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A heat transfer model for small-scale spark-ignition engines has been proposed by authors in previous
study. However, that model was developed based on experimental data of one engine, it may not be
so accurate for others. In order to improve the accuracy of predicted heat transfer rate for different
engines, a modified heat transfer model using Stanton number based on two engines is proposed. Predic-
tion results of instantaneous heat flux, global heat transfer, heat release rate, and cylinder pressure based
on the proposed model are compared with the experimental results of three engines and prediction
results of previous model. It is found that the proposed model has prediction results closer to the mea-
sured data than the previous models at the most engine operation conditions.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The heat transfer model can be used to predict the engine heat
transfer rate, which is very important for thermal load analysis,
combustion performance prediction, and cycle simulation. Most
investigations of heat transfer in spark ignition (S.I.) engines are
large-scale ones. Oguri [1] used Eichelberg’s model to predict the
heat transfer rate of a 1400 c.c. S.I. engine, yielding predicted re-
sults that agreed with the experimental results for the expansion
stroke, but not for the compression stroke. This might be because
the model was established for diesel engines and was not suitable
for S.I. engines. Alkidas [2,3] measured the instantaneous heat flux
on the cylinder head of an 820 c.c. four-stroke S.I. engine and found
that it could be affected by the engine speed, air-fuel ratio, and
volumetric efficiency. Alkidas and Suh [4] investigated the effects
of swirl or tumble motion on the heat transfer and combustion
characteristics of a single-cylinder four-valve 400 c.c. S.I. engine.
It was found that increasing swirl or tumble motions might raise
the peak rate of heat release, the local surface temperature, and
heat flux, on the cylinder head. Shayler et al. [5] utilized two meth-
ods to obtain the instantaneous heat flux of the combustion cham-
ber. In the first method, the first law of thermodynamics was
applied to calculate the heat transfer rate, but the results were
not accurate due to uncertain gas properties. In the second method,
the heat transfer rates were calculated based on Woschni’s,
Annand’s, and Eichelberg’s experimental models. It was found that
Eichelberg’s model could produce prediction results closest to the
experimental data.

* Corresponding author. Tel.: +886 2 27712171 3620; fax: +886 2 27314990.
E-mail address: cyywu@ntut.edu.tw (Y.-Y. Wu).

0017-9310/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijheatmasstransfer.2008.10.015

Previous studies have focused on developing heat transfer mod-
els for large-scale engines. However, the heat transfer characteris-
tics of large-scale and small-scale engines are quite different. For
large-scale S.I. engines, about one-third of the fuel energy is trans-
formed to heat loss from the cylinder body. But for a small-scale
125 c.c. two-stroke S.I. engine, Franco and Martorano [6] found
that approximately 50% of the fuel energy is converted to heat loss,
which is much higher than that of large-scale S.I. engines. Since the
heat transfer characteristics of small-scale engine are different
from that of large-scale engine, the authors of this paper [7] had
ever proposed a heat transfer model specific for four-stroke
small-scale S.I. engines using Stanton number. However, that mod-
el was developed based on experimental data of one engine, it may
not be so accurate for others.

In order to improve the accuracy of the predicted heat transfer
rate for different scooter engines, a heat transfer model also using
the Stanton number is proposed and based on two 125 c.c. air-
cooled four-stroke S.I. engines. The remainder of this paper is orga-
nized as follows. Section 2 introduces previous heat transfer mod-
el. The heat flux obtained from the measured temperatures is then
used to establish the heat transfer model in Section 3. The heat
transfer model is used for engine simulation and the engine model
is described in Section 4. Simulation results of cylinder pressure
are compared with the experimental results of three engines in
Section 5. Finally, conclusions are made in Section 6.

