozen" comvosition ic a
noor criterion on which to bace composition caleoulations
86 _
durin~ expansion since Newhall , in a kinetic analysis
(cce Section 2.2), has soown that a certain amount of re-

comoination of certein srecias doss in fact tzke pluce.



A condition between the two extremes of a "frozen“ com-
position and an equilibrium composition is thus apparent.
The feailure of the dissociated speéies‘to recombine
during expansion is termed:"eQuilibrium lag." Not all the
recombination reactions lag the same amount and, for the
coiplex system in ah internal'combuétioﬁ enéine, an eact
analysigéon this basis is difficult to make and apply (see

Newhall ). For a further discussion on this subject, see

Section 2.2

The effects on engine performance of assuming eGuilib-
rium and non-equilibrium during expansion must now be con-
gidered. The assumption of chemical eauilibrium during
expension increases the thermal efficiency and indicated
mean effective pressure of the engine cycle because the
recosoination of dissocisted species resulte in the recon-
version of chemical energy to thermal energy whicn can be
used to do work. On tne other hand, if no recompination
occurs st a.l during expension so that the compogition is

corsivered "irozen® st a cowmbustion tempercture and pres-

h

ure eguilibrium value, the resulting temperaturss and
vrescures are lower trnan they would be for an eGuivalernt
eruilibriam exvansion. Conseluently, ore would expect to
obitain lecs useful work from cuch a system. A4s already
cteted, in reality, & condition somewhere between the two

extremes of continuous ezuilibrium and “frozen" compositign

ie attaincd. The former effect tends to overestimate and the

latter to underectinate the engine performance.
In this context, it must be realired that the work

excension are significantly influenced DY

R21,
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the operating conditions under wirich 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 Newhall's work .
Such behaviour résults from fundamental differences betweén |
the chemical procegses and temperatufesiin 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 availeble at an

earlier point in the expansion because of higher temper-

-atures and flame speedse.

Since the rate oi recombination of the dissocieted
species becomes lower as the pressure and temperature of
the system are reduced, it ic sssumed in tnis work that
there is & temperature below winich this rate is so0 slow
tnat for ail practical curposes, no further reaction occurs
and the ecuilibrium is "rozen." The daifficully in setting
this tewmperature is that each particular recoumbinetion re-

action has its own unigue ter.ereture st which the reaction

172
effectively ceases. TFor exampls, Gaydon recommends
15000 X for ths reaction
CO = 5 CO2 + ¥ Cgolid
173 o ]
and Hottel suggests 1600° K for the water-gas reaction

o 174
in &ouction 2~2. “The early work of Lovell and Soyd

cave 1600-1700° K as the temperature at which the eiuilip-
rium freezes in an internal combustion engine exhaust. In
thic study, 16009 K ig the tempersture used pelow wirlch no

further chances in compogition occur (nee u21co arvendix 1).
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Charce Homoaeneltx.

| It is well known that the mixture in an internal com-
bustion engine 1is not entirely\homégenebus. Such inhomo-
geneity érises-during the indu¢tioh process when the charge,
consisting of air and both gaseousAand 1iguid fuel, is
inducted and mixed witn the residual exhaust gas. Whether

or not efficient mixing occurs depends largely on the de-
sign of the carburettor, manifold and inlet velve. Thus,

the unournt chérge during cosbustion can be considered to
consigst of pockets of combustible material, some of which

are richer and some leaner than the measured air/fuel ratio.
Intermingled with these pockets are varying exhasust gas
concentrations. The degrec of the variations in air/fuel
retio and exhaust gae concentraeltion between individual rocketsg
0i{ charece derencs, of course, on the efficiency of the mixing.
This csgumes isportence because if, for exemple, a steichio-
metric wmixture of fuel end air were burnt, one would expect

to Iin. evidence of iroducis resuliting from Doth rich and

Lean conouation in the exhsust za

6]

i}

i

The consecusrnce of churge inhomogeneity ig, thereiore,

incom dete and inefficient cosbustion. The agsum tion of

complete churge homogencity in this work,; therefore,; neces-

( \
ko
1]
]
(@]
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sarily leads to predictions of thermel ¢ffic
mean effeciive gregsures uhich are higner than trose acggally
attained in enzines. The errcr in tilc idealizetion cepends

on the degree of nowmogsneity in the actual engine.

