Lucky Anetor

Professor

Nigerian Defence Academy
Department of Mechanical Engineering
Kaduna,

Nigeria

Edward E. Osakue

Associate Professor

Texas Southern University
Department of Industrial Technologies
Houston, Texas,

USA

Christopher Odetunde

Professor

Kwara State University

College of Engineering and Technology
Malete, Kwara State,

Combustion Dynamics at the Top Dead
Center Position of a Spark Ignition
Engine

A zero-dimensional spark ignition engine model was used to conduct a
systematic study of combustion dynamics at the top dead center (TDC)
position of a 5.734 liter, V8 spark-ignition engine. The model captures all
the experimentally observed essential features concerning combustion at
the TDC. The combustion dynamics at compression ratios, r. = 9.5, 10.5,
11.5 and 15.5 and fuel-air equivalence ratio, ¢ = 1.0 were investigated
with the numerical model. The results show that for r. = 15.5, the fuel-
oxidizer charge was consumed almost instantaneously. Furthermore, the
data shows that it took about 153.0, 52.6, 21.0 and 1.43 ms at compression
ratios, r. of 9.5, 10.5, 11.5 and 15.5 respectively for the in-cylinder
combustion dynamics to reach a value T" = 1.0. In the last 0.01 ms, for all
compression ratios, the rate of change of pressure, dp/dt lies in the range
10% < dp/dt < 10" Pa/s while the corresponding temperature varies from
2230 < T <2700 K. The study also shows that as the compression ratio
increases both the adiabatic flame temperature and heat of combustion at
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the top dead center increases monotonically as well.

Keywords: Fuel-air equivalence ratio; Adiabatic flame temperature; Spark
ignition engine, Engine knock, Activation energy

1. INTRODUCTION

The greatest source of environmental air pollution in
urban areas of the world is the automobiles powered by
internal combustion engines (ICEs). The pollutants are
formed from non-ideal combustion processes which are
prevalent in internal combustion engines and their
formation depend on both the engine operating
parameters (for example, engine temperature, speed,
load, fuel-air equivalence ratio, ignition delay, spark
timing, exhaust gas recirculation, etc.) as well as the
type of fuel. Internal combustion engine emissions
consist of volatile organic compounds (VOCs), carbon
monoxide (CO) nitric oxide (NO) and nitrous oxide
(NO,) which are collectively referred to as oxides of
nitrogen (NOx), particulate matter (PM), carbon
dioxide (CO,) and water vapor (H,O). Volatile organic
compounds (VOCs) and (NOyx) form photochemical
smog in the atmosphere, and (ICO) and (PM) have
been identified as having adverse health impact on
humans.

The impacts of fossil fuel combustion in spark
ignition engines permeate many areas of our lives, in
particular as it relates to economical, sustainability,
global climate change and the utilization of energy. In
view of the foregoing challenges, research efforts have
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focused on designing cost effective, safe, efficient and
non-polluting combustion devices for a variety of fossil
fuels in such a manner that is economical, protects the
environment and support sustainable standard of living.

In order to improve the design of engine
combustion systems a thorough understanding of
combustion at a fundamental and engineering
perspective is required. In-depth understanding of
engine combustion is a formidable undertaking that
requires a comprehensive knowledge of chemistry,
thermodynamics, heat transfer, fluid dynamics and
advanced mathematics. For instance, a complete
understanding of the most elementary turbulent flame
requires detailed knowledge of turbulent reacting flow,
a phenomenon which is highly intractable and is
presently an area of intensive research. Since it is
impracticable to wait until such a time that sufficient
knowledge of combustion dynamics 1is attained,
engineers responsible for designing combustion
devices have resorted to using a combination of
science, experimentation, numerical simulation and
experience to look for practicable solutions.

Since the emissions resulting from burning fossil
fuels is a major contributor to the formation of
photochemical smog and ozone (O3) depletion in the
stratosphere, its minimization has become a top priority
for various national environmental protection agencies.

Presently, a lot of technically feasible strategies
could be used to reduce environmental pollution
caused by internal combustion engines to acceptable
levels. However, these approaches entail some
compromise in either performance, reliability or cost.
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Therefore, the issue at stake is not really about finding
a solution but to look for an optimum combination of
solutions. The first step towards achieving this is to
have a fundamental understanding of engine
combustion processes and the mechanisms by which
pollutants are formed. In view of this, the focus of the
present study is restricted to spark ignition engines
with emphasis placed on combustion dynamics instead
of overall engine performance or mechanical design of
the automobile.

In other to understand the combustion processes
taking place in internal combustion engines, constant-
and variable-volume thermochemical reactors/bombs,
steady-flow reactors, and rapid compression machines
have been used to conduct exploratory studies of the
combustion characteristics. These devices are designed
in such a manner that the combustion processes of the
fuel-air mixtures can be studied under several
controlled internal combustion engine-like operating
conditions. In the present study the constant- volume
thermochemical bomb method was used to simulate the
product composition. This study mimics the
combustion processes taking place at the top dead
center (TDC) position of a spark ignition engine.