2. Heat transfer model

The heat transfer rate Q. from the flowing gas to the combus-
tion chamber wall is dominated by the forced convection [7,8] and
can be expressed as:
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Nomenclature
A area of the heat absorbing surface (m?) thermal diffusivity (m?/s)
AnBn Fourier coefficients y the ratio of specific heats
A cross-sectional area of throttle body (m?) Ny volumetric efficiency
B Bore diameter (m) 0 crank angle (°)
Cq discharge coefficient 0o start of combustion timing (°)
Cm mean piston speed (m/s) 04 total combustion duration (°)
CR compression ratio o gas density (kg/m>)
c specific heat (J/kg-K) T time period of the temperature (s)
h heat transfer coefficient (W/m?-K) 10} angular speed (rad/s)
k thermal conductivity (W/m-K)
m mass (kg) Subscripts
mg air mass in the cylinder (kg) ai airflow into the intake manifold
MFB mass fraction burned (%) ao airflow out of the intake manifold
N total harmonic number cyl cylinder
n Harmonic number d displacement
P pressure (N/m?) e engine
Q heat (J) f fuel
q instantaneous heat flux (W/m?) g gas
R gas constant (kJ/kg-K) HV heating value
S stroke ht heat transfer
St Stanton number hr heat release
T temperature (K) im intake manifold
t time (s) m mean value
u turbulent fluctuating velocity (m/s) P piston
%4 volume (m°) sp spark plug
X distance (m) w wall
d
e hA(T, ~ Ty) ) tabies
Specifications of the target engines.
where A is the area of the heat transfer surface, which is two times Engine model T — ST @55
the piston area, i.e. 2A, for obtaining global heat transfer rate [7]; h o Four-stroke, air cooled, OHC
is the empirical heat transfer coefficients, which is assumed the Bore x stroke 52.0 % 58.6 mm 56.5 x 49.5 mm
same for the entire heat transfer surface [8-11]; Ty, is the measured Fuel system Carburetor
temperature of the spark plug temperature; and Ty is the tempera- Number of valves 2
ture of the flowing gas, which can be obtained using the state equa- géiﬂla:eesrgzﬁtr‘;gl;me }gszc.c. 91
tion of ideal gas [7,9,12] as follows: ldle fpeed 1800 rpm ’
PV Ignition type CDI
T, =-2-2F (2) Spark advance 5°/1500 rpm, 26°/ 7°/1500 rpm, 23°/
meR 4500 rpm 4500 rpm

where P, is the cylinder gas pressure, V, is the cylinder volume,
m, is the air mass in the cylinder, and R is the gas constant.

In order to provide a simple heat transfer model, but yet accu-
rate enough, for the engine simulation, a heat transfer coefficient
using the Stanton number S; is proposed in this paper, as follows:

h = Sipcyu (3)

where u is the gas turbulent fluctuating velocity, which can be
approximated as 0.5C,, under the assumption of open combustion
chamber without swirl [9]. The factor c, is the specific heat at con-
stant pressure, and can be expressed as:

R
Cp=—+— 4
=T @
where 7 is the specific heat ratio, which can be obtained using the
following equation [13]:

7=1338-6x 10T, +10°°T; (5)
The Stanton number S;, which is proposed by previous study of
Wau et al. [7] based on Suzuki AN125 scooter engine (as Table 1), is

determined as a function of the mean piston speed C,, and is ex-
pressed as

S¢ = 0.718 exp(—0.145Cy,) (6)

Cylinder head material
Combustion chamber

Aluminum alloy
Hemisphere shaped

Since Eq. (6) was proposed based on single engine, it may not be
so accurate for other engines. Another heat transfer model also
using Stanton number is developed in this paper.

3. Heat flux analysis
3.1. Experimental setup

Two 125 c.c. four-stroke air-cooled spark-ignition engines with
single cylinder were employed for developing the heat transfer
coefficient in this paper, with specifications as shown in Table 1.
Moreover, the combustion chambers of both engines are hemi-
sphere-shaped, as shown in Fig. 1.

Five thermocouples were used to measure the temperatures of
the cylinder head at specific positions, as shown in Fig. 2 and Table
2. Two E-type coaxial thermocouples (Medtherm TCS-102-E), th,
and th,, were used to measure the instantaneous temperatures of
the inside surface of the cylinder wall near the exhaust and intake
valves, respectively. The E-type thermocouples offer measurement
ranges from —-270 to +1000°C and temperature tolerance of
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AN125

CB125

Fig. 1. Combustion chambers of both engines.
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Fig. 2. Inside view of the locations of thermocouples.

Table 2
Detail location of thermocouples.
Suzuki AN125 SYM CB125
D1 (mm) 3 3
D2 (mm) 7 9
D3 (mm) 5 6
D4 (mm) 8 9

Note: D1 is the distance between the thg, and the spark plug. D2 is the distance from
the th; 4 to the spark plug. D3 is the distance between the spark plug and cylinder
wall. D4 is the distance from the th; 3 to the spark plug.

+1.7 °C or 0.75% [14]. Two K-type thermocouples with Omega 650
temperature indicator, ths and th,, were used to measure the stea-
dy-state temperatures of the outside surface of the cylinder wall
near the exhaust and intake valves, respectively. Another K-type
thermocouple, thy,, was used to measure the temperature of the
spark plug T, The K-type thermocouples offer measurement
ranges from —270 to +1372°C and temperature tolerance of
+2.2 °C or 0.75% [14]. Moreover, since the measuring probe of E-
type and K-type thermocouples are very small, the sizes are 1/32
and 1/16 inch, respectively, which can minimize the error of mea-
sured temperature.

The mean cylinder gas temperature T, was estimated using the
state equation of ideal gas as shown in Eq. (2) with the cylinder
pressure, which was measured with the spark-plug type pressure
transducer (Kistler 6117A37).

In order to obtain the engine heat transfer rate for a wide-range
of operating conditions, the engine speed was adjusted from 3000
to 6000 rpm at increments of 1000 rpm, and the brake mean effec-
tive pressure (BMEP) used as the engine load was adjusted from 1
to 7 bar with an increment of 1 bar.