bay

Flame provagation durirg combuction resulis in an

acditionsl irnomoseneity which ic merifested 25 a continuous



stratification of the burnt products. This results in a
tesmperature gradient being set up in the burnt combustion
products during flame propagation in which the temperature
of the burnt products is higher at the point of iznition
than at the flame front (see Chapter 2). In the anelytical
moc¢el in this study,; the temperature of the entire burnt

cnarge is uniform throughout.

Flame Suenchinz et the Combustion Chamber Walls.

As stated in Chapter 2, studies of engine combustion
processes heve indicated that when the propagating flame
avproaciies the relétively cool combustion'chamber walls
it is guenched. This occurs because the walls abgsorb the
heat and chain carfiers, one or bcth of which must be trans-
ported anead of the flame to tixe unburnt charge to continue
the uropsgetion.

in tlhie engine, this region near the wall hes been founc

=3

te he o layer e few thousandtis of an inch tnick sroumi the
56

insice of the entire compustion chiamber .« Fartially re-
acted combugticn zroducts such as hydreocerbons ere formed
in large Luentities 1n tiic leyer anc the effect of thece
in to recuce tne thermal efficiency and indiceateo mean ef-
fective pressure of an actusl internel combustion engine.
In our idealized system, such flame wuenching ic icnored

so tost the computer results will tend to overestimate the

perrormance of the enzine.

Concludine Remerks.

In corclucion, the assumptions made in thic work that

&) the charce in the engine combustion chamber iz connletelr

A ol A
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homogeneous and 1is all burnt.
b} no flame quenching occurs at the combustion chamber
wells. : . |
;) chemical eQuilébrium exists in the products of combust-
;on at‘all_teﬁperatures above 1600°K during combustion
and e%pansion;
will always proaucé calculated thermal @£ficiencies and
mean effective pressures which are higher than those found
if the exact COﬁdiﬁion of the working fluid was used. Such
assumptions are necessary to circumvent the inherent giffi-

culties of analysing a system with deviations from ideality.

6.2.2 THE CHEMICAL COMPOSITION AT EQUILIBRIUNM

General.
The products of a hydrocardon-air reactlon consist of
a pumber of atoms arnd melecules +hosz individu»l concen-—

trations vary with Zhanges 1in pressure an’ oesmoarature

. . LI - T o= e ~ -l e - - - A . -y oy ] ~na ) - P
according to the laws 0F Choemical Ningitics and nublect to
! . H IR FT " et e - 2 - - . [ T S x
the condition that the mosns oF cach 22s3ic atomic snecie
remains constant. When She conditicn of ohanicond el ibnrium
ie impnsed on che syobhor. b amouns ©f ~acn ~oansht Duyant
~av e Found by murelss Sharroovihor S ooomnt i v e, o
LS ¥ KN E Y RS R e § wr I Y < o e Lo TL,

I N B ol Thne DUrh L TOMUuS CiCor orooushts Rro oon-—

Ryl 1 'l' > ! st ki Litvy 17 A conil s [T L A ke
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Products. Specie No.
Ho 6
NO ' 7
on 8
H g
o B,
NO2 11
N20 12
NH3 13
HNO 14
N 15

To estaplish the amount of each of the 15 constituents

in the system, 1€ eGuations are neceggerily rejuired. 3Since

nost ot these equations are non-lineer, an explicit solution

cannot e obtalined ard resort muset be made to s triesl and

error gsolution off numerical methods. In a literature survey.

canr goluticen technicuzgs were found to have Deen develored
for cyuch etuations. These sre generelly cf two types:
g8) tzchnniues aimed at specific solutions of equations
far the comoustion of & hydrocarbon fuel amd air.

b) t-chniuues which are cuite genersl in gcowme andé are

capavle of tresting systems of arbitrery resasctants

vitn goliid, 1lituid or saseous products.

