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Optimizing heat transfer for internal combustion engines requires application of advanced development
tools. In addition to experimental method, numerical 3D-CFD calculations are needed in order to obtain
an insight into the complex phenomenas in-cylinder processes. In this context, fluid flow and heat
transfer inside a four-valve engine cylinder is modeled and effects of changing engine speed on
dimensionless parameters, instantaneous local Nusselt number and Reynolds number near the surface of
combustion chamber are studied. Based on the numerical simulation new correlations for instantaneous
local heat transfer on the combustion chamber of SI engines are derived. Results for several engine
speeds are compared for total heat transfer coefficient of the cylinder engine with available correlation
proposed by experimental measurements and a close agreement is observed. It is found that the local
value of heat transfer coefficient varies considerably in different parts of the cylinder, but it has equiv-
alent trend with crank angle position.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Physical processes, which are involved in the combustion
chamber of reciprocating engine, are complex. Heat transfer on the
wall of a combustion chamber plays an essential role on the
behavior of the wall material, engine thermal efficiency and even
the emission of NOx, unburned hydrocarbons as well as knock and
their action depend on temperature of in-cylinder gases.

Numerous works have been carried out in the study of heat
transfer correlation in reciprocating internal combustion engines
[1e10]. Heywood [11] discussed a concise review of engine heat
transfer. He summarized results and correlations generated from
different studies of various heat transfer mechanisms, spatially,
averaged and instantaneous local heat transfer and the effect of
each one on the engine performance. His suggested correlations are
derived on the hypothesis that Nusselt number could be expressed
as a function of Reynolds and Prandtl numbers. It is illustrated that
local heat transfer coefficient strongly depends on the local value of
Reynolds number. Harigaya et al. [12] estimated instantaneous local
heat transfer coefficient on the surface of three types of chambers
nces, Islamic Republic of Iran.
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and the effect of gas flow and flame propagation on the heat
transfer coefficient was analyzed. They found a relation between
flame velocity and heat transfer coefficient at several positions. Han
et al. [13] determined a new empirical formula that predicts
instantaneous value of heat transfer coefficient from gas to wall in
combustion chamber of an SI engine. Kleemann et al. [14] deter-
mined magnitude and origins of local of spatial and temporal
surface heat flux variations in a diesel engine using simulation code
as well as by experimental measurements. Their investigations
revealed that during the early stages of flame impingement on the
wall, heat flux undergoes rapid increase by as much as around 10
times the pre-impingement level. These variations can have
important consequences for the design of components, especially
the piston. Depik and Assanis [15] proposed a universal quasi-
steady heat transfer correlation for the intake and exhaust flow of
an internal combustion engine. Their correlation developed from
the micro scale of turbulence for only one engine-dependent
parameter, the Reynolds number. Grau et al. [16] identified
combustion parameters and a heat transfer correlation, which
verified for an engine at different loads and engine speeds. Zeng
et al. [17] used the method of normalizing and reconstructing
cylinder pressure in the frequency domain and employed the global
heat transfer model proposed by Hohenberg [18] to calculate heat
transfer coefficient and heat release in a combustion chamber.
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Nomenclature

ATDC after top dead center
A0 zero in laminar calculation andunit for turbulentmodel
a dimensionless quantity
B diameter of cylinder (m)
BTDC before top dead center
BDC bottom dead center
c31 ; c32 ; c33 ;Prk;Pr3; cm constants
cp specific heat at constant pressure (kJ kg�1 K�1)
D Ficks law diffusion coefficient (m2 s�1)
Fs rate of momentum gain per unit volume due to spray