3.2. Heat flux calculation

In most heat flux calculation, the heat flux through the cylinder
head wall is assumed to be one-dimensional unsteady heat con-
duction [1,4,9-11]. Since the unsteady heat conduction of the in-
wall temperature field exists only within a very small distance
from the wall surface, the unsteady component of the temperature
gradient perpendicular to the surface is usually much larger than
that parallel to the surface. Therefore, one-dimensionality is safely
assumed for the unsteady component of the surface heat flux cal-
culation [10]. The heat flux at the combustion chamber can be ob-
tained by solving the following partial differential equation with
two boundary conditions:

oo
ot To*x
where T is the temperature of the cylinder wall, which is a function
of t and x; t is the time; x is the distance from the wall surface; o = k/
pc is the thermal diffusivity; k is the thermal conductivity; and c is
the specific heat. The boundary conditions are defined as follows:
T(0,t) = Twi(t) at x=0 (8)
T(,t) = Tyo(t) = constant at x=1/

)

where T,,; is the instantaneous temperature of the cylinder inside
wall surface and T, is the steady-state temperature of the cylinder
outside wall surface with a distance ¢ from the inside wall surface.
The material properties of the cylinder head with k and « are func-
tions of temperature [15], as shown in Fig. 3.

First, T,; is represented by the following Fourier series [16]:

Tui = Tum + XN:[An cos(not) + By sin(nowt)] ®)

n=1

where T, is the time-averaged value of T,;; w is the angular fre-
quency of temperature variation, which is one half of the engine

Material Properties

150 —i—e— Conductivity —e— diffusivity 54

Conductiviy
Diffusivity
1e6m?/s

5 44
200 300 400 500 600 700 800
Temperature (K)

Fig. 3. Material thermal properties [15].
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angular velocity for the four-stroke engine; and N is the harmonic
number which is set to be 200 in this paper for obtaining more
accurate representation without more computation time [7].

The solution of Eq. (7) can be expressed as

T(x,t) = Twm — (Tum — Two) + Z e~ "Fy(x,t) (10)
n=1
where
F, = Aq cos(nwt — ¢;X) + B, sin(nwt — cqx) (11)
2 T
Ay = b / Ty (t) cos(wnt)dt (12)
0
2 [F .
B, = z / Tw(t) sin(cnt)dt (13)
0

o= |22 (14)

The instantaneous heat flux at the cylinder inside wall surface,
i.e. x =0, can then be obtained using Fourier’s law, as follows:

0= H),,

= %(Twm —Two) + kHXN]: Cn[(An + By) cos(nawt)
+ (By — An) sin(nwt)] (15)

Since the major heat flux is produced within compression and
expansion strokes, g, is calculated only for these two strokes.
The measured temperatures of the cylinder inside wall surface
for AN125 and CB125 at 6000 rpm with 7 bar BMEP are shown in
Figs. 4 and 5, respectively.

As can be seen from Figs. 4 and 5, the temperature near the ex-
haust valve Ty;.y is higher than that near the intake valve T, be-
cause the exhaust valve region is heated by the high-temperature
exhaust. Both Ty; ey and T, have large temperature gradients near
TDC due to the combustion. Since the compression ratio of AN125
is larger than that of the CB125, which results in higher combus-
tion temperature, as well as cylinder inside wall temperature.

The corresponding instantaneous heat fluxes gy and g, of
AN125 and CB125 can then be calculated for the exhaust and in-
take valve regions, respectively, as shown in Figs. 6 and 7. The
greater the temperature gradient, the higher the heat flux is.

6000rpm with 7Nm
380

360

340

320

Surface Temperature (°C )

2 L L
Eé?OO 0 100 200 300
Crank Angle (deg)

Fig. 4. Temperature variation of the cylinder inside wall surface for AN125.

6000 rpm with 7 Nm
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-100 0 100 200 300 400 500
Crank Angle (deg)

Fig. 5. Temperature variation of the cylinder inside wall surface for CB125.

6000 rpm with 7bar BMEP
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Fig. 6. Instantaneous heat flux variation of the cylinder inside wall surface for
AN125.

6000 rpm with 7 bar BMEP
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Fig. 7. Instantaneous heat flux variation of the cylinder inside wall surface for
CB125.

Two instantaneous heat fluxes at the exhaust and intake valve
regions are used to represent the average instantaneous heat flux
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6000 rpm with different BMEP
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Fig. 8. Heat flux with various engine loads at 6000 rpm for AN125.

6000 rpm with different BMEP
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Fig. 9. Heat flux with various engine loads at 6000 rpm for CB125.

Qm, 1-€. Gm = (Qw,in * Qw,ex)/2. Figs. 8 and 9 show the experimental re-
sults of AN125 and CB125 with various load conditions at
6000 rpm. The instantaneous heat flux grows with increasing en-
gine load, due to the gas heat transfer coefficient is increased with
higher gas pressure and temperature [11,17]. Figs. 10 and 11 show
the experimental results of AN125 and CB125 with different engine
speeds at 6 bar BMEP. Since the gas pressure and temperature do
not vary significantly with the engine speed under constant load,
the gas heat transfer coefficient changes only slightly with various
engine speeds, as does the instantaneous heat flux.