Ths epzcific type of =zolution is used by Coodenocugh

175 1 176

and ~eloeck anG ierchey et al « Huff and co-workers 3
. ™
on tire other nard, orovoced a general method oi the form

177

ibed in b) above. Vickland anelyzed a nunper of

&
4]
43]
o
fm
]

metinods. ooth general and gpecific, finally agontine & com-

sinetion or them Dot which was gultable for & ccmputer

colutione. & summery and comparison of the oot widely

226,
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used general methods is precsented in Zeleznik . In com-

parincs the rate of convergence for these, it was found that
no significant adventage was obtained using any one general
method in preference to another.

Previous works in this field of computer simulations
of combustion in:spark ignition engines have tended to ‘
favour thogce methods which were explicifly developed io
sclve a set of equaticons arising in the comg%stion of a

hydrocarbon fuel with air. Thus, Patterson usea.the
method based on the work of Ritter Von Stein179 whilst
Edsonl4 ard Phillipps and Or.rnanl9 used Brinkley's general
methodlBo which was rearranged to be of a gpecific nafure.

In this work, Brinkley's metiiod is again used. 1Its
eGartation to the combustion of a hydrocarbon fuel and air

is precented in the following pages.

Computation of Fomogeneoug Gags ECuilibrium.

4 number of assumrtions have been made or implied so
far concerning the nature of the »roducts of comnustion.
Briefly summarized, thece are:

i) 81l constituente are in a state of chemical ecuilib-

I"1tMe

-

ii) 811 the products are gaseous and can be trested as

perfect

FaSES.
iii) the system, compricsiny the products oi comidustion,
ig homogeneous and ig maintsined at constsnt temper—
-y “~
gture, rsressure and volune.
iv) the fuel is & vure nhydrocarvon of the fcrm Cp Hnp.
v) air is & mixture of Op amd N2 in the rroportions

stated in Appendix 1.

227,
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vi) the products consist of 15 species only.

vii) the mess of each bagic atomic specie is known and

remaing constant.

The formal mathematical basis for Brinkley's method
is described.in Refs. 180 and 181. The method is completely
general énd-is applicable to syétems contaeining any number
of chemiqal epecies coexisting at ecuilibrium in any number
of phases. e.g. & single phase gaseous sysien oY a single
pure colid phase in contact with a gaseous phase. Only the
single phase gaseous system need be congidered in this work,
nowever, since the 15 listed species present in the combus—
tion productes centain no s01ié constituent. The application
of the method fo éuch a problem ig given in Ref. 181, A
brief summary of this will now be given.
Tt consists ecsentially of two steps?
a) the derivation of itne 16 working esuations necessary
to Getermine the concenitrations of the individual
cpecisg present in a viven syctem.

b) their soluticn.

Tar ecuatione are cdetermined from a cnnsidseration cof
the fcllowing:
i) the conservetion ol mMass.
ii) the law of aass zction governing chemical equilibrium.

iii) the temperzture; Lresgure e velume ol the systenm.

To simplify the computetion, the 15 listed epecise-are
allowed to remain unchanged both for varying air-fuel ratios
and for the 2 individual fuolr wged in this work i.e. pro-

pane,; iso-cctene aryl DEIZENS.

The calculation slarts b chooging nertein of the 15



listed cpeciec as independent components of the mixture.
The remaeinder are then recarded as derived constituentse.
Certain restrictions are necessary, however, in the choice
of these independent cohponenté:

a) they muct fully define the overall syétemﬂcomposition
end muct be egual in pumber to the chemical elemeits
present 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 those species
which have the greatest probable concentrations at
eCuilibrium suibject to the following limitations:

i) they must be stoichiometrically indeperdent
of orne another.

ii) all the chemical elerents precent in the system
must alse be rregcent in the group of comronents
selected.

this reciriction encures the speedinz up oi the numer-

caiculations.