2. LITERATURE REVIEW

The prevailing pressure on automotive engine
manufacturers to increase internal combustion engine's
fuel efficiency while simultaneously achieving improved
emission levels has spurred a lot of research activities in
this field. The reviews contained in this section describe
various constant-volume thermochemical reactor/bomb
strategies that are presently being used to study
combustion processes in spark ignition engines.

Firmansyah, F., et al. [1] investigated the auto-
ignition characteristics of dual fuel mixture, namely,
diesel and compressed natural gas (CNG) in a constant
volume combustion chamber. The Reactivity
controlled compression ignition (RCCI) concept was
employed. The diesel/compressed natural gas mixture
was varied from 0 — 100% diesel/CNG at equivalent
ratio of unity. The pressure-crank angle history and
high speed photographs of the images of combusting
gases were recorded. The results show that
diesel/compressed natural gas mixture has superior
combustion characteristics when compared to pure
diesel. Other results of the study further show that
compressed natural gas delayed the combustion
process whilst simultaneously enhancing the uniform
distribution of diesel within the combustion chamber. It
was noticed that the resultant effect created a
multipoint ignition of diesel throughout the combustion
chamber with the concomitant generation of rapid heat
release rate and higher maximum pressure.
Furthermore, the study shows that the production of
soot was lower when diesel/compressed natural gas
mixture was used compared to the case of burning pure
diesel.

Hong Guang Zhang, et al., [2] developed a
diagnostic method which was used to interpret the
results of some combustion studies. The investigation
was carried out in a constant volume reactor with
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diesel-like fuels. The main objective of the study was
to calculate the instantaneous heat release over time
from measurements of the combustion chamber
pressure-crank angle history. The raw experimental
data was filtered in order to remove the oscillations due
to the location of the pressure sensor. A semi-empirical
heat transfer model was proposed and its coefficients
were obtained by fitting them to the experimental data.

Zhang, J., et al. [3] carried out a study with the aim
of investigating the combustion of biodiesel and diesel
fuels in a constant volume combustion chamber that is
optically accessible. The conditions prevalent in
compression ignition engines were simulated. The high
pressure and temperature environment in the constant
volume combustion chamber was achieved by using a
controlled premixed combustion with the required
excess oxygen. A common rail and an injector with a
160-degree included angle was used in the study. The
fuels used in this work were ultra-low sulfur diesel and
biodiesel which was obtained from used cooking oil.
High speed photography of the luminosity from the
flame was used to study the combustion flame in a time-
resolved manner. A combination of high speed and
intensified imaging of hydroxyl radical chemi-
luminescence was employed to identify the reaction
zones. The effects of various ambient temperature and
oxygen concentration on the combustion of both fuels
were studied. The results show that an early injection of
fuel, representing the higher temperature, experiences a
faster auto-ignition, which resulted in less air
entrainment in the early stage of flame development. For
the ultra-low sulphur diesel it was observed that it
produced a higher level of soot, while the effect is less
obvious for biodiesel. It was surmised that the formation
of soot may be as a result of fuel jet impingement on the
combustion chamber wall for both fuels. It was also
observed that the high exhaust gas recirculation (EGR)
level which was simulated by using 9% oxygen
concentration decreases the intensity of the luminosity of
the flame, which in turn reduced the flame temperature
and soot formation. Similarly, for biodiesel, it was found
that the wuse of high exhaust gas recirculation
significantly reduced the soot formation. The authors
concluded from the results of their findings that the use
of biodiesel as a potential alternative to ultra-low sulphur
diesel is quite feasible since it has superior
characteristics  concerning soot formation when
operating at low temperature combustion and elevated
EGR levels.

Other research efforts in providing better
understanding of combustion efficiency and effective
control of combustion emissions can be found in [4 -
12] and the references contained in them.

This paper is organized as follows; the introduction is
presented in section 1, followed by the literature review in
section 2. Section 3 presents the objectives of the present
study, while section 4 describes the models used in this
study. Section 5 describes how the model was used to
study the combustion process at the top dead center
position of a spark ignition engine whose specifications
are given in Table 1. The results of the parametric studies
are presented in section 6. Finally, some closing remarks
and conclusions are presented in section 7.
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3. OBJECTIVE OF THE PRESENT STUDY

Fossil-fuel derivatives are the main sources of energy
which are used in all facets of our daily living. They
provide the primary source of energy used in cooking,
electricity, manufacturing, transportation, etc. In view
of these and the rising environmental pollutions,
national security concerns (finite fossil fuel energy
sources) and rising cost of fossil fuel, research efforts
geared towards investigating combustion efficiency
has been reinvigorated. Since the knowledge of
product composition and temperature are important
because they do affect downstream processes, or
simply for environmental considerations that require
that pollutant (NOy, SO, CO, CO,, O;, etc)
concentrations are within permissible limits, hence
the need to have a thorough understanding of the
combustion processes. As a result of these, the
objective of this study is to use a constant volume
thermochemical device and various compression
ratios, r, = 0.5, 10.5, 11.5 and 15.5 and fuel-air
equivalent ratio of unity, that is, ¢ = 1.0 to investigate
the variation of mass fraction of products of
combustion, temperature, pressure and the rate of
change of pressure (dp/dt) within the combustion
chamber of a spark ignition engine. The ultimate goal
of this work is to gain a better fundamental
understanding of combustion characteristics in
internal combustion engines (ICEs) in order to be able
to optimize the design of future engines.