3.3. Curve fitted heat flux

For the engine simulation, the heat transfer rate can be
obtained using Eq. (1). In order to develop the proposed heat trans-
fer model, the spark plug temperature is assumed to be T, in this
paper. Since T, cannot be measured during simulation, the previ-
ous study [7] proposed an experimental formula, which is defined
as a function of engine speed and intake manifold pressure, to rep-
resent the response of Ty,. However, the previous proposed T, is
developed based on single engine, i.e. AN125, it may not be suit-
able for other engines. Thus, another experimental formula is pro-
posed for Ty, in this paper, and is determined as a function of
intake manifold pressure P, engine speed w,, and compression
ratio CR, as follows:

25 . . . . .
<«—1DC ——3000 rpm
N 4000 rpm
20¢ H "\.‘ ----- 5000 rpm ||
i -==-6000 rpm
l.' ';Ah\
15} i

—_
o

Instantaneous Heat Flux (MW/mZ)
o

Crank Angle (deg)

Fig. 10. Heat flux with various engine speeds at 6 bar BMEP for AN125.

5 - ;
“«— — TDC ——3000rpm
g .......... 4000rpm
=4 | /N |- 5000rpm {
= ~===6000rpm
x
>
o 3}
T
(]
I
S 2f
[}
c
S
S 1t
(2]
£ L-i

0 20 40 60 80 100 120
Crank Angle (deg)

Fig. 11. Heat flux with various engine speeds at 6 bar BMEP for CB125.

Tsp = asplwe + aspz wg + asp3pim + asp4wepim + aspSPizm + aspGCR
(16)

where o, is the engine speed with the unit of rev/sec; P, is the in-
take manifold pressure with the unit of bar; and ag,; is the coeffi-
cient obtained from the curve fitting of experimental results and
is listed in Appendix A; The coefficient of determination Rs is used
to evaluate correlations between the measured and predicted val-
ues of Ty, Rs can be expressed as

Re - i 01 =9)*

Y-y
where y is the experimental data; y is the mean value of experimen-
tal data; and y is the predicted data. Here, Rs ranges between 0 and
1. If Rs is close to 1, the curve fitted result is close to actual value,
and vice versa. The correlation results of AN125 and CB125 are
shown in Fig. 12 and Table 3. Since Rs of the proposed model for
the AN125 and CB125 are equal to 0.9667 and 0.9736, respectively,
the predicted results are determined to be very close to the exper-
imental data than the previous model.

In order to develop a heat transfer model for all operating con-
ditions of two target engines, the Stanton number S; is also em-
ployed for the proposed model, and can be obtained from the
curve fitting of the experimental heat transfer coefficient using
the following equation:

(17)
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Fig. 12. Correlations between the measured and predicted Ty, for AN125 and
CB125.

Table 3
Rs of predicted Tgp.

Previous Proposed
AN125 0.9959 0.9983
CB125 0.1496 0.9965
Average 0.5727 0.9974
h—m (18)

Tg - TSP

As can be seen from Figs. 13 and 14, the Stanton number of the
AN125 and CB125 are varied with engine speed, and presents an
exponential tendency. Therefore, this paper employed an exponen-
tial function with the engine speed to represent the dynamics of
Stanton number. Moreover, since the characteristic of heat transfer
would be affected by engine geometry, such as compression ratio
CR, stroke S, displaced cylinder volume V,(0). Thus the S; can be
expressed as follows:

S, =5.91488CR - §* [0.0089(105vcy,(9))2 + exp(—O.OlOGCﬁT)]
(19)

where the displaced cylinder volume V,(0) is a function of crank
angle 6.
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Fig. 13. Correlations of experimental Stanton number of AN125 and engine speed.
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Fig. 14. Correlations of experimental Stanton number of CB125 and engine speed.

The correlations between the predicted and measured instanta-
neous heat flux for AN125 and CB125 are shown in Figs. 15 and 16,
respectively. The corresponding results of Rs for AN125 and CB125
are shown in Table 4. Since the previous model is developed based
on AN125, its prediction results are close to experimental data
than proposed model. But the averaged Rs of the proposed model
for both engines has larger Rs than previous one, i.e. the proposed
model has more accurate prediction results than previous one
about 30.3%.

Similar correlation results for the heat transfer at the cylinder
head of AN125 and CB125 are shown in Figs. 17 and 18. The pro-
posed model for both engines has closer prediction results than
previous one, about 83.6%. As can be seen from Table 5, since the
Rs of proposed model for both engines are very close to 1, the pre-
dicted results of the proposed model are determined to be very
close to experimental data.

