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Abstract — This paper presents the work on a carburetted gasoline engine, in particular the complete modelling of an engine in-
cylinder thermodynamics under high values of ignition retard (HVIR). The “combustion” is a two-zone burnt/unburned model with the
fuel burning rate described by a Wiebe function. Under extreme spark timing retard conditions, the Wiebe function describing the
heat release of the fuel-air reactions was modified to account for the critical change in pressure distribution in the cylinder due to
the abnormal spark retard. An empirical correlation for cylinder pressure variation during the mass blowdown process, which occurs
between the exhaust valve opened and bottom-dead-centre, was included in the simulation to enhance the predictive capability of
the engine model. The complicated mass blowdown process across the exhaust valves was simplified by two processes: (i) isentropic
expansion from the cylinder pressure to the constant exhaust manifold pressure, and (ii) constant pressure throttling which gives rise
to increased exhaust gas temperature due to the recovery of kinetic energy. [0 2001 Editions scientifiques et médicales Elsevier SAS
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Nomenclature

A area exposed to heat transfer . . . . . . 2m

b cylinderbore . ... ... ....... m

BDC bottom dead centre (18CA)

cm pistonmeanspeed . . ......... gt

cp  specific heat at constant pressure kgIl.k—1

Cp  blowby coefficient . ... ....... <l

E totalenergy . . . ... ... ... ... kJ

h specificenthalpy . . . ......... Wyt
or heat transfer coefficient . . . . . .. wi—2.K 1

HVIR high values of ignition retard

KE kineticenergy . . . . ... ....... kJ

l connectingrodlength . . . ... ... m

m mMass . . ... ... ... kg

n number

p pressure . . ... kPa

0 heattransfer. . . ... ... ...... kJ

r compression ratio

s specificentropy . . . .. ... ... .. ky—1k-1

S strokelength . . .. ... .. ..... m

t time . .. .. ... ... .. .. ... 5

T temperature . . ... ... ... K

E-mail addressmshchan@ntu.edu.sg (S.H. Chan).
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u specific internal energy . . . . . .. .. kg1
or exhaust gas velocity . . . ... ... a7l

U internalenergy . . . .. ... ..... kJ

v specificvolume . . . .. ... ..... Prkg—1
or kinematic viscosity . . .. .. ... fas—1

V. owvolume . ................ m

w workdone . . . ........ ... .. kJ

X burnt mass fraction

& =S/2

y ratio of specific heats

0 crankangle . .. ............ °CA

Ob combustion duration . . . .. ... .. °CA

Oig ignition timing = 6s — 6y

Os sparktiming. . . ... .. ....... °CA

Od ignitondelay . . ... ......... °CA

o angularvelocity . . .. .. ....... rasi1

2 enginespeed . ............. nik

Subscripts

amb ambient

b burnt gas

c clearance

cyl  cylinder

EVO exhaust valve opened

g gas
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i intake exhaust valve opened and bottom-dead-centre, was in-
IVC intake valve closure cluded in the simulation to enhance the predictive capa-
j component index bility of the engine model. The complicated mass blow-

I blowby down process across the exhaust valves was simplified by
res  residual gas two processes: (i) isentropic expansion from the cylinder
u unburned gas pressure to the constant exhaust manifold pressure, and
w wall (ii) constant pressure throttling which gives rise to in-

creased exhaust gas temperature due to the recovery of
kinetic energy.

1. INTRODUCTION The current work is limited to engine warmed up
conditions, and the results validation, in particular, the

Previous studies revealed that proper engine manage- cylinder pressure are based on steady-speed experimental
ment, in particular by implementing the high values of data.
ignition retard (HVIR) control can rapidly light-off the
three-way catalyst (TWC) and hence largely reduce the
carbon monoxide (CO), unburned hydrocarbon (uHC)
and oxides of nitrogen (NQ in the cold-start phase [1].
Similar approach has been reported by Ashley [2] and \yith \wo-zone burnt/unburned combustion model, mainly
Heywood [3] as one of the promising techniques for fu- 5564 on Ferguson's [4] work, was developed to predict
ture cold-start phase engine emissions control. A detailed he cylinder pressure, burnt and unburned temperatures
literature review for cold-start phase engine emissions ot gases, work done, heat loss, enthalpy of exhaust gas,
control strategies can be found in [1]. mass flow rate, etc. The zero-dimensional model is based