4. THE ENGINE CYCLE SIMULATION MODEL

In an internal combustion engine the bulk of the
combus—tion reactions take place when both the inlet
and exhaust valves are closed. Since there is no inflow
and the little outflow through the clearances are
negligible and have been ignored, we can model this
situation as a constant-mass combustion reactor/bomb
with temporal variation of mixture properties. The
equations describing the com-bustion processes can
therefore be reduced to their zero-dimensional, unsteady
models. It is worth mentioning that the volume of a
constant-mass combustion reactor/bomb may or may not
have temporal variation.

As stated above, the objective of the present study
is to model constant-mass constant-volume combustion
reactor, as for example, the combustion processes at
the top dead center position of a spark ignition engine
(Otto cycle) by simplifying the unsteady, three-
dimensional equations which are given below.

This will facilitate the computation of the time
history of the reacting mixture from its initial reactant
state to its final product state. In general, the product
state may or may not be in equilibrium. The main
utility of these simplified models are to provide a
means of studying the fundamental physics behind the
combustion processes in these devices. The results
obtained from these models cannot be depended upon
solely for practical designs; however, they do provide
guidance on the main dynamics inherent in the
constant-mass constant-volume combustion reactor
/bomb.
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4.1 CONSERVATION OF MASS EQUATION

The law of conservation of mass for bulk fluid
mixtures is given by:

a(pm)+a(Pm“j)

=0 (1)

where p,, is the mixture density, u; is the fluid velocity
with j = 1,2,3,x; is the coordinate in three mutually
perpendicular directions and 7 is the time variable.

4.2 CONSERVATION OF MASS OF THE SPECIES

The equation of mass transfer of the species can be
written as:

P) .
a('0”’@‘)+ (wtjon) _ o [meaﬂJ-i‘Rk (2)
j

o1 &,  ox;

where k is the number of species, w is the mass
fraction, D is the mass diffusivity and R, is the
volumetric generation rate from chemical reaction.

When Equation (2) is summed over all species k of
the mixture; Equation (1) is obtained. This can be
explained as follows; from Dalton’s law, p,, = Zpx,
since py = pr and 2y, = 1. Moreover, 2N, = pld;.
Therefore, on summing over all species & Equation (2)
reduces to:

0p,  O(Pm;)
o o =21k ©)

On comparing equation (3) with equation (1), equation
(3) becomes exactly equal to equation (1) when 2R, =
0 the physical interpretation of this is that when some
species are generated by for example a chemical
reaction, some others are consumed by combustion in
the case of an ice. This implies that there is no net mass
generation in the bulk fluid.

4.3 CONSERVATION OF CHEMICAL ELEMENTS

It can be shown [13] that the mass fraction 7, of
chemical element a in the mixture of a chemical
reaction mechanism containing k species, is given by:

Mo =Dk Nak O 4)

where 7, is the mass fraction of element @ in species k
In a manner analogous to species convection, diffusion,
generation and consumption/destruction so also are the
elements in a chemical reaction. However, the chemical
elements can neither be destroyed nor created/generated
in view of the principle of conservation of element (law
of definite proportions). Therefore, the transport
equation for any chemical element o will have no source
term. Hence, the conservation of element equation is
given by:

" ox
J

at a.xj aXJ
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Notice that the diffusion coefficient Z for the elements
is assumed to be equal to those of the species [14].

4.3 ENERGY EQUATION

In combustion calculations, it is more convenient to
use the enthalpy or the temperature forms of the energy
equation. It can be shown that the energy equations in
enthalpy and temperature forms are given by [13]:

Dh, @ (k B_TJ_a(zm;l,khk)

Dp - )
+ﬂ(I) vt E + de + Qothers

and the energy equation in terms of temperature is:

DT 9 oT Dp
Pm¢ m Dy oy keﬁ—]+ﬂq)v+—
P Dt ax] [ axj Dt (7)

+Qrad + Qothers - Z(h?,k + Ahs,k )Rk
k

where T is the temperature, ¢ - is the specifi heat at

p
constant pressure of the mixture, hm is the enthalpy of
the mixture, hk is the enthalpy of species k, k. = k,, +
k. is the effective conductivity, k,, is the conductivity of

the mixture and k, is the turbulent conductivity, de

and Q.. are the volumetric generation/dissipation

from radiation and other sources respectively. The
viscous dissipation function is ®, and u is the
molecular viscosity.