In general, the heat release rate between the intake valve closed
(IVC) and spark advance (SA) angle (Qy,vc_sa) should close to zero,
due to that the combustion chamber is a closed system and the fuel
energy is not released yet. Thus, this characteristic is employed to
evaluate the proposed model. The heat release rate can be obtained
using the experimental data of the cylinder pressure, and can be
expressed as follows:

dQn ¢, [ dVy dPey dVe | dQy
= (p29yy 24 P =2 t 20
do R( a ' d0>+ " d0 " do (20)
&
£ 25 :
§ Actual
= +  Previous model
5 20} |
= O Proposed model
T 15 R 1
2 * *;%* ok kx
3 R £
2 X e
g 10 " it AT 1
c " ** 70 00
5 | e &5
£ s Bes T ]
? OO%OOO@
o
e}
9 0 L L L L
o 0 5 10 15 20 25

Measured Instantaneous Heat Flux (MW/mZ)

Fig. 15. Correlation between the predicted and measured instantaneous heat flux
for AN125.
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Table 5
Table 4 Rs of heat transfer at cylinder head.
Rs of instantaneous heat flux. Previous Proposed
Previous Proposed AN125 0.998 0.997
AN125 0.998 0.378 CB125 0.063 0.952
CB125 0.052 0.989 EEEE 0551 e
Average 0.525 0.684
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Fig. 17. Correlation between the predicted and measured heat transfer at cylinder
head for AN125.

Experimental data of cylinder pressure of AN125 and CB125 are
used to estimate the heat release rate. The IVC and SA of AN125 are
325° and 270°, respectively. The calculated heat release rate of
AN125 with the proposed model at 3000 rpm with 6 bar BMEP is
shown in Fig. 19. As can be seen from Fig. 19, the Qnrivesa of pro-
posed model is close to zero, and its mean value of Q. jyc_sa is
—0.287. Thus, the proposed heat transfer model has accurate esti-
mation results between the IVC and SA.

For the CB125, the IVC and SA are 320° and 260°, respectively.
The calculated heat release rate of CB125 with the proposed model
at 3000 rpm with 6 bar BMEP is shown in Fig. 20. Similar to the
previous calculated results, the Qhr‘,VCﬁSA of the proposed model
is also close to zero. Furthermore, the Qhr‘IVCHSA of proposed model
at 3000 rpm is —0.320. Thus, the proposed model also has accurate
estimation results between the IVC and SA.

In order to evaluate the proposed model can be used for other
operating conditions, the cylinder pressure of both engines are uti-
lized to calculate heat release rate from 3000 to 6000 rpm with the
BMEP from 2 to 7 bar. The calculated results of Q. yc_s4 are shown
in Table 6, which shows that the proposed model can be used for
overall engine operating conditions, and its root mean square of
Qurve—sa is 0.403.

The results of Q- vc_sa at all operating conditions of CB125 are
shown in Table 7, which also shows that the proposed model has
accurate estimation results between the IVC and SA for overall en-
gine operating conditions, and its root mean square of Q. jc_sa is
0.502.

4. Engine model

An engine model, which is consisted of charging, combustion,
and rotational dynamics, is established with Matlab/Simulink as
shown in Fig. 21 [18,19].
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Fig. 20. The heat release rate of CB125 with the proposed model at 3000 rpm with
6 bar BMEP.

Table 6 '
Heat release rate Qpjvc_.sa of AN125.
®e BMEP

2 bar 3 bar 4 bar 5 bar 6 bar 7 bar
3000 rpm —0.444 -0.415 -0.28 -0.193 —0.287 0.35
4000 rpm -0.257 -0.219 —0.165 -0.124 0.23 0.107
5000 rpm —0.186 -0.13 -0.84 -0.38 0.39 0.115
6000 rpm -0.99 —-0.65 -0.28 -0.15 -0.29 0.57
Note: Root mean square of Qhr_,vcﬂSA = 0.403.
Table 7 )
Heat release rate Q. jyc_sa of CB125.
®e BMEP

2 bar 3 bar 4 bar 5 bar 6 bar 7 bar
3000 rpm -0.132 —0.930 —0.940 —0.400 —0.320 0.161
4000 rpm -0.147 —-0.108 -0.920 —-0.670 0.494 0.860
5000 rpm —0.153 -0.135 -0.113 -0.610 —0.388 0.120
6000 rpm —0.151 -0.130 -0.117 —0.880 —0.360 —0.360

Note: Root mean square of Q- yc_.sa = 0.502.

The charge model is a filling-and-emptying model based on the
isentropic compressible flow equation for predicting the air flow
rate. It consists of non-choked and choked flow dynamics as shown
in Eqs. (21) and (22), respectively.