In the HVIR control, spark timing, idling speed, on the first law of thermodynamics in which an empiri-
and air—fuel ratio are all monitored and controlled by cal relationship between the fuel burning rate and crank
a microprocessor. The exhaust gas energy at exhaust angle position is established. The two-zone combustion
valves opened (EVO) associated with HVIR control ~model assumes that at any instant of time during the com-
has been substantially improved due to the increase bustion, the cylinder volume is divided into burnt and un-
in both exhaust gas temperature and mass flow rate. burned zones by an infinitesimally thin flame front. Each
This improvement, however, is at the expense of engine zone is assumed to be in thermodynamic equilibrium and
performance and is tolerable only for a short period both zones having the same uniform pressure at any in-
of HVIR implementation (about 30 s) at tuned idling  stantof time.
speed. The advantages of increased enthalpy level in the  The region in the combustion chamber is treated as
exhaust gas at EVO include (i) to promote post-flame a control volume as illustrated figure 1 The governing
reactions and (ii) to shorten catalyst's warm up time. equations are the mass and energy conservation equations
Proper spark timing control is crucial as excessive retard and equations of state. These equations, with crank angle
causing engine backfiring, while insufficient retard of as the independent variable, form the building block of

2. ENGINE MODEL

A zero-dimensional thermodynamic cycle simulation

spark timing causing increased engine-out emissions. this thermodynamic model.
This paper presents the work on modelling of in-
cylinder thermodynamics under HVIR, in particular the 2.1. Mass and energy balances

effect of spark retard on cylinder pressure distribution.
An engine simulation program was developed based on
filling-and-emptying technique, and the “combustion” is
essentially a two-zone burnt/unburned model with the
fuel burning rate described by a Wiebe function. Under . .
m = ij
J

For a control volume enclosing the fuel-air mixture,
the rate of change of total mass of an open system is equal
to the sum of mass flowing into and out of the system:

1)

extreme spark timing retard conditions, the Wiebe func-
tion describing the heat release of the fuel-air reactions
was modified to account for the critical change in pres-  Applying the first law of thermodynamics to an open
sure distribution in the cylinder due to the abnormal spark  thermodynamic system, the energy equation is

retard. In addition to the modified Wiebe function, an em-

pirical correlation for cylinder pressure variation during E=0-W+ ijhj (2)
the mass blowdown process, which occurs between the 7
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Intake Exhaust

)

Piston

Figure 1. Schematic of combustion chamber as an open
thermodynamic system.

Prescribing the conservation of mass and energy equa-
tions as functions of crank angle, equations (1) and (2)
become

@ ; do 3)
d(mu) dQ dV
do do Zh’ de 4)

The latter neglects the changes of kinetic energy and
potential energy in the control volume.

2.2. Thermal properties

In a two-zone burnt/unburned model, the unburned
mixture and burnt mixture zones are each treated as sep-
arate open systems. Hence, the specific internal energy
and volume are given by

(5)

=xup+ (1 —x)uy

=xvp+ (1—x)uy (6)

Assuming that the pressures of burnt and unburned
gases are equaldp and v, are functions of bothy, T
andp. Hence,

dvb 8vb dTy avb dp

7
do ~ 9Tp, do ' ap do Q)
dUu _ Bvu dTu avu dp (8)
do 9Ty do = dp do

The thermodynamic properties of a complex chemical
equilibrium composition existing in any fuel-air reac-
tion are obtained using the method proposed by Olikara
and Borman [5] which is an equilibrium constants based
method for solving chemical equilibrium compositions,
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specific heats, internal energies, enthalpies, entropies,
and other partial derivatives useful in thermodynamic
analysis.