The following important remarks concerning the
energy equation in temperature form are worth
mentioning:

1. —Zkh})kRk =Q.pem is the mnet volumetric

rate of heat generation as a result of chemical
reaction. For a simple chemical reaction

(SCR), Qupom =Ry, AH,. where H, is the

enthalpy of formation.
2. If we assume that the specific heats of all
species are equal, that is, C pj =C o = c,

then 23 4h, R, = 0 The last term in Equation
(7) is also zero because 2Dow,;/0x; = 0.

3. The viscous dissipation terms u®, are
significant only in high Mach number flows.
Similarly, the Dp/Dt term is important in
compressible flows particularly when shock
waves are present.

5. MODELLING COMBUSTION AT TOP DEAD
CENTRE IN ICE

In internal combustion engines, the combustion taking
place at the top dead center position can be modeled as
a constant-mass constant-volume process whereas
when the engine is in the normal operational mode, the
combustion dynamics can be treated as a constant mass
variable volume process.
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In the present paper parametric studies of the
effects of fuel-air equivalent ratio on pressure and
temperature history as well as on the products of
combustion was undertaken for both types of
combustion processes. In order to accomplish this,
Equations (1) to (7) were reduced to the following
appropriate forms:

5.1 MODELING CONSTANT VOLUME REACTOR

In constant-volume constant-mass reactor, there are
neither inflows nor outflows. Therefore, if the volume
of the reactor, V' is constant, then, the equations of bulk
mass, mass transfer and energy reduces to:

d Vv
dt

dlp;V) dl\p,Vo;
(o) _aloavs,) )
dt dt

and
d(p,,Ve . .
% = Orud _Wexp +q,A, (10)

where ¢,A, is the reactor wall heat transfer. The wall
heat transfer specified here is in generalized form. In
the present study the wall heat transfer is assumed to be
adiabatic, hence, ¢,A, = 0. However, when all the
processes of an internal combustion cycle is
considered, the heat transfer model described in [17] is

normally used. Wexp =pxdV /dt is the expansion

work transfer, p is the pressure and e,, is the specific
energy of the mixture, and it is given by: e, = h,, -
P/pm-

For a constant-volume constant-mass system, ¥ is
constant hence W, = pxdV /dt=0.

exp

The derivation of the models presented so far
assume that temperature and mass fractions are
uniform all over the combustion chamber volume at all
times. That is, the state of the products of combustion
is assumed to be isotropic; this type of representation is
referred to as thermodynamic model. However, in
practical combustion devices, the ignition process
creates substantial spatial and temporal variations of
temperature and mass fractions as the flame front
propagates through the unburned mixture. Sometimes,
the air-fuel mixture resulting from pressure and
temperature rise during the compression stroke, may
auto-ignite, thereby leading to engine knock, which
most often causes substantial damage to the piston-
crank assembly. It is for this reason that an accurate
model of the rate of pressure rise is highly important.

5.2 SIMULATION OF A CONSTANT-MASS
CONSTANT-VOLUME REACTOR/BOMB

As stated above, in an internal combustion engine,
ignition is initiated a few crank angle degrees before
top dead center (BTC) and a greater portion of the fuel-
air mixture is burnt at constant volume while the
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combustion of the remaining unburnt charge
propagates further into parts of the expansion stroke.
Therefore, strictly speaking, in a constant-mass reactor,
combustion can either be approximated as a constant-
volume or a variable-volume process. In the constant-
mass variable-volume scenario, the combustion
chamber volume, ¥ will vary with time and it can be
determined from the speed, N of the engine and the
dimensions of the connecting rod and crank which are
connected to the piston. The constant-mass constant-
volume, that is, combustion at the top dead center
(TDC) position is studied in the present work by using
appropriately transformed versions of Equations (1) to
(10).

The scenario used to illustrate the constant-mass
constant-volume reactor/bomb combustion process is
described below.

A mixture of n-octane, (CsH,g) and moist air (¢ =
1.0, xgpo = 0.02) is drawn into an engine at a
temperature, 7 = 300K and pressure, p = 1.01325 bar.
It is required to investigate the time histories of 7, p,
dp/dt and the mass fractions @cep g @Wo,» @co,

and @y, until extinction (that is, until the fuel is

totally consumed) at compression ratios, r, = 9.5, 10.5,
11.5 and 15.5 and fuel-air equivalence ratio, ¢ = 1.0. In
the present study it is assumed that compression is
isentropic, that is, y = 1.4. It is desired to investigate
the heat of combustion, AH.(TDC) and the adiabatic
flame temperature, 7, It is assumed that

¢p, =c, = 1200 J/Kg'K and mixture molecular
Jj Pm

mass, M,, = 29. The objective is to simulate the
combustion processes of m-octane, (CgH,g)-air mixture
in a constant-volume constant-mass reactor at the TDC
position. A one-step thermochemical reaction model at
the top dead center position is assumed in the present
study.

In order to simulate the conditions described in
sections 5.1 and 5.2, the following assumptions regarding
the thermodynamics and the chemical kinetics were made.