1

Ya—1 2

s CamAnPan (Pim > 2y, [, _ <Pim > s
“ Vv RaTatm Pﬂtm ya -1 Pﬂfm '

P; 2 \7
h m 21
when P > <Va+ l) (21)

Ya+1 Ya
el 7

. Cd.imAthPatm < 2 )2(7 ) Pim < 2 )10’1
Mg = V) ,when <[ ——
“ VRaTatm Va Yo+ 1 i Patm Vot 1

where 1y is the mass airflow through the throttle body; Cyin, is the
discharge coefficient of the intake manifold; A, is the cross-sec-
tional area of the throttle body; R, is the ideal gas constant of air;
7 is the specific heat ratio of air; Ty, and Pgyy, are the temperature
and pressure of the atmosphere, respectively. The intake manifold
pressure Py, is obtained from the state equation of the ideal gas.
Boim — RarTom 1, — ) (23)
where Vj,,, is the volume of the intake manifold. ri1,, is the mass air-
flow from the intake manifold into the cylinder, which can be ex-
pressed as:

PinVy
=50
RairTimn T

where V; is the displaced cylinder volume; w is the engine speed;
and 7, is the volumetric efficiency.

The combustion model can be represented using the heat re-
lease model, which is a zero-dimensional model based on the first
law of thermodynamics [18,19].

dPyi 7 — 1 (thr thr) VP dVey

do  do Vo do

(22)

Mo (24)

(25)

do — Vg
where ), is the specific heat ratio of cylinder gas; P.,; and V., are the
pressure and volume of the cylinder, respectively; and 6 is the crank
angle. The heat transfer rate is calculated from Egs. (1), (3) and (19).
The heat release rate with respect to the crank angle can be ob-
tained from the rate of mass fraction burned as:

dQp G +1(0—00\" 0— 00\ "
ey ! ( Od ) exp —a1< - ) Qum  (26)

where myis fuel mass injected into the cylinder; 0y is the total com-
bustion duration expressed in crank angle; 0y is the start of combus-
tion; Quy is the heating value of fuel; a; and a, are 5 and 2,
respectively [9].

5. Verification results

Experimental data of cylinder pressure are used to verify the
proposed engine model. The comparison of cylinder pressures for
AN125 at 3000 and 6000 rpm with 6 bar BMEP (full load) are
shown in Figs. 22 and 23, respectively. Although the proposed
model has larger prediction error than previous one, its maximum
prediction errors are about 9% and 5% for 3000 and 6000 rpm,
respectively. As can be seen from Figs. 15 and 17, the proposed
model underestimates the heat flux at the cylinder head, which re-
sults in overestimated cylinder pressure. Since the previous model

s

¢:hrurrle
—>»

Emptying

Heat Transfer

a9,

!
Filling and || Heat Release a0,

First Law of P{""L REng}ne | )
Thermodynamics » Rotationa
Dynamics

Fig. 21. Block diagram of the engine model.
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Fig. 22. Comparison of the cylinder pressure at 3000 rpm with 6 bar BMEP for
AN125.

50 40— Y | ___| —— Experimental
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Fig. 23. Comparison of the cylinder pressure at 6000 rpm with 6 bar BMEP for
AN125.

is developed based on AN125, its prediction results is closer to the
experimental data than proposed one.

The comparison of cylinder pressures for CB125 at 3000 and
6000 rpm with 6 bar BMEP are shown in Figs. 24 and 25, respec-

— Experimental
1----- Proposed model ||
---------- Previous model

Cylinder Pressure (bar)

Crank Angle (deg)

Fig. 24. Comparison of the cylinder pressure at 3000 rpm with 6 bar BMEP for
CB125.

— Experimental

Cylinder Pressure (bar)

Crank Angle (deg)

Fig. 25. Comparison of the cylinder pressure at 6000 rpm with 6 bar BMEP for
CB125.

tively. Both figures show that the proposed model has the pre-
dicted results closest to the experimental data than previous one.
As can been seen from Figs. 16 and 18, because the previous model
overestimates the heat flux at the cylinder head significantly,
which results in underestimates cylinder pressure.

In order to verify the proposed model can also be used for the
other engines, another experimental data of cylinder pressure
(Yamaha XC125) is conducted in this paper. The specification of
the XC125 is shown in Table 8.

Since the heat transfer rate is obtained based on the difference
of temperature (see Eq. (1)), its estimation accuracy is significantly
effected by the predicted Tsp. In order to verify the proposed T,
empirical formula, the experimental data of cylinder pressure
(Yamaha XC125) is utilized. The correlation results of the previous
empirical formula [7] and proposed one for XC125 are shown in
Fig. 26. The previous formula underestimates the T, The Rs of
the previous formula and proposed one are 0.3451 and 0.9567,
respectively. Thus, the predicted results of the proposed formula
are determined to be very close to the experimental data than
the previous one.

Experimental data of cylinder pressure of XC125 are also used
to estimate the heat release rate, and to verify the proposed heat
transfer model. The IVC and SA are 310° and 265°, respectively.
The calculated heat release rate of XC125 with the proposed model
at 3000 rpm with 6 bar BMEP is shown in Fig. 27. Similar to the
previous calculated results, the proposed model has accurate esti-
mation results between the IVC and SA, i.e. the Qp,c_sa Of the pro-
posed model is close to zero.

