American Journal of Applied Sciences 2 (10): 14384, 2005
ISSN 1546-9239
© 2005 Science Publications

Modeling of Transient Heat Flux in Spark Ignition Engine
During Combustion and Comparisons with Experiment
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Department of Mechanical Engineering, Universith@ga Nasional, Km 7,
Jalan Kajang-Puchong Kajang, Selangor 43009, Miaays

Abstract: A quasi-one dimensional engine cycle simulationgpan was developed to predict the
transient heat flux during combustion in a sparnkitign engine. A two-zone heat release model was
utilized to model the combustion process insidecitn@bustion chamber. The fuel, air and burned gas
properties throughout the engine cycle were caledlasing variable specific heats. The transieat he
flux inside the combustion chamber due to the changhe in-cylinder gas temperature and pressure
during combustion was determined using the Woshkbat transfer model. The program was written in
MATLAB together with the Graphical User Interfac8l). Numerical results were compared with
the experimental measurements and good agreemerbtained. Four thermocouples were used and
positioned equi-spaced at 5mm intervals along an@y the spark plug location on the engine head.
These thermocouples were able to capture the heatdlease by the burned gas to the wall durirg th
combustion process including the cycle-to-cycldatams. Pressure sensor was installed at the engin
head to capture the pressure change throughouat/the
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INTRODUCTION burned and unburned gas respectively. The heagdlux
for both burned and unburned gases were expressed a
Heat transfer between the working fluid and thefunctions of temperatures as follows:

combustion chamber in the internal combustion engin
is one of the most important parameters for cycle Q,=hA,(T,-T.) 2)
simulation and analysis. Heat transfer influenéesin-
cylinder pressure and temperature levels, engine
efficiency and exhaust emissions. During the Q. =hA,(T,~T,) ®3)
combustion process, the peak gas temperature was
limited to 2500K as metal components of thewhere, A and A, are the areas of the burned and
combustion chamber can only withstand 600K for castinburned gas in contact with the cylinder walls at
iron and 500K for aluminum alloys. Therefore, thetemperature J. The wall temperature is assumed to be
cooling of the cylinder head, block and piston &w 450K which is the maximum allowable limit for the
important to keep the engine running in optimumiubricating oil to work under a proper conditionfdre
condition. The engine lubricant will oxidize if the it oxidize due to overheat. The cylinder area iaside
temperature reaches more than 450K. Thusgombustion chamber is:
investigating the transient heat flux in the cyénds

very significant. The quasi one dimensional modatw w4V .,
acceptable since the temperature gradient normthleto A, =(2 +b] (4)
wall is large compared with the temperature grédien
along the walt’. o
Likewise for unburned gas:

Numerical analysis: In order to determine the transient
heat flux inside the combustion chamber during the, _(m0® 4V U2

. W= —+—[1-x (5)
combustion process, the heat transfer need tofiede 2

as a function o as shown in the following equatidn

) .. Equation (4) and (5) are empirical functions that
Q_-Q_-Q-Q (1) have the correct limits in the case of a cylindérere
@ w x » 0 and whenx — 1. The X value represents the
mass fraction of cylinder content and burned gas is
always assumed to occupy this larger fraction @f th
i ) r?:'?/Iinder as compared to unburned gas, due to the
where Q, and Q, are the heat transfer rates for thegensity difference between burned and unburned gas.
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The combustion gases are defined into two zone
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The burned gas always occupies a larger volumeQ= Heat transfer
fraction of the cylinder. Equation (2) and (3) regent = Pressure

the remaining parameter, that required to deterrtfire , — \/gjume

heat transfer coefficients. In the present work, lileat 9= Crank angle
transfer coefficients are evaluated using Wosclegit h _ .

transfer modé?: = Engine speed

Thermodynamic properties

— 0.2 0.8 .8 0.5¢

h, =3.26B°*#°w*T (6) Specific internal energy: Since the thermodynamic
properties change with respect to temperature and

Where: pressure, two MATLAB subroutines were programmed

b = Bore to return the thermodynamic properties throughbet t

p = Pressure engine cycle. The unburned routine was used to

T = Temperaturga ) calculate the fuel-air-residual gas mixture usiog |

w = Average cylinder gas velocity temperature combustion modelling. The internal

o energy, enthalpy and specific heats are function of

The average gas velocity is always assumed to bgressure and temperature. On the other hand, in the
proportional to the mean piston speed during thekey  pburned routine, ten combustion species were tracked
compression and exhaust stroke. However, during thgyring the combustion process using chemical
combustion process, the gas velocity is a functbn equilibrium combustion model. Both of these rousine
density due to temperature and pressure rise. Thes, return partial derivatives in logarithmic form, whiare
average gas velocity is: required in the subsequent calculations. The specif

internal energy of the system is git’&n

w=CgS,+ CZB?\T/I}( P- R) @)

r-or

u=%=xub+(1— X) u, (10)