1. One-step global kinetics and the following
engineering approximation for global reaction
was made [18]:

kG
C H, +(x+y/4)0,—xCO, +(y/2)Hy0  (11)

afc, ]

E, m
— :—AFexp[—ﬁ][CxHy] [0,]n  (12)

u

where [*] £ kmol / m s

For n-octane: Ar = 4.049 x 10'°, E/R, = 20131, m
=025,n=15

ks is the global rate coefficient, E, is the
activation energy, R, is the universal gas
constant, 7" is temperature in Kelvin, m and n
are exponential parameters, x and y are the
number of carbon and hydrogen atoms
respectively in the fuel.

2. The specific heats at constant pressure of the
fuel, air and products are constant and equal,
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that 1is, Cpr = Cpox :Cpp =1200 J/AGK

and the molecular weight of the mixture, M,,
= 29.

3. In the present study the stoichiometric air-fuel
ratio is 15.05 and combustion is constrained to
stoichiometric or lean burn conditions, that is,
$<1.0.

The value of the parameters, A, E/R, m and n
were chosen in such a manner that they give the best
agreement when experimental and predicted flame
speeds and flammability limits are compared [18].

5.3 NUMERICAL SOLUTION

The numerical solution which was used to solve the
situation described in sections 5.1 and 5.2 is as follows:

Since V is constant, Equation (8), reduces to dp,/d,
= 0, or p,, = constant, although p and T varies with
time.

Therefore, Equations (9) and (10) transform to:

d(wCSHIS) :_‘RCSHIS‘

dt Pm (13)

d(a)02) :_‘R02‘ (14)
dt Pm

d(a)coz) __‘Rcoz‘ -
d  p,

o) [ .
dt p,

d(wNz)

—— =0 (17)
d d p

me—O:E{hm —p—mj_

d
me(CPmT+AHCwC8H18 _RmixT):()?OF (18)

d(wCSHIS ) AH

dr =0

= Pm %(Cva)'i' Pm

where ¢, =c, =Ry

From the foregoing, the net consumption rate of

CgHygis given by:
— Apexp — Ly [Ger s l0,]
R,T

:MWC8H18 X

|RC8H18

Therefore:
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Since a single-step global mechanism which also
referred to as simple chemical reaction is assumed in
the present study, then:

kg of fuel+ rykg of Oy — (141, )kgof Pr  (20)

where Pris the products of combustion and ry, is the

stoichiometric ratio and is defined as:

M WO2 M W02 ( nj
m+—

¥, ,a ic —
st MWF stoic MWF 4
Therefore:
Ry, =ryRp and R, =—(1+r, ) Rp 1)

From the stoichiometric combustion of n-octane,
(CsHy):

Ro, = ryRegh;g and Reo, = Rypyo =—(1+75 ) Regryg

On combining Equations (13) to (18), we get:

I @, @,
@eghyg ~— } :|:mC8H18_ . } (22)
L st t st i
I Do, Do,
o =| oo gy, + (23)
| “stis (w)l { w18 (v, |
I Bp,50 Br,0
1) + =| o + 24
Catis (w)l {H (w)] e
L l
and
@ +CV_mT = w +CV_mT (25)
C8Hig " Ay CgH18 " A
L c t c i

From Equations (22) to (25), @cgp s @o, » @co,
and @p,p can be expressed as functions of

temperature 7, when their initial reactant values are
known. The initial values are solved for as follows:
The initial reactants, R, are:

Rypuer = CgHig +%(02 +3.76N2)+nH20H20
where ny,o is the initial number of moles of water
vapor, H,O The mole fraction, XH,0 of water vapor is
given by:

Hy0
1+12.5X4.76/¢+n1_]20

= Xp1,0 =0.02 (26)

Hence: ny,o=1234

Therefore, the initial reactant mass, M R =114+
+12.5(32+3.76x28) +1.2347x18 = 1852.2246

Hence,  @cypy,, =114/1852.2246 = 0.06155
similar- ly, a)OZi =0.21596, wNZ,- =0.71050
and wy,p, = 0.012 and wCOzl- =0.

With the initial values/conditions known, Equation
(19) becomes:
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d AH,,
E(cva) = RHS Zp_mLX‘chng‘

0.75
MW
E CgH
o] g e S @
u MWO2
0.25 1.5
wCsHls 02‘
where:

a)Cngg = ngngl. G, (T_Ti)

0)02 = sz Tl (a)Cngg - a)Cnggi ) = 0)02

G,

T Em(T_T')

= o i

2.
! c

@co, = wCOzi _(1+rst)(ngH18 _wCSHISi ):

C,
wCOz = (1+rst)ﬁ(T_Ti)
c

D0 = a)HQOi _(1+rst)(a)C8H]8 _a)Cnggi ):>

C
BH50 =a)H20i +(1+rst)Ava (T_Tl)

c

In order to complete the modeling of the right hand
side (RHS) of Equation (27), we have to model the
values of pm, Cyy and AH, as well. These quantities

are modeled as:

AH,. = (Hyeqction = Hproauer), similarly, the adiabatic flame
temperature, T,, is computed for the combustion
temperature 7 and equivalent ratio, ¢. While the
extinction temperature, 7,,, corresponds to the value of
@cgHyg such that @Ocgryg = 0.