By substituting logarithmic derivatives obtained from
Olikara and Borman'’s method, equations (7) and (8) can
be rewritten as

dvb b dlnvy dTp Vb dlnvp dp ©)
4 T, aInT, do p dlnp do
%zﬂalnvu% Eﬁlnvud_p (10)
d Ty olnT, do p dlnp do

Likewise, the internal energies of both the burnt and
unburned gases with same pressure condition are

Ti
dub 8ubd b aub dp (11)
do " a1, do " op do
duy _ duy dTy | duy dp (12)
do a1, do " ap do

The above can be rewritten to include the logarithmic
terms (4) as

dup _ (P dInwydl
d  \P"T 7 9inTy ) de
aln aln d
N e N G )
aInT, ' dlnp ) do
duu Puu dlnvy %
a0 \PYT T inTy, ) e
dln dln d
— oy S e )
alnTy  adlnp ) do

2.3. Trapped mass in control volume

The trapped mass in the control volume at various
periods is given by

m= VU(G) whenfyc > 6 > —360°CA (intake) (15a)
m— ml\l;c e~ Cb(O—bivc) /o

whenbeyvo > 0 > O)yc (valve-closed) (15b)
m= VU(G) when 360CA > 6 > 6evo

(blov[\J/down and exhaust) (15¢)

The cylinder volume at any crank angle is given by

-1
V()= Vc{1+ rT{l—cose

N gzsinze)l/z]}} (16)

&
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2.4. Fuel burning rate correlation relation pV? = p,,c Vi The surface areas in contact
with hot gases can be expressed by
The fuel burning rate in the S| engine is normally

2
modelled by the Wiebe function [6], however, it is mod- Ap = ﬂ (hemispheric cylinder head)
ified in this study to include the effect of HVIR on the 22
. . . b .

heat release pattern. The burnt mass fraction is given by Ap= HT (flat piston crown)

_ N m+1 4 2]

x@0)=1- exp[—a <99&) } a7 A= % (liner surface area exposed to gases)
b

where the efficiency parameter ds=5 and the shape Equations (25) and (26) assume that the fraction of
factor ism = 1.5 for the engine used in this study. cylinder area exposed to burnt gas is proportional to the

square root of the burnt mass fraction which reflects the

fact that burnt gas occupies a larger volume fraction than
2.5. Heat transfer from gases to the unburned gas [4].

cylinder wall

Heat transfer into a thermodynamic system is ex-  2.6. Blowby energy loss
pressed in terms of the heat loss:

The enthalpy loss due to blowby is expressed as

do -0 —0vr-0Qu

[ a) (18) h=(1- xz)hu + x%hp (27)
where which implicitly indicates that more leaking is due to the
_— unburned gas compared with the burnt gas in the early
Qb=h ; lAb"(Tb — Twi) (19) stage of combustion.
i=h,p,
Qu="h _% | Aui(Ty = Twi) (20) 2.7. Governing equations

whereinAp; andAu,»_e;]re thiareai of burntﬁndkl)mburned Differentiating the specific volume (equation (6)) with
gases In contact with each combustion chamber compo- respect to crank angle and incorporating equations (9)
nent at temperatur@&,;, and subscripts h, p, | refer to and (10) yields

cylinder head, piston crown and liner, respectively. The

instantaneous heat transfer coefficigt &dopted from 1 d_V n VCp
Woschni [7] is given by m dd  mw
vp dInvp dT} vy dlnvy dTy
-0.2 —3 0.8,,—0.53 —y 20770 o ~-u
h=082"%%(p-107%.¢)" 170 (21) Ty ainTy 00 TV 7, BTy do
where vp dInwp 1_ vy dInwydp
+[xp Blnp+( x)p Inp |do
¢=6.18cm (for gas exchange process) (22) d
Ap V + (Wb — ) o (28)
¢ =2.28cm+0.00324r —2 do
pive Vive where the blowby coefficient iSp = ri1j/m andm is the
(for other processes) (23)  leakage due to blowby.
T=xTp+Q—-x)Ty (24) Expressing the heat loss of burnt and unburned gases
Ay = A;x 12 (25) as a function of the rate of change of specific entropy
gives
Ay = A; (1 — x1/2) (26) . dsp
andAp is the instantaneous pressure difference between —Qb=maxTp do (29)
the firing engine and motoring engine at the same crank . dsy
angle. The latter is estimated by using the isentropic —Qu=mo(l-x)Ty i (30)
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TABLE |
Applicable equations for different processes in an engine cycle