Where:
V, = Piston displacement

S, = Mean piston speed

Since there are two combustion zones inside the
cylinder, x represents the mass fraction of thenédr
gas, y is the internal energy of the burned gas at a

T, = Reference temperature temperature J and y is the internal energy of the
p.,V. = Pressure and volume at initial condition unburned gas at a temperaturg The internal energy
of the burned gas is a function of both temperatune

p., = Motored pressure

C, = 2.28, C, = 0.0during the compression stroke
C,=2.28, C,=0.00324 during the combustion and = u,(T,,P (11)
expansion stroke

pressure:

) , and the derivatives will be:
In order to determine the average gas velocity, th

pressure and temperature histories throughoutyttle ¢ 5, 5, 4t y dp
b 9% Hh Y% T

are required. Both of these parameters are furgtidn B T ® P ® (12)

thermodynamic properties. Based on the first law of b

thermodynamicd8: o - _
by substituting the logarithmic form of partial

AU=ZQ-W )  derivatives return by theurned routine®:

where, the change of internal energy of any syseem du, _[ . _Py0lny | d}, _ (dIny, dIny ﬁj(l?,)
equal to the difference between the heat transfer a d8 | ™ T, aInT,)d®@ °(dInT, dInP)d
work generated by the system. The above equation ca

be expressed in differential form and when appled  and for the unburned gases:

control volume encasing the cylinder content, the

equation becomes: du, _[ _Pyaln vuj dt, _, (a Iny,, 9 In Vu]dF(M)
; @ (™ T,0InT,/d0 “lainT, aInPd
m%q_udirn:@_Pﬂl_ ni]tl] (9)
dae e & @ w
Equation (10) can be expressed in derivative form
Where: as follows:
m, = Mass flow rate
h, = Enthalpy of the blow by masses mdu =[X% +(1- x)ﬂ +(y- uu)ix} m (15)
u = Internal energy de a6 ® ®
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Substituting equations (13) and (14) into Eq. 15: And the derivatives are:
du _ P%amvbJ dT, ds, (05 )dT (0s) dF
Mm—=mx| G,—~———— |—=+ B R i Rl Y B ) 25
de [Cpb T, 0InT, ) d (16) do | T, e [ap) ® (25)
1- _ Py, dInv, ) dT,
(1~ %)) G, T. 3T, | do Substituting the logarithmic  form  partial
derivatives return by thenburned routine yields:
dlnv,  dlnv, dlnv, dnv,||dP
-{NMW[GMT +ampj+nmb'@“{amT'+aij}w
b v ds, _(Cp |dT _ v dlny, dP (26)
+m(u, - uu)% d (T, )dd T,0InT, d

de

The entropy of unburned gas was taken into
account from the unburned gas was treated as am ope
system losing mass due to leakage and during the
Specific volume: The specific volume of the system combustion process. Moreover, the compression etrok
can be expressed in a similar manner as the specifis no longer defined as isentropic compression.
internal energ¥’:

This equation defined the first term on the lefht
side of equation (9).

Enthalpy: During the process of engine running, some
(17) of the mass will be lost due to blow by past thetq
rings. This loss in mass will cause enthalpy losgel$
. . and will decrease engine performance. Before the
and the function form will be: combustion process, unburned gas leaks past ttwnpis
_ rings and after the combustion process, the bugasd
vV, =V, (T, P) (18) . :
also leaks past the piston rings. These losses todael
taken into account in the calculation in order bdain
accurate results. In order to relate the enthalyss |

=Y. -
v=— xv, +(1-X)v,

The derivatives are:

dv, dv, dT. ov, dP between unburned and burned gases, mass fraction is
Yy _ OV, O, | OV, OF (19) - B

d 0T, d® OJP & used to represent the composition as follOws

by substituting the logarithmic form partial detives  h, :(1— xz) h, + Xh, 27)

return by theburned routine:
Likewise the enthalpy can be written in a

av, _ v, 0lnv, dT, | v,dInv, dP (20)  functional form:
d T,0InT, ®® PAIInP @
and for the unburned gas: hy = (T, F) (28)
dv, _v,0Inv,dT,, v,dInv,dP (21) And for unburned gas:
d T,0InT,d® PaIINP @& (1.9 (29)

h, =h,(T,.P 29

Likewise, equation (17) becomes:
The specific enthalpies for both burned and

iﬂ_ldﬂzx%Jr(l_x)%Jr(vb_v)Q( (22) unburned gases were computed by the subroutines
mde nt & ® Y burned and unburned and return the values for the

o ) ] _ further calculations throughout the engine cycles A

Substituting equations (20) and (21) into equationmentioned earlier, this program utilized a variable