The cylinder pressures of XC125 at other operating conditions
are also utilized to calculate Qs for evaluating the proposed

Table 8
Specification of the XC125.

Engine model

Engine type

Bore x stroke

Fuel system

Number of valves
Displacement volume
Compression ratio
Idle speed

Ignition type

Spark advance
Cylinder head material
Combustion chamber

Yamaha XC125
Four-stroke, air cooled, OHC
51.5 x 60.0 mm

Carburetor

2

125 c.c.

103

1800 rpm

CDI

5°/1500 rpm, 26°/4500 rpm
Aluminum alloy
Hemisphere shaped
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Fig. 26. Correlations between the measured and predicted T, for XC125.
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Fig. 27. The heat release rate of proposed model at 3000 rpm with 6 bar BMEP for
XC125.

model. The corresponding calculated results of Q,,rt,VCﬂSA are shown
in Table 9. The proposed model also can be used for other engine
operating conditions with the root mean square 0.433.

The comparison of cylinder pressures for XC125 at 3000 and
6000 rpm with 6 bar BMEP (full load) are then shown in Figs. 28
and 29, respectively. Both figures also show that the proposed
model has the predicted results closest to the experimental data
than previous one. Since the previous model underestimates the
T,y (see Fig. 26), the corresponding temperature difference for cal-
culating dQy/dt is increased, as shown in Eq. (1). Thus, it results in
overestimation of cylinder pressure.

In order to compare the proposed model and previous model at
all operating conditions of three engines, the difference between
the R of the proposed model R proposea and the Rs of the previous
model Rg previous is defined as

Table 9
Heat release rate Qpyc_sa Of XC125.
®e BMEP

2N 3N 4N 5N 6N 7N
3000 rpm —0.66 0.103 0.124 0212 -0.279 0.354
4000 rpm -0.67 —-0.45 0.72 0.15 0.156 0.245
5000 rpm -0.8 —0.54 -0.52 -04 0.21 0.109
6000 rpm -0.52 -0.6 -0.59 -0.109 -0.27 0.15

Note: Root mean square of Q,,,_,VCQSA =0.433.
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Fig. 28. Comparison of the cylinder pressure at 3000 rpm with 6 bar BMEP for
XC125.
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Fig. 29. Comparison of the cylinder pressure at 6000 rpm with 6 bar BMEP for
XC125.

(27)

ARS = RS,Propused - RS‘Previous

If AR is positive, the proposed model performs better than pre-
vious one, and vice versa. The detail results of Rs are shown in
Appendix B. The results of ARs at all operating conditions of
AN125 are shown in Table 10. As can been seen from Table 10,
since the previous model is developed based on AN125, it has clo-
ser prediction results than proposed model at about 62.5% of all
operating conditions with a negative mean value of —0.056.

The results of ARs at all operating conditions of CB125 are
shown in Table 11. As can been seen from Table 11, the proposed
model has the closer prediction results than previous one at most
engine operation conditions about 79.2% with a positive mean va-
lue of 0.156, which is significantly larger than the negative mean
value of —0.042 at the other engine operating conditions.

The results of ARs at all operating conditions of XC125 are
shown in Table 12, which shows that the proposed model has
the closer prediction results than previous one at most engine
operation conditions about 79.2% with a positive mean value of
0.066. The negative mean value is —0.067 at the other engine oper-
ating conditions.