‘._l
o
I

Three of the four indevencent components reuulired can
obviously be C02y, Hp0 and 2 as these undoubtedly compoce

K of the e.uilivrium mixture at the snmerature,

f=2

the no
rrecsure and air-fuel rotio conditions encouniered in
irternsl comcustion engines. Exverience with tuis method
oroved that great care must Le exercised over the choice

oi the fourth component. 3Bearins in mind thet the indepen-
gert comporents should contain the species with the crevtect
provaile concertrations st etuilibrium, it was fourd that

CO snhould De uged as the fourth independent comronent for

e
W

rien mivtures and Op for weak mixtures.
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thus, for rich and stoichiometric mixtures, the indepen-

dent components are:

Specie.
COp ni
-CO np
N2 n
HoO ng
and the derived constituents are:
Specie. Symbol.
02 ng
Hp ng
NG ny
OH ng
" 9
0 n10
NQO2 nll
N=O ni»n
NE- n1i2
HWO nia
N nyx
On the other nund, ior weak mixtures, tie independent
components are:
COo cy
02 c2
No 3
HoO c4
sné the derived constituents are:
Specie. symbol.
CO ey
g2 Cch

Symbol.



Specie. Symbol.

NoO clz

HNO cl4

N c15

Consideration isg first given to the derivation and
solution of the viorkine ecuetions for the rich and stoichio-
metric mixtures. Subsevwuently, tie same “roblems are con-

asidered in relsation to tre weak mixtures.

For rich and ctoichiometric mixtures, the following

e

chemicel eietions are constructed in concidesration of the

Law o lass nctlon. 4 cepsrste etumtion is ontained for

each derived conetituent =ndé the participantes in each re-
zotion involve only the indevendent comnonents and the
corresronding derived constituentess:

02 ——= 2CC2 - 2C0

H2 =——=~ HpO + CU - COp

NO =—= 5 Np + CCz - CO
SERIBS

Ea

NOos =—== % Np + 2C0p - 2CO
o0 === Nz + COz2 - CO

T A
I\I'iB -~ Z

o
(9]
O
(3]
|
(@]
<
e NP Sl S st St St NP M s S Nl B S SNt

23,




sion cen be written.

HNO ———=>= 4 Hp0 + % No + % COp - 3 CO
N — 3N

Nl o St NS

Tt will be noted thet there is only one possible eCua-

tion by which any épecific derivediconstituent can be formed

Sfrom the independent components alone. For each of. these

eCuations in Series 6A, a mass

to for the product species in rich and cstoichiometric mix-
tures, these expressions are:
ns = Ks. ('_') (nz)
_: )
" -i (
T\-l = K (n) (T] (le ns
AR
Na
ﬂg - K ’ (Tl.r) ('n ) %
(BT () (n)E ()
’ng = T]_r
-
P ( ) (’ﬂ
The = K . (T\ m 2
() (na) " (7e)”
T = Ku : ( .,.) ?
Nz = Klz ( ' ( ) '(ﬂ3)
o )IS( 1-5( )os[ﬂ)
n ) AT 4
N = Kz TH) ( ' g
0.5 05[ 05 [ )
Na = Ku (}1,) : (in 713) - (Na
- 0-S o5
The = K!S’ ( ) . Mg /
In this seriss of eiuations,
P is the total cressure of the systen (etmoscheres).
ny s the totel numcer of molce of m=ze in the efuilib-

rium mixture.