(22) yields: specific heat calculation and the specific heat is
assumed to follow a polynomial equation as follGws

iﬂ+vc:xﬁalnvb dT, , 1_X)ﬁalnvudTu 23)

md mo T, 9InT, B T,0InT, & C 1 5 +
I

vbalnvb+(1 x)vualnvu dP+(V V)dx 5 =ataTraT+aT g (30)

DAND - s b~ Vu

+| X —
PoInk

PdInP| @ 8

where, R is the gas constant and a is the curted fit

Entropy: The entropy was expressed in a functionalp0|ynomia| coefficients. Thus, sinc%ﬁj =C,, by
form wheré?: aT), °

varying the constant specific heat throughout tee;
s,=5(T.H (24) the enthalpy will change accordingly.
144(
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Mass blow by pass rings: The rate of change of mass
with respect to crank angle is represented in éguat
(9). By considering the mass conservation equatiuh
considering the mass lost due to the blow by paest t
piston rings, the rate of change of mass with retsfme
crank angle can be written as folldts

(31)

where,w is the engine rotational speed and the consta
C is dependent on the ring design inside the engine
the total mass loss is assumed to be 2.5%,
coefficient is 0.8.

Burn fraction, mass and volume of the system: The
burn fraction was expressed in three different phas
compression, combustion and expan$ion

Before the ignition/compression:

x=0 (32)
During the combustion:

x:l{l—co{m_es}} (33)
2 0,
After the combustion/expansion:

x=1 (34)

were, 6, is the spark timing ané, is the burn duration.
The mass at any crank angle is assumed to be fgiuen

m=m, exq-q6-6,) /] (35)

where, m is the mass at the start of the compression
stroke assumed to be 180° before top dead center dinv. dp

(BTDC) and®, is 180° BTDC. The cylinder volume is
given by:

1 1
= 4+ =

— 2{;+1—cosﬂ{(gz—siﬁ9:l } (36)

where, r is the compression ratio,is stroke to rod

Vv _
Vd

length ratio(%} and Vj is volume at top dead center.

Solution procedure: It can be seen from equation (9)
that all terms had been investigated and the aariy t
left is the work term. The work done by the pisien
equal to the product of pressure and the volumegiha
with respect to crank angle. Solving the last tevith
give the output of pressure, temperature of buiges]
temperature of unburned gas, work done, heat lods a
the enthalpy loss change with respect to crankekhg|

dpP

B =f,(6,P,T,.T,) (37)
d—;b =f,(6,P.T,.T,) (38)
dT, =f,(6,P.T,.T,) (39)

Since the work done, heat loss and enthalpy are

r{felated to the pressure, temperature of burnedagds

unburned gas, simultaneous integration of all theva

th%quations will give the pressure, temperature ohéd

gas, temperature of unburned gas, work done, beat |
and the enthalpy loss change throughout the engine
cycle:

dw _

5 =f,(6,P) (40)
% =f,(6.P,T,.T,) (41)
dH, _

B =f,(6,P.T,,T,) (42)

However, in order to solve the equations above,
another equation need to be derived based on the
thermodynamic properties. The unburned gas was
treated as an open system losing heat (Q) dueeto th
mass transfer and the irreversibility such as ngixin
ds,

-Q, =wm(1-X) T, o

(43)
Substituting equation (26) into equation (43) to

eliminatedi‘ gives:
do

2 b
wm

2
_h[m +ﬂ

Jiioe)
=)

Thus, equation (9), (23) and (44) yields the
solutions for an equation (37), (38) and (39). Eie
equations are then integrated by using thed5
function in MATLAB. Theode45 uses the Runge-Kutta
integration to integrate the ODEs

(Tu - Tw) (44)

c, —L-v, =
Pde “aInT, dB

dP_ A+B+C (45)
de D+E
2

—h[ﬂ+ﬂ X2(T, - T,)
dT, _ 2 b +vb0|nvb(A+B+C]
de WMe; X G 0InT,\ D+E
+Du=hy [%—(x—xz)g} (46)