6. Conclusion

The heat transfer model proposed by previous study is not so
accurate for different small-scale S.I. engines because it was devel-
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oped based on single engine. In order to develop a heat transfer Table A1
model suitable for more small-scale S.I. engines, a heat transfer Coefficients of Ty,.
model also using the Stanton number, which is much simpler but opi —0.4375
yet accurate enough, is proposed in this paper. The proposed model Asp2 -0.0128
is determined as a function of compression ratio, stroke, cylinder ~ %»3 —23Ey
- . Aspa 0.0266
volume, and mean piston speed. Since the spark plug temperature B gt
. . . S| .
is required for the proposed heat transfer model, an experimental a;s 111.754
formula based on two engines is proposed, and determined as a
function of intake manifold pressure, engine speed, compression
ratio, and throttle opening angle. Experimental data of instanta-
neous heat flux and global heat transfer of two engines were used Table B1 )
. o Rs of cylinder pressure of the previous model for AN125.
to verify the proposed heat transfer model. In addition, the exper-
imental data of cylinder pressure and corresponding heat release @e BMEP
rate of three engines were conducted to verify the engine model 2 bar 3 bar 4 bar 5 bar 6 bar 7 bar
with the proposed heat transfer quel. The results show that. the 3000 rpm 0851 0.962 0.942 0.903 0876 0971
proposed model has better prediction results than the previous 4000 rpm 0.960 0.986 0.988 0.994 0.999 0.995
one at the most engine operation conditions, thus it can be widely 5000 rpm 0.932 0.928 0.973 0.984 0.974 0.998
employed for different small-scale engines. 6000 rpm 0.936 0.989 0.954 0.971 0.973 0.992
Mean = 0.9596.
Acknowledgments
The authors would like to thank the Department of Industrial Table B2
Technology, Ministry of Economic Affairs, of Taiwan, ROC for finan- R, of cylinder pressure of the proposed model for AN125.
cial support, under Project Contract No. 95-EC-17-A-16-S1-051-B3. [ BMEP
e
. 2 bar 3 bar 4 bar 5 bar 6 bar 7 bar
Appendix A
3000 rpm 0.84 0.8804 0.9486 0.9433 0.9652 0.9886
4000 rpm 0.815 0.7926 0.9978 0.9692 0.9686 0.9814
See Table Al. 5000rpm 08092  0.8824 09585 09771 09828  0.997
6000 rpm 0.8613 0.9212 0.954 0.9706 0.9745 0.9999
Appendix B Mean = 0.9325.
See Tables B1-B6.
Table B3
Table 10 Rs of cylinder pressure of the previous model for CB125.
ARs of the cylinder pressure of AN125. - BMEP
De BMEP 2 bar 3 bar 4 bar 5 bar 6 bar 7 bar
2 bar 3 bar 4 bar 5 bar 6 bar 7 bar 3000rpm 07207 06118 07039 07255  0.729 0.7427
3000 rpm —0.011 ~0.082 0.007 0.040 0.089 0.018 4000 rpm 0.6653 0.7837 0.8347 0.8482 0.7692 0.7893
4000 rpm —0.145 ~0.193 0.010 —0.025 ~0.030 —0.014 5000 rpm 0.6862 0.8247 0.8887 0.8256 0.8471 0.8526
5000rpm  —0.123  -0.046  -0.015  —0.007 0.009  —0.001 6000rpm  0.7586  0.9061 0.8925 0.8576  0.874 0.882
6000rpm  —0.075 —0.068 0.000 —0.001 0.002 0.008 Mean = 0.7925.
Note: Negative mean value = —0.056; positive mean value = 0.023.
Table B4
Table 11 Rs of cylinder pressure of the proposed model for CB125.
AR of the cylinder pressure of CB125. - BMEP
% BMEP 2 bar 3 bar 4 bar 5 bar 6 bar 7 bar
2 bar 3 bar 4 bar 5 bar 6 bar 7 bar 3000rpm 07504 09216 08908  0.879 09288  0.9609
3000 rpm 0.030 0.310 0.187 0.154 0.199 0.218 4000 rpm 0.9286 0.8214 0.8172 0.8322 0.9587 0.987
4000 rpm 0.263 0.038 —0.018 —0.016 0.190 0.198 5000 rpm 0.9742 0.865 0.8306 0.9363 0.9821 0.9811
5000 rpm 0.288 0.041 —0.058 0.111 0.135 0.129 6000 rpm 0.9173 0.8173 0.8646 0.9526 0.9819 0.9944
1 -0. —0.02 I 1 11
6000 rpm 0.159 0.089 0.028 0.095 0.108 0.113 Mean = 0.90725.
Note: Negative mean value = —0.042; positive mean value = 0.156.
Table 12 Table B5
ARs of the cylinder pressure of XC125. Rs of cylinder pressure of the previous model for XC125.
e BMEP e BMEP
2 bar 3 bar 4 bar 5 bar 6 bar 7 bar 2 bar 3 bar 4 bar 5 bar 6 bar 7 bar
3000 rpm 0.046 0.101 0.116 0.142 0.048 0.119 3000 rpm 0.7555 0.7585 0.7738 0.7884 0.8478 0.8191
4000 rpm —0.046 0.023 0.128 0.064 0.013 0.079 4000 rpm 0.8593 0.8635 0.8271 0.8769 0.8995 0.8885
5000 rpm —0.057 —0.080 —0.134 —0.020 0.142 0.005 5000 rpm 0.9079 0.9355 0.9711 0.9119 0.8112 0.9382
6000 rpm 0.095 0.002 0.015 0.021 0.047 0.043 6000 rpm 0.865 0.9341 0.9259 0.9585 0.9384 0.924
Note: Negative mean value = —0.067; positive mean value = 0.066. Mean = 0.8742.
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Table B6
R of cylinder pressure of the proposed model for XC125.
[(ON BMEP

2 bar 3 bar 4 bar 5 bar 6 bar 7 bar
3000 rpm 0.8012 0.8593 0.8894 0.9306 0.8954 0.9383
4000 rpm 0.8137 0.8866 0.9547 0.9412 0.9123 0.9679
5000 rpm 0.8512 0.8554 0.8368 0.8923 0.9531 0.9436
6000 rpm 0.9595 0.9355 0.9408 0.9794 0.9855 0.9673
Mean = 0.9121.
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