Cop = 2 ;056 :Zj(cpj -R, /Mj), where Cpj is

evaluated as a function of temperature, T at each
instant of time during the computation of Equation
(27). Finally, p,, = pM,,/(R,T), where M, = (Z_,»co_,-/]l/lj)'1 .
Since the volume is constant,

P P
P __|_P_ 28
R,T [ R,T l 29

From Equation (28), the instantaneous values of =
can be computed. Furthermore, Equation (27) can now
be expressed as:

(Cva)H_At = (chT)t +RHS (T,)- At (29)

In the present study the Euler’s integration
computational method was used to solve Equation (29)
which models the constant-mass constant-volume
combustion dynamics, at every instant of time, 7. The
time-step, At¢, which was used in the present study, is
1.0 ms. However, Ar was gradually reduced as 7" = (T-
T)/[(T,s-T;) — 1.0, in order to preserve accuracy.
Simulations are terminated when @cgy o <0 and the
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flame is extinguished, that is, the fuel (CgH;g) has been
totally consumed.

5.4 INITIAL CONDITIONS

In order to complete the necessary input information,
the relevant initial conditions for the first order
differential equation which describes the interactions
between temperature, pressure and mass fractions are
specified thus:
e Initial conditions - temperature:
T=T;=Tap (r)** =0
e Initial conditions - pressure:
P=Pi=Pamr (r)" atr=0
e Initial conditions - mass fraction of species: at t =

0, {wCSHls’woz’wCOZ’wH20},~ refer to Eq. (26).
5.5 CONVERGENCE CRITERIA

For the zero dimensional model used in the present
study, convergence was obtained after 17 iterations at
each time step. The local truncation, discretization and
global errors are on the order of O(Atz), O(4t) and
O(4t) respectively for the Euler integration scheme. In
view of these, convergence criterion was set to a
tolerance value of 10°  Therefore, complete
calculations are repeated until the final values converge
to within the specified tolerance with the initial values.

6. RESULTS

The results presented in this study were obtained from
a 5.734 liter, V8 engine. Table 1 below lists the engine
specifications, operating conditions and fuel input
parameters.

The data presented shows the temporal variation of
several important parameters which are useful to
internal combustion engine performance at various
compression ratios, r.. The quantities are combustion
chamber pressure, rate of change of combustion
chamber pressure with time, combustion chamber
temperature, adiabatic flame temperature, heat of
combustion at 7DC and variation of mass fractions of
fuel, water vapor, carbon dioxide and oxidizer. The
operating conditions investigated are clearly annotated
in Figures 1 - 10. Comprehensive discussions of the
effects of engine compression ratio are presented in the
paragraphs that follow.

Figures 1 and 2 show the variation of combustion
cylinder pressure and the rate of change of combustion
cylinder pressure versus time. The figures show that as
compression ratio increases the pressures and the rate
of change of pressure increases as well. However, it
can be seen from Figures 1 and 2 that at compression
ratios in the range 9.5 < r. < 11.5, the rise in both
pressure and rate of change of pressure are quite
smooth and somewhat gradual for most of portions of
the combustion processes, thereafter, a rapid
consumption of the remaining charge ensues. The
gradual combustion processes that were witnessed for
compression ratios in the range 9.5 < r. < 11.5 was
completely absent for compression ratio, r. = 15.5,
Figures 1 and 2 show that for r. = 15.5, the fuel-
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oxidizer charge was consumed almost instantaneously
as can be seen from there characteristics which are
almost vertical. This shows a high likelihood of engine
knock, therefore, operating a spark ignition engine with
compression ratio, rc > 15 should be avoided unless of
course some specially treated fuels are used.

The variation of in-cylinder temperature with time
and the graph of adiabatic flame versus compression
ratio, r are shown in Figures 3 and 4 respectively. The
shapes of the pressure and rate of change of pressure
with time shown in Figures 1 and 2 are positively
correlated with the temperature characteristics shown
in Figure 3 as expected. Figure 4 shows that as
compression ratio increases the adiabatic flame
temperature increases as well.

However, the temperature gradient is steeper for
compression ratios in the range, 9.5 < r, < 11.5 than
compression ratios, 11.5 < r. < 11.5 The results show
that it took about 153.0, 52.6, 21.0 and 1.43 ms at
compression ratios, r, of 9.5, 10.5, 11.5 and 15.5
respectively for the in-cylinder combustion dynamics
to reach T = 1.0. In the last 0.01 ms, for all
compression ratios the rate of change of pressure,
dp/dt lies in the range 10® < dp/dt < 10" Pa/s and the
corresponding temperature varies from 2230 < T <
2700 K. The rapid change in temperature and pressure
with corresponding high rate of depletion of fuel-
oxidizer (CgH;g3 - O,) mixture characterizes
thermochemical explosion, that is, engine knock.
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Figure 1. Variation of combustion chamber pressure with
time at compression ratios, rc
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Figure 2. Graph of dp/dt versus time at compression ratios, rc

This phenomenon is due to the extremely fast

interaction between the energy released and the

FME Transactions



corresponding temperature rise from the combustion
reaction which in turn feeds back to produce constantly
increasing reaction rates because of the dependence of
temperature on the reaction rate, that is, (-E,/RT),
where E, is the activation energy.