(kg s�1 m2)
g specific body force (gravity) (m s�2)
h heat transfer coefficient (W m�2 K�1)
hm specific enthalpy of species m (kJ kg�1)
I specific internal energy (kJ kg�1)
J diffusion flux (kJ)
K thermal conductivity (W m�1 K�1)
k turbulent kinetic energy (m2 s�2)
L stroke (m)
n normal direction to cylinder head
Nu Nusselt number
p fluid pressure (kPa)
_Q
c

source term due to chemical heat release (kJ mol�1)
_Q
s

source term due to spray interaction (kJ mol�1)
R crank radius (m)

rc compression ratio
Re Reynolds number
rpm or N revolution per minutes
SI spark-ignition engine
T temperature (K)
Tg gas temperature of first grid from the wall (K)
Tw temperature of the cylinder head (K)
TDC top dead center
u fluid velocity vector (m s�1)
v actual local gas velocity (m s�1)
vm mean piston speed (m s�1)
w defined velocity for Woschni correlation (m s�1)
_W
s

source term due to interaction with spray (kJ kg�1)
z axial cylinder length (m)

Greek symbols
3 turbulent dissipation rate (m2 s�3)
d Dirac delta function
k Karmann's constant
rm mass density of species m (kg m�3)
r total mass density (kg m�3)
_rcm source term due to chemistry (kg m�3)
_rs source term due to spray (kg m�3)
s viscous stress tensor (kPa)
V gradient operator
q crank angle
m dynamic viscosity (kg m�1 s�1)
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Mohamadi et al. [19] investigated heat flux, heat transfer coefficient
on the cylinder head, cylinder wall, piston, and intake, and exhaust
valves with respect to crank angle position. They suggested new
correlations to predict maximum and minimum convective heat
transfer coefficient in the combustion chamber of an SI engine.

In recent years, computational fluid dynamics (CFD) as a rapid
and cost effective tool is being increasingly used in different stages
of engine design and optimization, and it can be utilized to find
heat transfer coefficient at various positions in an engine cylinder.
The purpose of this study is to model fluid flow and heat transfer
inside a four-valve SI engine cylinder. The effect of variation in the
engine speed on dimensionless parameters, instantaneous local Nu
and Re numbers near the wall surface of combustion chambers is
studied and correlations for instantaneous local heat transfer on
the combustion chamber of SI engines are derived. Such results of
local variation of heat transfer with crank angle positions are very
important for the analysis of thermal problem of SI engines, such as
stress analysis and cooling system of SI engines.

2. Governing equations

The CFD code that is employed for heat transfer calculations
uses a high Reynolds number turbulencemodel in conjunctionwith
law-of-the-wall to describe near the wall flow conditions and
reducing the computation time [20]. The three dimensional
compressible averaged NaviereStokes equations are solved on
a moving mesh and turbulent fluxes are modeled by an eddy
viscosity concept, using ke3 model.

2.1. Fluid flow

The equations of motion for the fluid phase are used to solve
both laminar and turbulent flows. The equations of mass,
momentum and energy for two cases differ primarily in the form
and magnitude of transport coefficients (i.e., viscosity, thermal
conductivity, and species diffusivity) which are much larger in the
turbulent case. For turbulent flows, transport coefficients are
derived from a turbulent diffusivity that depends on the turbulent
kinetic energy and its dissipation rate. The continuity equation for
species m is:

vrm
vt

þ V$ðrmuÞ ¼ V$

�
rDV

�
rm
r

��
þ _rcm þ _rsdm1 (1)

Where diffusion according to Ficks law is being assumed. The
momentum equations for fluid mixture are:

vðruÞ
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þ V$ðruuÞ ¼ � 1
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The dimensionless quantity a is used in conjunction with the
Pressure Gradient Scaling (PGS) method [7,21]. This is a method for
enhancing computational efficiency in low Mach number flows,
where the pressure is nearly uniform.
2.2. Turbulence model

For turbulence modeling A0 ¼ 1, and two additional transport
equations are needed to be solved one for the turbulent kinetic
energy k and second for its dissipation rate 3:
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Table 1
The engine specifications.