Intake Compression Combustion Expansion Exhaust
—360 <6 < Ovc Oive <6 < big Oig <6 < big + O Oig +6p < 0 < Oevo —180 <6 < 360
Z—Z 0 equation (35) equation (35) equation (35) 0
% N.A. N.A. equation (36) equation (36) equation (36)
% equation (37) equation (37) equation (37) N.A. N.A.
fi N.A. equation (38) equation (38) equation (38) N.A.
f2 N.A. equation (39) equation (39) equation (39) N.A.
f3 N.A. 0 equation (40) 0 N.A.
fa N.A. 0 equation (41) equation (41) N.A.
fs N.A. equation (42) equation (42) 0 N.A.
where where
d d7; dlnvp d
&b _ (Cpb\Hib Vb 9T HBP (31) f_i d_V+VCb (38)
do Tp / do Ty dIn Ty do 1= m\ b a)
dou _ <ﬂ>% SN gg) [ oinu R An(To— Tw)
Combining equations (19)—(20), (25)—(26), (29)—(30) and 3 Au (Tu — Tur)
(31)—(32), dp/do and dy/d0 terms are eliminated. vy dlnwvy 2i=hpi Auillu— fwi (39)
Hence, cpu dInTy Tu
~h> i p o Api (To — Twi dx
Cpb%—vbalnvbd—p: Lizhp Abi(To = Twi) fa=—wp—w) gy
do alnTy do mwx
(33) _Ubalnvb hu—hb[d_x_(x—xz)ij| (40)
dTy dlnv, dp —h Zi=h,p,| Avi(Tu — Twi) dInTp cpbTh do @
Chpu—— —V — =
P T M YInT, do mw(l—x) fimn v (9Inuvp 2+@a|nvb (41)
(34) T e \aInTy » alnp

In addition to equations (28), (33)—(34), differentiating
equations (16)—(17) and incorporating these with equa-
tions (3), (5)—(6), (9)—(10), (13)—(14) and (18)—(27) into
the energy equation, equation (4), the following set of
equations is obtained after substantial simplification:

dp _ A+fotfa

= 35

do fa+ fs (33)
d7h  —h2i—npiAbi(To—Twi) vy dInvp dp
do WMCEppX cpb 0INTH do

hu — hb dx 2 Cb

— — (x —x%)— 36

XCph [d@ (x—x )a) (36)
diy —hY i hpi Ai(Tu—Twi) vy dlnv, dp
do wmcpu(l—x) cpu dINTy do

(37)
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2 2

v alny vy dlnv

f5=(1—x)[—”< ) +— } (42)
CpuTu alnTu P 8|np

are functions ob, p, T, and T, and their numerical in-
tegration can be obtained by using a fifth-order Runge—
Kutta method. The application of the above listed equa-
tions to different processes in the thermodynamic system
is summarised itable |.

2.8. Mass blowdown

In addition to the above processes in the previous sec-
tions, the mass blowdown process, which occurs between
EVO (129°CA) and BDC (180CA), is also considered
in this model to enhance the predictive capability of the
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model. An empirical correlation for the blowdown pres-  where Tes is taken as that af = 360°CA from the
sure is obtained as in the following form: previous cycle.

mal Equation (46) assumes that the residual gases trapped
PO) = Pevo exp[—a( 0 — Oevo > } (43) in the clearance volume were well mixed with the fresh
180 — fevo intake charge. Note that the heat absorption by the
) vaporising fuel droplets and heat transfer between the
wherea = —IN(paym/ Peyo) andm = 0.45 is the shape  intake charge and the wall of the intake manifold are
factor determined by experimental correlation. negligible and are not considered in this model.