Figures 5 and 6 show the variation of heat of
combustion at the top dead center position versus
compression ratio and adiabatic flame temperature for
compression ratios in the range 9.5 < r. < 11.5
respectively. It can be seen from Figure 5 that as the
compression ratio increases the heat of combustion at
the top dead center increases monotonically. This can
be explained from the characteristics exhibited in
Figure 6, namely, as the adiabatic flame temperature
increases the heat of combustion at the top dead center
position increases sharply as well. This is due to fact
that the compression stroke preheats the (CgHjg -
O,)mixture, thereby increasing the adiabatic flame
temperature with the concomitant steep increase in the
heat of combustion at the top dead center shown in
Figures 5 and 6.
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Figure 3. Graph of combustion chamber temperature
versus time at compression ratios, rc
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Figure 4. Graph of adiabatic flame temperature versus
compression ratio, rc

Figures 7 and 8 show the mass fractions of fuel and
oxidizer versus time at compression ratios, 9.5 <r. <
11.5 respectively. The graphs also show that the
characteristics of the fuel and oxidizer mass fractions
are perfectly correlated. From Figures 7 and 8, it can be
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seen that the fuel-oxidizer mixture were consumed
almost instantly consumed, that is, at a total time of
1.43 ms for compression ratio, r. = 15.5 whereas the
fuel-oxidizer was consumed at a much gradual rate for
compression ratios in the range 9.5 <r,<11.5.

5.45E+07 T T T T T T

5.40E+07 E

5.35E+07 -

5.30E+07 -

5.25E+07 -

5.20E+07 -

Heat of combustion at TDC, (J/kg)

5.15E+07 E

5.10E+07 T T T T T T
9 10 11 12 13 14 15 16

Compression ratio, r,

Figure 5. Graph of heat of combustion at TDC versus
compression ratio, rc
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Figure 6. Graph of heat of combustion at TDC versus
adiabatic flame temperature 9.5 < rc < 115
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Figure 7. Graph of mass fraction of fuel versus time at
compression ratios, rc

The graphs of mass fractions of carbon dioxide
(CO,) and water vapor (H,O) produced versus time at
compression ratios 9.5 < r. < 11.5 are shown in Figures
9 and 10 respectively. The graphs show that the trends
are positively correlated to a very high degree. It can
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be seen from Figures 9 and 10 that the least amount of
carbon dioxide (CO,) and water vapor (H,O) were
produced at a compression ratio, r, = 15.5. This could
be due to that fact that because combustion was so fast
with the concomitant high temperature a good fraction
of the carbon dioxide (CO,) and water vapor (H,O)
may have dissociated to form other species.
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Figure 8. Graph of mass fraction of oxidizer versus time at
compression ratios, rc
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Figure 9. Graph of mass fraction of CO2 produced versus
time at compression ratios, rc
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Figure 10. Graph of mass fraction of H20 vapor produced
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7. REMARKS AND CONCLUSION

A zero-dimensional model was used to investigate
combustion dynamics of a 5.734 liter, V8 spark-
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ignition engine at the top dead center position. Some
remarks and conclusion concerning the results from
this study are provided in sections 7.1 and 7.2 below.

7.1 REMARKS

It is worth mentioning that although the simulated
results presented in this study predicts the explosive
combustion of the octane (CgH;g) - oxidizer mixture
after an initial period of gradual combustion, as usually
observed in practical spark ignition engine combustion
and the knocking experienced on a few occasion; single-
step kinetic mechanisms do not model the actual
characteristics of auto-ignition in fuel-oxidizer mixtures.
In reality, the induction or ignition delay period, is
governed by formation of intermediate species
(radicals), therefore, in order to accurately simulate
knock, a more detailed mechanism should be used.

The model presented in this study did not consider
the effect of residual combustion products and the
compression process was assumed to be isentropic. In
view of these, the values produced by the model are
more likely to be higher than those observed in
practical spark ignition engines. This is due to the fact
that in real engines, the combustion chamber wall is
cooled by an engine coolant that is at a lower
temperature than the combustion gases inside the
engine combustion chamber. Since there is heat
transfer between the hot combustion gases and the
coolant, the compression process would not be truly
isentropic; a more accurate model would be a
polytropic compression process.

7.2 CONCLUSION

As stated above, a zero-dimensional model was used to
investigate combustion dynamics of a 5.734 liter, V8
spark-ignition engine at the top dead center position. The
code captures all the experimentally observed essential
features concerning combustion at the top dead center
position. This capability could be viewed as an
accomplishment which would be impossible to realize in
a reasonable amount of time had experimentation been
undertaken. The results are shown in Figures 1 to 10.