Bore 85 mm
Stroke 88 mm
Compression ratio 10.3
Engine Speed 3500 rpm
Displacement volume 1997.5 cm3

Intake valve opening 22 BTDC
Intake valve closing 62 BTDC
Exhaust valve open 116 ATDC
Exhaust valve close 28 ATDC
Fuel Gasoline
Equivalence ratio 1.1
Spark time 17 BTDC

Fig. 1. Mesh for the CFD calculation.
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The source term ðc33 �2
3c31 ÞV$u accounts for length scale change

and _W
s

arise due to interaction with spray. The quantities
c31 ;c32 ;c33 ;Prk andPr3 are constant whose values are determined
from experiments and some theoretical considerations [22].

Internal energy equation is:

vðrIÞ
vt

þ V$ðuIÞ ¼ �pV$uþ ð1� A0Þs : Vu� V$J

þA0r3þ _Q
c þ _Q

s
(5)

where:

J ¼ �KVT � rD
X
m

hmV
�
rm
r

�
(6)

and I is the specific internal energy, exclusive chemical energy, and J
is the contribution due to heat conduction and enthalpy diffusion.

2.3. Law-of-the-wall

In engine calculations, ordinary uses turbulent law-of-the-wall
velocity condition with fixed temperature walls. For turbulent law-
of-the-wall conditions the tangential components are determined
by matching to logarithmic profile:

v

u*
¼

(1
k
Ln

�
clw2

7=8
�
þ B 2 > Rc

21=2 2 < Rc
(7)

Where: 2 ¼ ryv=mairðTÞ is the Reynolds number based on the gas
velocity relative to the wall which is evaluated at distance y from
wall, and u* is the shear speed, it is assumed that y is small enough
to be in the laminar sublayer region of the turbulent boundary
layer. The Rc defines the boundary between these two regions. The
constant k, clw, Rc and B are related to ke3 model constant by:

B ¼ 5.5, clw ¼ 0.14, k ¼ 0.437, Rc ¼ 114 that commonly accepted
values of the ke3 constants.

For fixed temperature walls using the turbulent law-of-the-wall
condition, Jw is determined from the modified Reynolds analogy
formula:

Jw
ru*cpðT � TwÞ

¼

8><
>:
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�
Pr3 v
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�
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�
Pr
�
v

u*
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�
Prl
Pr
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�
R1=2c

�	
2 > Rc

(8)

Tw is the wall temperature and Prl is the Prandtl number of the
laminar fluid.

2.4. Combustion

The combustion model is Spalding's eddy-breakup model
[23,27]. Spalding suggested that combustion processes are best
understood by focusing attention on coherent bodies of gas, which
squeezed and stretched during their travel through the flame. This
model relates the local and instantaneous turbulent combustion rate
to the fuel mass fraction and the characteristic time scale of turbu-
lence. The application of thismodel requires adjustment of a specific
coefficient and spark time to match the experimental combustion
rate with the computational combustion rate. In spark-ignition
engine combustion chamber, high turbulence intensity exists and
hence combustion for such device lies in the flamelets-in-eddies
regime. The intrinsic ideabehind theeddy-breakupmodel is that the
rate of combustion is determined by the rate at which parcel of
unburned gas is broken down into the smaller ones. Such that there
is sufficient interfacial area between the unburned mixture and hot
gases to permit reaction and also the quit important turbulence
length scale is determined by turbulent burning rates.
3. Mesh preparation

The engine specification is presented in Table 1. The engine
combustion chamber has four inclined valves and one bowl in
piston as shown in Fig. 1.

Prior to CFD simulation, computational mesh was generated for
the engine using Gambit scheme. The geometry of a mesh is
composed of any arbitrary number of logical blocks that are
patched together in a seamless fashion. Patching allows complex
geometries to be created, block by block while minimizing the
number of deactivated zones that surround the final mesh. The
movement of piston/flow domain was resolved using the boundary
motion feature of available code. During the solution process, as the
pistonmoves, the internal mesh structure deforms automatically to
optimize the mesh. The distortion of each individual cell occurs
when the generated cell distortion reaches a certain level, and the
solution is re-zoned onto new mesh.