2.9. In-cylinder heat transfer 2.11. Cyclic-mean exhaust flow rate and

bulk gas temperature
The heat loss from the hot gas to the engine cool-

ing water through the cylinder head, liner, and piston . )
crown are modelled by heat convection and conduction 10 Make provision for the heat transfer calculation
processes. The convective heat transfer from the gas to &l0ng the exhaust system, the cyclic-mean mass flow rate
the cylinder wall are described by equations (18)—(26), ©f exhaustgasis considered:

while the conduction of heat across the liner, head, pis- o

ton is simplif_ied py using a thermal resjstance circuit. m= (MEvo—mres)ﬁ)ncyl 47

The thermal inertia of each component is treated as the

heat capacitor, which enables one to simulate the ther- According to Woodward [8, 9], the complicated gas
mal loading of the cylinder wall during engine cold start  pjowdown process between the EVO and BDC across
phase. The initial surface temperature of each component {ha exhaust valves can be approximated by two simple
exposed to gases is assumed to be identical, and is up- processes: (i) isentropic expansion fropi¢) to the
dated at every engine cycle according to the associated ¢onstant manifold pressure which is treated as equal
heat transfer mechanism. to parm, and (i) constant pressure throttling which gives
rise to the increase in exhaust gas temperature due to the

2.10. Intake condition recovery of kinetic energy, i.e.

cpT (0) p©®)
. . . _ o KE®) = 1-(1-y)
Since the gas dynamic effect is not considered in this Pamb
gtudy, the cylinder pressure during gas gxchange process 2(0) (y=1/y
is assumed constant. This assumption is extended to the - y[ } } (48)
calculation of intake pressurgi) which is assumed to be Pamb
equal to the manifold pressure. and its associated temperature rise
The residual mass fractionf}, a parameter which
is crucial in the determination of the charge air/gas ATy(0) = KE®) = @{1_ (1-— ),)p(g)
temperature at IVCT}), is estimated from the previous Cp Pamb
cycle, i.e. 0) 1 -D/y
-, [ p( )} } (49)
mres=m(0)|y_se0. = (Ve/00)|g_ge  (44) Pamb

Based on Woodward’s assumption, the instantaneous

Hence, the residual mass fraction can be estimated by exhaust gas temperature at the ports is

Myes Ve vulo=6c r=1/y
= = 45 b
mivc  Vive vblo=360° (45) Ty(0) = T(G)[iig])} + ATy(0)
and T (6 2] y=1/y
_ (){1_(1_V)P()+ ”:Pamb:|
Ti =1 — f)Tamb 14 Damb p(9)

(- 2)(52) o L)
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During the exhaust stroke, the gas temperature at exhaust As cyclic variation is significant during engine warmed
port is assumed to be equal to the gas temperature inside up period, in particular for a 3-cylinder Daihatsu engine,
the cylinder which is also varied with the crank angle due 50 cycles of pressure signals were logged down for each
to heat transfer between the gas and the walls. Hence, the test. The ensemble-averaged value of all the 50 cycles’
overall mean gas temperatuf®y for the engine cycle is

expressed as

/-180’

360°
fevo f

Ty(6)cpdm(6) +

oy T(0)c, dm(6)

g =
Cp(mEVO — Mreg)

3. VALIDATION OF PREDICTED
CYLINDER PRESSURE

51)

signal was used to validate the predicted results. Note that
at 200th cycle after “engine firing” the predicted cylinder
pressure results were extracted and compared with the
experimental data which are shownfigures 2—6cov-
ering the spark timings from normal (2GA BTDC) to
28°CA spark retard. The reason for using the 200th cy-
cle is because it corresponds to approximately 15 seconds
(engine running at 1650 rawin—1) after engine firing,
which is the time when the experimental data were col-
lected. Note that the effect of heat transfer on the varia-

Pressure is, perhaps, the only bulk fundamental para- tion of cylinder pressure/temperature during engine cold
meter that is measurable inside a cylinder of an engine. start phase is unable to be isolated as the cyclic variabil-
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Figure 3. Comparison of predicted cylinder pressure with experimental data under 7°CA spark retard condition. a. p-6 diagram.
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0.8 4
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b. p-V diagram.
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Figure 7. a. The equivalent in-cylinder gas temperature derived from burnt and unburned zone temperatures. b. Comparison of

in-cylinder gas temperature under varying spark timing conditions.

ity at this phase is of no doubt very complicated, which is
governed with the unsteadiness of fuel supply, combus-
tion efficiency, engine oil viscosity, engine control, etc.