In specifics, the conclusions from this study can be
summarized as follows:

1. Figures 1 and 2 show that for r. = 15.5, the fuel-
oxidizer charge was consumed almost instan—
taneously as can be seen from there characteristics
which are almost vertical. This shows a high
likelihood of engine knock.

2. The results show that it took about 153.0, 52.6,
21.0 and 1.43 ms at compression ratios, r. of 9.5,
10.5, 11.5 and 15.5 respectively for the in-cylinder
combustion dynamics to reach a value 7" = 1.0. In
the last 0.01 ms, for all compression ratios the rate
of change of pressure, dp/d lies in the range 10° <
dp/dt < 10" Pa/s and the corresponding
temperature varies from 2230 <7< 2700 K.

3. The results show that as the compression ratio
increases the heat of combustion at the top dead
center increases monotonically, refer to Figure 5.
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4. The least amount of carbon dioxide (CO,) and
water vapor (H,O) were produced at a
compression ratio, r, = 15.5 see Figures 9 and 10.

Table 1. Engine specifications and operating conditions

Parameter Value
Number of cylinders, n, 8
Engine speed, (rpm) 2200
Bore, d (mm) 101.6
Stroke, L (mm) 88.4
Compression ratios, r, 9.5,10.5,11.5 and 15.5
Ambient temperature, 7, (K) 300
Ambient pressure, p,,,» (bar) 1.01325
Cylinder wall temperature, 7, (K) 650
Initial temperatures, 7; (K) 738.26, 768.42, 796.89

and 897.95
Initial pressures, p; (bar) 23.69, 27.25, 30.95 and
47.01

Fuel, n-octane CgHig
Fuel-air equivalence ratio, ¢ 1.0
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NOMENCLATURE
¢, Specific heat at constant pressure of the
mn mixture
Specific heat at constant volume of the
‘m mixture
D Mass diffusivity
E, Activation energy
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hy Enthalpy of species k

hy Enthalpy of the mixture

k Number of species

|Q |Mass fraction

kefr = ki +k; | Effective conductivity

k., Conductivity of the mixture

k, Turbulent conductivity

kg Global rate coefficient

M, Mixture molecular mass
Engine combustion chamber pressure in

p bar

Orad Volumetric generation/dissipation from

Q'mhm radiation and other sources

T, Compression ratio

R, Volumetric geperation rate from
chemical reaction

R, Universal gas constant

T Temperature in K

u; Fluid velocity
Coordinate in the three mutually

X; . o .
perpendicular directions, j = 1,2,3

T Time variable

GREEK SYMBOL

Heat of combustion

Viscous dissipation function

AH,

¢ Fuel-air equivalence ratio
(DV

M

Molecular viscosity
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JNHAMUKA CATOPEBAIBA Y ITIOJIOKAJY
I'OPILE MPTBE TAUYKE
KOJ BEH3MHCKOI' MOTOPA

JI. Anerop, E.E. Ocakye, K. Onerynae

Mopgen 06e3qMMEH3HOHOT OEH3MHCKOI MOTOpa CMO
KOPHCTHIIA 32 CHCTEMAaTCKO NPOYYaBame IHHAMHKE
caropeBama y IOJI0Kajy T.M.T. Ko Motopa — 5.734 7,
V8. Mogen yxipydyje CBE EKCIIEPHMEHTOM YOUYCHE
OWTHE KapaKTepUCTHKE y TMOJ0XKajy T.M.T. Hymepudku
MoOzIen je KOpHWIIheH 3a WCHUTHBAake JIHHAMHKE
caropeBama IpH CTeleHy kommpecuje r. = 9,5; 10,5;
11,5 u 15,5 U exkBUBAJEHTHOM OJHOCY TOpHBa H
Bazayxa ¢ = 1,0. Pesynraru nokasyjy aa ce 3ar. = 15,5
NyHBCHE TOpHBA W OKCHIATOpa KOPHCTH TOTOBO
TpeHyTHO. OcuUM TOra, MOJAIU TMOKa3yjy jaa je Ouio
motpebno 153,0; 52,6; 21,0 u 1,43ms mpu 1. = 9,5;
10,5; 11,5 omgnocHo 15,5 nga auHamuKa caropeBama y
LWIMHIPY TOCTUTHE BPEJHOCT T = 1,0. 3a mociegmBHuX
0,0lms, koxm cBHUX CTeleHa KOMIIpecHje, Op3uHa
NpOMEHe TpuUTHCKa dp/dt je Oumma y  ormcery
10%<dp/dt<10" Pa/s, a onrosapajyha Temmeparypa
2230 < T <2700 K. UcTpaxkuBama Takole noxasyjy aa
Ce ca MopacToOM CTEleHa KOMIIPECH]e Y TOPE0j MPTBO]
TauykKl MOHOTOHO NoBehaBa TeMneparypa aaujadaTckor
IUIaMeHa U TOILJIOTa OJ] CaropeBama.
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