-action (eGuilibrium) expres-

Usinz the symbols previously referred

‘“\

23R,
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and K5-K15 are the mass-action constants in partial pres-
sure units. For a system oveying the perfect
gas laws, these mass-action constants are equal
to the corresponding thermodynamic eCuilibrium

constants which are functions of tempersiure

only. A more precise analysis would régard the

mass-action constants as functions of tempera-

ture, pressure and the gpecies concemrations and

would calculete the equilibrium compogition by
an iterative procedure, improved values of Kg-
Kig being used in each cycle. The extra compli-

caetion is not congidered to be worthwhile in

The procedures uged ip calculating the ecuilibrium
conetants Kg5-Ki5 in Series 6B are ~iven in Aprendix b&.

i further set of eGuations based on the Copgervetion

of uase (i.e. mase bazlences) of the irdepsrdent components
mey aiso pe written. For the rich snd wstoleniloazetrie mda-

tures under congliuer~tion, these are:

nL = 41 - 2p5 + ng - n7 - N8 + ing - nls %
- 2nj1 - nip + 1.5 013 - 2 nia %
N, = 4o + 2ng - ng + r7 + 3ng - no + nlé )
- ? ? +2nli)

* myp - 1.5 npat g N1 ) SIRTES

ny = 43 - 3 ny - % ni] - D12 - 3 nl2 - i ﬂ142 6C

- on =44
P15y
, _ )
e = Gg - D - b B -3 ng - 1.5 my - 2 onpg

where 4i, 4o, Q3 and Ggq represent the numier of moles of
caoh indermendent comuonent in the abserce of all derived
There valilee are eusily coleunluted from the

conctituenia.

Frown cogcosition o the uncurnt Iraction.
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One aCditional eguaiioll 1§ réecuired belore he aciual

calculetiong can be started - namely, a summation for ny,

the total number of moles of gas at eQuilioriums

Y= nl+ 2+ n3tomgtngtmptny ) 6-6
+ 1’18_-"' 1’9 + nlo + nll + nla + n13 g
+ 14 + myg5 )

The sixteen eCuations which constitute Series 6B,

Series 6C and Equation 6-6, with numericsel velues substituted

for the k's, q's and P, are the working eCGuations. These cean

De solved simultaneously for the fifteen unknowns by the

methods sbout to ‘be described.
Pirstly, the values of Q] to Q4 ere calculated from the

unburnt fraction compocition. These are eagily cdetermined

from the following ceneral eCuation for rich &nd stoichio-

metric mixtures of the reaction between & hydrocarbon fuel

sir when no derived constituentc are urezcnt:

#(m + n) Np = n Hx0

ChHEp+ x(m+ n) Op + 3.764

3 Z
+ (m {(2x-1) + np (x-1) ) CcC2 + ( 2m(1 - x) +
( 2 ) (
£ (1-x) 3 CO + 3.764 x (m + n) Mo
) 4) --== o7

In this eoustion, x (£1) is the fraction of cnemically

the reactiorn. Thus,

( 2 )
G = (2m(1-x) + n (1-x) )
( 2
gx = 2.764x (m + p)
and 94 = n
2
Seconlly, the valucs of the thermodynamic e ullibrium
constants K Lo RLG are & ipotea 1o the known terrsrature
= L

R34,
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0 e @mixiure by methods described in Appendix 6.

a first envimeie is then mage of the number of moles
0 the independent components ni, n2, n3 and n4, &nd, also,
of the total number of moles, np. From these estimated

)

Values, corresponding values of n5 to nl5 are calculated
from the equations in Series 6B. If the initial estimates
of nT, ni, n2, n3 and n4 were correct, the resulting values
of n5 to n15 will satisfy the set of eQuations in Series 6C.
If they do not, an improved set of values for nT, ni, n2,
D3 and ng is obtaired by acplication of a simple iteration
technique. Thig general procedure is repeated until the
required accuracy is achiesved. Tn this work, this was
considered to De when c¢oncecutive values of each of the mole

fractione of the independent components differed by less

then .0l per cent.