Figures 2a—6ashow the p— diagrams whilefig-
ures 2b—6bshow the p—V diagrams of the engine at
tuned idle speed of 1650 rpm under normal spark tim-
ing condition. Validation has shown that the experimental

that the higher the value of spark retard, the higher the
peak cylinder temperature will be and hence the higher
the exhaust gas temperature at BDC. It can be seen that
the gas temperature at EVO (1Z9A) is significantly in-
creased with the increase of the spark retard. At EVO,
the gas temperature under normal spark timing condition
is well below 1400 K while for the most of the spark

and predicted results are in good agreement. The slight retard cases, the gas temperatures are above 1400 K

discrepancy may be due to the fact that, in actual en-
gine operation, cycle-to-cycle variation is unavoidable,
while in the engine modelling, some empirical correla-

for almost the entire period of gas blowdown. Wu and
Hochgreb [10] have confirmed that burnt gas temperature
ataround 1400 K is critical for in-cylinder post-flame ox-

tions based upon the statistical ensemble averaged exper-idation of uHC leaving the crevice during gas blowdown

imental data were used which are unable to reflect this
cycle-to-cycle variation. Another crucial factor is that the
model assumes a constant reference pressure during in
take process, while the actual manifold pressure fluctu-
ates due to the nature of gas dynamics. A typical single-
peak cylinder pressure in the-6 diagram can be seen

in the normal timing case, while the twin-peak cylinder
pressure evolved as the spark timing retards from the nor-
mal timing. The second peak contributes to significant
increase in availability of the gas at EVO and it is the in-
tention to make use of this increased thermal energy for
heating the TWC to achieve rapid catalyst lightoff at en-
gine cold-start.

4. IN-CYLINDER GAS TEMPERATURE

Figure 7ashows the equivalent in-cylinder gas tem-
perature derived from burnt and unburned zone temper-
atures under normal timing condition, whifegure 7b
shows the comparison of predicted bulk gas temperature
under varying spark timing conditions. Results indicate
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process. Incorporating with this finding, the simulation
results give favourable support to the experimental obser-

-vation of the improved engine-out uHC emissions under
HVIR control as reported in [1].

5. TRAPPED MASS IN CONTROL
VOLUME

Figure 8presents the predicted results of trapped mass
in cylinder. It can be seen that, with the increase of the re-
tard value, the mass of gases in the cylinder also increases
except for the exhaust stroke, due to the lower gas den-
sity associated with higher gas temperature. The increase
in trapped mass of gases under spark retard control is at-
tributed to the higher intake pressure caused by widening
the throttle in the attempt to maintain the same set en-
gine speed. During the intake process, the mass of gases
in the cylinder increases due to the increase in cylinder
volume until piston reaches BDC. After that, backflow
occurs which causes the decrease of mass until intake
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Figure 8. Comparison of in-cylinder trapped mass under
different spark timing conditions.

valve closes at-129°CA. During the valve-closed pe-
riod from —129°CA to 129°CA, the slight decrease in

used Wiebe function describing the fuel burning rate is
not suitable. Modified Wiebe function was used in con-
junction with an empirical correlation for cylinder pres-
sure variation during the mass blowdown process, which
occurs between the exhaust valve opened and bottom-
dead-centre. In addition, the complicated mass blow-
down process across the exhaust valves was simplified
by two processes: (i) isentropic expansion from the cylin-
der pressure to the constant exhaust manifold pressure,
and (ii) constant pressure throttling which gives rise to
increased exhaust gas temperature due to the recovery
of kinetic energy. Simulated results show that the model
is able to reproduce the cylinder pressure reasonably
well with capability of determining the cylinder temper-
ature and trapped mass at exhaust valves opened, which
are crucial for determining the increase in enthalpy, by
HVIR, sufficient for heating the TWC within a defined
time frame.

trapped mass is due to the gas blowby as reflected by
equation (15b). By the time of EVO, the portion of the
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