Mesh size ranged from about 90 000 at BDC to about 46 000 at
TDC for computational studies. Fig. 1 shows the geometry and grid
configuration of the engine. In Table 2, variations of grid and
maximum pressure in a full cycle are presented. This table illus-
trates that the solutions are mesh independent because with
increasing grids from 84 000 to 90 000 no variation is observed in
the pressure profiles.

4. Initial and boundary conditions

Computation starts at TDC. Initial charge densities were calcu-
lated based on ambient pressure of 0.80 bar and temperature of
300 K at inlet valves, opening. The standard ke3 turbulence model
in the code was used with an initial value of turbulent kinetic



Table 2
Variations of maximum pressure with mesh size.

Mesh size at bottom
dead center

Maximum pressure
in cycle

Crank angle of
maximum pressure

51 000 3.60 MPa 381�

60 000 4.10 MPa 380�

71 000 4.40 MPa 377�

84 000 4.79 MPa 377�

90 000 4.79 MPa 377�
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energy k, assumed 10% of the total kinetic energy based on the
mean piston speed that assumed to be uniform. Radial velocity is
initialized assuming a swirl ratio 0.0. Temperature was taken as
485 K for liner, 600 K for cylinder head and piston, 550 K for intake
valves, and 800 K for exhaust valves.

5. Basic relations

Dimensional analysis can be used to develop the functional form
of relations, which govern the gas-side heat transfer coefficient. The
engine convective heat-transfer process can be characterized
geometrically by a length dimension-say the bore B- and a number
of length ratios y1, y2, y3, etc. of which, one will be the axial cylinder
length z divided by the bore z/B, which defines the cylinder and
combustion chamber geometry. The flow pattern, similarly, may be
characterized by one chosen velocity v and set of velocity ratios u1,
u2, u3, etc. The gas properties of importance are thermal conduc-
tivity k, the dynamic viscosity m, the specific heat cp and the density
r. If there is combustion, then the chemical energy release rate per
unit volume _qch may be important. The engine speed N and the
relative position in the cycle denoted by crank angle q introduce the
cyclical nature of the process. Thus:

f


h;B; s; y1;.; ym; v;u1;.;um; k;m; cp; r; q;N; q

� ¼ 0:0 (9)

Applying dimensional analysis reduces the variables to some
non-dimensional groups:

F
�
hB
k
;
rvB
m

;
cpm
k

;
cpT
v2

;
NB
v
;

q
rcpNT

;
s
B
; y1;.; ym;u1;.;un;

q; k;m; cp; r; q;N; q
�

¼ 0:0 ð10Þ

The first three groups are the familiar Nu, Re, and Pr numbers,
respectively. The next has the nature of a Mach number since cpT is
proportional to the square of the sound speed, for Mach number
much less than one, the Mach number dependence is known to be
small and can be omitted. It is usual to take for v the mean piston
speed because in the experiments, it is too difficult to determine
the spatial velocity factors but, with CFD, we can use actual velocity
and do not need to use such simplifications. Then by introducing
the bore/stroke ratio, the term NB/v is eliminated. The ratio of S/B is
a function of the compression ratio rc, the ratio of connecting rod to
crank radius R ¼ l/a and q. Thus:

f
�
hb
k
;
rvb
m

;
cpm
k

;
b
L
;

_qch
rcpNT

;rc;R;y1;.;ym;q;u1;.;un

�
¼ 0:0 (11)

Finally, the basis of these correlations is the assumption that the
Nu, Re, and Pr number relation-ship follows that found for steady
turbulent flow in pipes or flat plates [11]. The geometric compar-
ison of cylinder and the tube suggests their heat-transfer processes
involving fluid may be similar to:

Nu ¼ aRemPrn (12)

Where: Nu ¼ hB=k and Re ¼ rvD=m
which contains few zero dimensional term and a, m, n are unde-
termined constants. Nu involves the heat transfer coefficient, Re is
an expression of zero dimensional flow velocity, and Pr is the ratio
of heat and molecular diffusion. The Pr number usually consider
constant when the fluid is gas so that the influence of the Prandtl
number will be small, since the Pr number will be approximately
constant. For gases, relation (12) reduced to the following:

Nu ¼ aRem (13)

From computation instantaneous fluid properties v, m, k, r, h for
each point of grid can be determined. Thus, dimensionless
parameters Nu and Re for the flow are determined. With getting
natural logarithm from both side of Eq. (13), we have:

LnNu ¼ mLnReþ Lna (14)

This equality shows that the graph of Ln(Nu) vs. Ln(Re) is a line
that slope of it ism and intercept of it is Ln(a) and hence a,m can be
determined and correlation for each locationwould be determined.
A logelog plot of Nu vs. Re is first made for one field to estimate the
dependence of the heat transfer on the Reynolds number, i.e. to find
an approximate value of the exponent m.
6. Thermal transfer to the wall

In the case of Nu ¼ f(Re), only mode of convection heat transfer
considered in this paper because, almost all the values of produc-
tions of combustion are water vapor and carbon dioxide, that have
very little value of emissivity and hence, radiation heat transfer is
very small compare to convection heat transfer analysis in Spark-
Ignition engine and can be ignored.

For any of three locations, we delivered four correlations, intake,
before arrival of the flame, after arrival of the flame and exhaust
processes. In the intake process, mixture contains fuel and air, and
velocity (Re number) of them, is due to vortex that is generated
because of opening of intake valves and upward movement of
piston. In exhaust processes, velocity of productions is due to the
diffusion of the turbulence flame in-cylinder mixture and hence,
there is considerable difference between velocity (Re number) in
these two processes. In two processes, (intake and exhaust) mean
temperature of gases has considerable difference value because of
heat release of combustion and hence we have two different values
for heat transfer coefficient. With arrival of the flame to a location,
there is seen a jumping in temperature and in this time due to flame
propagation, vector of gas velocity and flame direction become
opposite to each other and after arrival of the flame to a location, it
is seen intense loss in velocity value (Re number).
7. Validation

To validate the computational scheme and the numerical
method, total heat transfer on the combustion chamber (averaging
on cylinder head, cylinder wall, piston, and intake and exhaust
valves) near the spark time of engine is determined and compared
with Woschni's correlation [24]:

h ¼ 3:26B�0:2p0:8T�0:55w0:8; W=m2K (15)

Where B is diameter of piston in m, p is average gas velocity in kPa,
T is temperature in Kelvin and w is the average gas velocity in m/s.
Woschni correlation is the most popular correlation for deter-
mining, overall heat transfer coefficient that is accepted by many
researchers and hence we use it to validate our results. The other
correlations are not accepted bymost of the researchers. Results are
illustrated in Fig. 2 for several engine speeds. A very good



Fig. 2. Comparison of heat transfer coefficient on the combustion chamber with Woschni's correlation at various speed (1500, 2500, 3600 and 4400 rpm).
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agreement can be observed between the present computation and
Woschni's correlation. Eq. (15) predicts the average value of heat
transfer coefficient correctly but do not accurately predict the value
of heat transfer in the intake or exhaust process as we discussed
in [19].

In Fig. 4 comparison between experimental and calculatedmean
gas temperature is shown [25]. In Fig. 5-a contour of temperature in
mid vertical plane at 10� ATDC is shown. In the red region burned
gases is seen and average temperature is about 2500 K. In Fig. 5-b,
experimental flame propagation that is measured by Taylor et al.
[26] was shown. CFD simulationwas done with the same condition
as in their paper. These two figures have good corresponding with
each other.

8. Results

In Fig. 3 locations on the combustion chamber surface within
the cylinder head selected for further investigation are illustrated.
Radial locations situated on the engine head at cylinder axis, were
13 and 26 mm from the cylinder axis. These points referred from 1
to 3 in this study.