XCp [ 0O W

-h[ﬂz+ﬂ](1- X?)(T,- )
dT, _ 2 b +vu0|nvu[A+B+cj (47)
d wmg, (1~ %) G dInT\ D+E
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W _pd¥ (48)

4Q _ h(1‘[tf+4\/}[xl,2(.rb -T)+ (L= x)(T,-T,)] (49)

dd wl 2 b

dH, Cm

TGI :j[(l_ X2) hu + thb:| (50)

Where

A:l(ﬂﬁ’ﬁ) (51)
mydd w

(T*’Z+W]
B=h 2 b (vb dlnv, Xl,sz—TW
wm G, 0InT, T,

v, dlnv T,-T
+— uf]-xH2)—u__w 52
Cp, 6|nTu( ) T ) (52)

u

- -x?)C
C= (v - v,) B -y, 0% I hb{dx_(x 0’;) 1(53)

@ "olT, c,T, B
2 2
D=x| Vo (alnvbJ +56Invb (54)
C, T, 0InT, PadlnP
2 2
E=(1- ) v,” (dInv, +ﬁ6|nvu (55)
C, T,\ 0InT, PaolnP

The simulation was developed under no-load opegatin
conditions. The pressure change from compression
stroke to expansion was clearly shown in Fig. 1
whereas the unburned and burned gas temperature was
shown in Fig. 2. Both pressure and temperatur@nyist
was very useful parameter to determine the heatdfu

the engine cycle. The unburned gas temperature was
usually referred to the residual gas whereby thedz

gas temperature was referring to the gaseous lgrnin
during the combustion.

Experimental investigation
Engine test bed: The engine used for this investigation
at the laboratories of University of Southern
Queensland was a single cylinder four stroke Briggs
and Stratton, model 92232, type 1245E1, 3.5hpoarti
shaft, bore 65mm, stroke 44mm, compression ratio 6
and displacement volume of 146tmThe main
bearings are oil lubricated and the engine is adted.
To avoid the rotating magnetic field by the magneto
ignition system interfering with the heat flux
measurement, the ignition system was replaced avith
electronic system. The pressure transducer andlbzat
gauges installed in the cylinder head as showngn3:
The wires were passed through a hole drilled thinoug
the cylinder head and connected to the charge &empli
before it goes into the data acquisition systeme Th
engine was operated at approximately 2180rpm withou
any loading apart from frictional losses and wirelag
once per revolution signal from an infrared shaft
encoder was used to identify the engine speed. The
spark timing was also set relative to the signainfthe
shaft encoder, which is 10.7° BfflC

Coaxial surface junction K-type thermocouple was
constructed “in-house” by University of Southern

Equation (45) and (46) are the main focus of thicQueensland as descrifédand used for temperature

study. Both pressure and burned temperature histo

was used to calculate the heat transfer coeffidmnt > oye ! ) :
thePrevious calibration work, the 120 grit or finerves

ofaster response less than 1ps. These thermocouples

using Woschni model and compare with

experimental results. To simulate the engine cycl

easurement. The thermocouple junctions were
onstructed by using 120 abrasive grit were based o

some parameter was taken from the engine geomet{/e"® installed at the engine head with epoxy which

such as bore, stroke and compression ratio. Thieiglir
ratio at 2180rpm, spark timing and initial pressare
taken from the experiment as the input data for th

simulation.

450 —

400+

prassura (KFa)

a ¥ 8 8 8

=] o = =1 a
-

3
=
=

(5]
=

(=]

BT 0 o a0 180
crank anglhe (degrees ATC)

Fig. 1: Pressure history throughout the engineecycl
144:

éhe transient

erves as an electrical insulator for the thermplesu

In order to determine the fluctuations in heat fftom
surface  junction  thermocouple
measurements, the “thermal product” needs to be
known.

1800

burned gas
- unburned gas

WEMEATRILNE (P
5,

=
3 A
= =
= =

0ot

400

-180 E o a0 120
crank angle (degress ATC)

Fig. 2: Temperature history throughout the engiyeec
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The “thermal product was defined gpck wherep is
the density, c is the specific heat ands the thermal
conductivity. From the previous calibration worket

20 40 &0 BO 100

c¢) Heat flux-cycle 2

effective thermal product of the gauges was taken a
9000J/MKs™2 The signals from thermocouples were
amplified with a gain of 500 and then conditionesihg
electrical analogue units as descrifledThe voltage
signal from this analogue units, pressure transdace
the crank angle encoder were recorded using twitatlig
oscilloscopes (Tektronix TDS420A). Each signal was
recorded at either 100kSamples/s or 5kSamplesisawit
total of 30k samples for each signal. The in-cydind
pressure was measured by a commercial quartz peessu

transducer (PCB mode number 112B11) and an in-line
charge amplifier (PCB model number 402A03) was
used. The pressure transducer was set to have a

20 40 BO B0
d) Heat flux-cycle 3

sensitivity of 0.153mV/kPA for temperature loweath
300°C.