In the determinstion o:f the chemical composgition at

¢ilinrium for weak Nixtures, exactly similar techniCues

-

ere uzed except thet (2 rerlsces 20 ec an independent com-
porent. The ciemicel eguetions for such mixtures are nov. :

CO =—=<C02 - % 05

SERIES

€D

No0 ——==Np + % 02
NHy === mp + %HQO - 1 0
HNO === HpO0 + & ¥z + 4 Cp

)
|
|
|
e - s
5 |
|
;
3
;
)

1

o
=
ro




end the corresvonding mess action expressions (correspond-

ing to those in Series 6B) sare:

s = ( ) (c (Cz>_é
€. = 6. (-g;-)' * R G
& = 6, (a)% ()"
Cg = Gs-(‘&%)ﬁ%(cz)z’.(q)é
Gs —%)’% ) ()"
¢o = G ) (e)®
co = G, . -EP‘;)/Z (Cz) (Cs)é
o = 6. (B) @56
6n. (£)* (@) T EH )"
e - 6. (B)E) ()fz@’z

Cr

N

b
cs = Gis-. CT) ‘ (C Y,

Tn this set of e usticne, the symbols previously re-
Feprec to for the procuct gpccice in weak mixiures nave
peen used and, in aadition, G5 to Gly are ihd nase action
conatanis fov the reerective resctions in Jer: ice 62. The
term ¢p is the total number of moles of gas in the euuni-
liprium mixture.

“he set of etuations based on ine Conservation of

Lass Tor weak mixturegs ayes

2206,
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¢y = 21 - ¢g )
c2 = z2+des+ies-dor-dog :

+ 3¢9 =3%cl0-cll - % c12 + 2 c13 - % c14 3 SERTES
¢3 = z3-kegp-deyy-Cip-Fei3-Fey - F s % 6F
cqs = z4 - c% -3ceg~%cg-1.5¢c33~%cia %

. in which 2z~ 24-afe the number of moles of each independent
component in the absence of all derived constituents.
The final equation, based on the summation of the
total numpber of moles of gas at equilibrium is:

CT = cp+ca+c3 + ¢4+ cg+eptcey+cg

+cg +cyo +c13 teyp +teyy tcyg teyy

The sixteen eYuation: comprising Series 6E, Series
6F end Equation 6-8 constitute the working equations for
weak mixtures. The values of z1- z4 are calculated from
the unburnt fraction composition. As before, a general
etiuztion for the combustion of a hydrocarwon fuel in air
iz obtained for weak wixtures when no derived constituents

iz

[37]
}_s
J
o)
0
1991
4]
=)
'ns
-
=1
i
el

Op + 2.764 x (m + n) N =

m (02 + n Hz0 + (x=1).(m + g% 02
4
+ 2.764 x (m + p) W2 cmmm 6=
( 4)

where x (> 1) is the fraction o: chemically correct sir

entering the reaction. Thus,

zZy = m
z2 = (x=1).(m + n)
( 4)
z3 = 3.764. x. (1 + 1)
” ( 4)

™
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Solution methods &are exactly the same as those described

earlier for the rich and stoichiometric mixtures.

- -

-

6.2.3. COMPUTER CALCULATIONS OF CHEMICAL EQUILIBRIUM COM-
\

POSITIONS.
The sets of eQuations anﬂ Sqlution techniques described
‘above have been programmed on a digital computer for use in

the analytical model. Some results from this dissociation

. wm w mcem—me——e — — ———e

P T

work are plotted in Figs. 6-3 to 6-47.

‘4__,_.4

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
ecuivelence ratios of 0.8, 1.0, 1.2 and 1.4, and at 10 ATM
and 50 ATM pressure. The results in Figs. 6-18 to 6-32 are "
for iso-octane combustion amd those in Figs. 6-33 to 6-47
are for the combuction of benzene over the same temperature
range znd at the seme e nivalence ratios and pressures as
stated ebove Ior Propane.

Th:se results and plots are 1n excellent agreemeig with

other relevant publishec calculations. €.g. ratterson

177
Vickiznd et all end HRef.R182.
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