The complete full cycle is divided into four different processes,
intake, before arrival of flame, after arrival of the flame, exhaust that
is shown in Fig. 6. The values of instantaneous local Nu and Re
numbers are shown in Figs. 7 and 8. The engine speed is changed
Fig. 3. Specific locations on the cylinder head considered.
from 1500 rpm to 4400 rpm and for each speed, the corresponding
instantaneous value of Re during a full cycle is illustrated in Fig. 6. As
the speed of engine increases, the larger is the local Re number. For
each speed, there is amaximumvariation in the intake andminimum
variation at the exhaust. Point 2 on the cylinder head has the highest
adjacent gas velocity and point 3 has the lowest nearby gas velocity.

One of themost important variables that affect themagnitude of
heat transfer is the engine speed. With increasing engine speed,
velocity of gas inside the cylinder increases and the result enhances
the turbulence intensity of flow and heat transfer coefficient. In this
context, effect of engine speed (versus engine revolution, mean
piston speed is defined by vm¼ 2LN/60) on the local value of Nu and
Re numbers in a full cycle is investigated. Then the logarithmic
graphs of Nu vs. vm and Re vs. vm individually are drawn in Figs. 6
and 7. Elimination of vm between two graphs, will result the
correlation of Ln(Nu) vs. Ln(Re).

Based on the definition of h¼ (�KvT/vn)w/(Tw� Tg) and Nu¼ hB/K,
the value of Nusselt number is determined during full cycle for
various points 1, 2, and 3 from 1500 rpm to 4400 rpm. Where Tg is
the temperature of first grid from the wall and not the mean
temperature, Tw is the temperature of cylinder head, K is the
thermal conductivity, n is the direction normal to the surface of
0

10

20

30

40

50

250 300 350 400 450 500

CFD
Experimental

2000 rpm

]rab[
erusserP

Crank angle [degree] 

Fig. 4. Comparison between experimental and calculated mean cylinder pressure in
2000 rpm [25].



Fig. 5. (a): Contour of temperature at 10� ATDC from simulation (b): Flame propagation at 15� ATDC [26].
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cylinder head in those points and (vT/vn)w is the temperature
gradient on the cylinder head in direction of the n. For all three
points, maximum convection takes places during flame propaga-
tion. Although Re is lower at point 3 but convection is the highest at
that location which is close to flame. Heat transfer takes places
before and after flame and convection is negligible during intake
and exhaust processes.

Details of the four processes in a full cycle are shown in Figs. 7
and 8. These figures illustrate that:

1. Start of cycle (TDC) until closing the intake valves: From TDC and
entering of air and fuel mixture (intake valves opened 22 crank
angle BTDC) vortex is setup in the cylinder and velocity (Re)
near the surface of combustion chamber increases and reaches
to two relative maximum. The value of one of the maximum
value changes due to spray of fuel and crank angle of maximum
for all points, the next maximumpart is due tomaximummean
piston speed that occur 90 crank angle ATDC. After moving
down the piston, damping of vortex and decreasing of turbu-
lence intensity, velocity (Re) is decreased and this reduction
continues until BDC. After 180 crank angle, with almost 5e10
crank angle difference (the time that effect of moving up the
piston causes vortex become strong), velocity (Re) near
the surface of combustion chamber increases and then near the
time of closing the intake valves due to the end of spray,
velocity continues to decrease.

2. From closing of intake valves up to flame arrival: With
compression of mixture due to upward movement of piston,
and vortex that initiate from spray in the intake process,
velocity (Re) increases near the combustion chamber and at the
end of compression process increases the density of mixture
cause the increase of Re.

3. From arrival of the flame up to opening exhaust valves: the time
of arrival of flame for various points are different, point 1
almost 10 crank angle, point 2 almost 20 crank angle and point
3 almost 30 crank angle after spark time. With arrival of flame
Fig. 6. Four processes of a full cycle for instantaneous investigation.
Fig. 7. Variation of Reynolds number at some locations on the combustion chamber
surface with crank angle.



Fig. 8. Variation of heat transfer coefficient on some locations of the combustion
chamber surface with crank angle.