Experimental results. Figure 4b, c, d, e and f show the
heat flux cycle of each thermocouple. The arrow sig
indicated the cold structure occurred during the
combustion. The heat flux was recorded by tcl teefor
tc2, tc3 and tc4 since it placed just beside tharksp
plug. Figure 4b shows the significant rises of Haat

of tcl and tc2 whereas tc3 and tc4 have significant 0
decay of it. The pressure of each consecutive cycle

appears to be similar where fig. 4a shows the press

as a change relative to the lowest value measurdtki

20 40 60
crank angle (degroes ATC)

e) Heat flux-cycle 4

cycle. The peak pressure difference was about 350kp e
which is relatively low. 04
400 - ﬂ‘én.a e
e TG 2
= H02 i <
o 1300 =
= 3 b
:%o £ 01 M k Wi v -\:‘
s
;200 ore @ S o TC4 LT
Z a 20 40 ] ab 100
gm} crank angla (degraes ATC)
f) Heat flux-cycle 5

L=

=100 a 100
a) Pressure-cycle 1-5

Fig. 4a-f: Pressure and heat flux from 5 conseeutiv
cycles®
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case. This is to match with the experimental refsaih
University of Southern Queensland that was presente
to the burned gas region olfly

Heat Flux Vs. Crank angle @ Combustion phase

= 0.3 1 Numerical result
2; 0.25 4 Experimental result CONCLUSION
= 021
= 0.15 4 The mathematical model was proven very good
e agreement with the experimental results in terrnegzt
= 014 flux and pressure rise during combustion strokevds
= 0054 found that the trend of the heat flux curve for ot
result are having the same pattern. The difference
0 ' ‘ — between the numerical and experimental result was d
0 50 100 150 200 to the theoretical assumptions of mass fraction for

burned and unburned gas region. Moreover, the
temperature gradient along the wall was ignoredesin

the mathematical model was one dimensional model.
Although the temperature gradient is not that $igamt

but still it can cause minor difference from the
experimental outcome. This model can significantly

The mathematical model was developed based ofontribute to play very significant role to deteneithe
the variation of thermodynamic properties calcolasi "€t heat flux inside the combustion chamber for

The thermodynamic properties that used in this hodedifferent type of gaseous fuel. Application wiség t
were put in empirical function, where x value model can be very helpful tool to investigate thaldy

Crank angle (deg)
Fig. 5: Heat flux vs. crank angle

RESULTSAND DISCUSSION

represents the mass fraction of the burnt cylindePf combustion in the combustion chamber.

content. Practically,X has left as a parameter to be
determined from experiments, otherwise more

complicated scheme may be used based on the

assumption of the flame shape. Since the masddnact
differentiate the burned and unburned gas regioa, t
value of x has a significant effect on the accurafcthe
results. The temperature history that obtained fthen
simulation was used in equation (2) and (3) in ptde

determine the heat flux of unburned and burned gai

regions. In this case, the burned gas region w&s on
used to be compared with the experimental resudtesi
the heat flux was recorded during the combusticasph
only. The simulation was in one dimension and this
acceptable due to the gradient normal to the wall i
large compared with the temperature gradient atbag
wall. Moreover, the temperature differences along t
wall decay rapidly since the epoxy seal servesras a3
insulator to the thermocouple body. A 100 of
consecutive heat flux cycles during combustioas
simulated and plotted to be compared with the
experimental data. In order to obtain closed pcatti
results, engine specifications such as bore, stispgark
timing, rpm, compression ratio and ignition timing
should be used as an input data for this matheaiatic
model. The experimental heat flux was found to be
slightly lower than numerical one. The heat flugsdes
can consider zero as the calculation consideredflaie
as adiabatic flame Nevertheless, the trend of thehy
is still similar to the experimental results. Thegsure
and heat flux do not increase significantly during
combustion the rate of the heat release due to
combustion is slow, also the volume increases hapid
at he same time.

Figure 5 shows the average heat flux cycles of the
burned gases during the combustion and the expgansio
however compression stroke has not consideredisn th
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