Fig. 9. Variation of Ln(Nu) vs. Ln(vm) for processes1 1e4 (aed).
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to each point and jumping of gas temperature (most of the
gases of cylinder is nitrogen and mfT0:62 [11]) coefficient of
viscosity increases. Moreover, due to the direction of vortex and
flame diffusion that are opposite of each other, velocity of gases
decrease and Re also decreases. Then with high velocity of
flame diffusion inside the combustion chamber, Re increases.
With expansion of gases, as the effect of kinetic energy losses,
the pressure and temperature loss, the value of velocity in each
point decreases, gas density also decreases and hence corre-
sponding Re decreases too.

4. From opening of exhaust valves to TDC that cycle finished: In the
end of expansion process with opening of exhaust valves hot
gases of combustion due to difference of pressure between
inside cylinder and outside cylinder, leave the combustion
chamber with high velocity. This effect causes that velocity (Re)
increases inside combustion chamber. With exhaust of hot
gases of combustion and high decrease in pressure difference
between inside cylinder and environment, velocity (Re)
decreases near the combustion chamber; until TDC the value of
Re oscillates but it nearly has constant value.

Heat transfer coefficient is function of velocity near the
combustion chamber wall and Nu has direct correlation with heat
transfer coefficient. Due to this variation, Nu is function of local
velocity of inside cylinder. With increase and decrease of velocity in
the intake processes, increase or decrease in the value of Nu are
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observed. For in-cylinder gases (most of the gases of cylinder is
nitrogen and KfT0:62 [11]) and with arriving of flame, jumping in
thermal conductivity is seen and due to this Nu has high reduction
in its value that causes instantaneously decrease in Nu number.

9. Convection correlations

In Figs. 9 and 10 the logarithmic graphs of Nu and Re vs. mean
piston speed, are plotted individually. With elimination of loga-
rithm from mean piston speed, relation between Nu vs. Re will be
available and corresponding correlations for heat transfer inside
Fig. 10. Variation of Ln(Re) vs. Ln(vm) for processes1 1e4 (aed).

Fig. 11. Comparison of local heat transfer coefficient (location 2) with Woschni's
correlation at the same position.
cylinder will be determined. For each process the mean value of Nu
and Re are determined and presented as follows:

Location 1:
Process I) Nu ¼ 0:084Re0:87

Process II) Nu ¼ 2:1Re0:69

Process III) Nu ¼ 2:1Re0:64

Process IV) Nu ¼ 0:32Re0:72

Location 2:
Process I) Nu ¼ 0:052Re0:85

Process II) Nu ¼ 8:28Re0:48

Process III) Nu ¼ 0:66Re0:78

Process IV) Nu ¼ 0:21Re0:82

Location 3:
Process I) Nu ¼ 0:09Re0:88

Process II) Nu ¼ 7:8Re0:49

Process III) Nu ¼ 2:37Re0:64

Process IV) Nu ¼ 1:91Re0:48

Heat transfer correlation inside pipe with turbulent flow is
Nu ¼ 0:023Re0:8Pr0:4, which has good agreement with intake
process correlation [19].

Fig. 11 illustrates a comparison between (three graphs) the local
heat transfer coefficient for location 2 that calculated using CFD
simulation in 2500 rpm and correlation for point 2 and area aver-
aged heat transfer coefficient predicted byWoschni's correlation. It
should be noted that these three graphs have the same value in
intake and start of compression process but after combustion
period have different values with each other and correlation 2
predict a better value for heat transfer coefficient than Woschni's
correlation. There is not any local correlation to justify correlation 2
and hence we tried to give correlation for determining local heat
transfer coefficient.
10. Conclusions

Instantaneous local values of Nu and Re number on the
combustion chamber in an SI engine were computed using CFD
code. The effect of engine speed on the local variations of these
dimensionless parameter were investigated for various engine
speed. As a result, the following conclusions were derived:

1) The time when surface temperature rises is related to its flame
arrival time at each position.

2) With increasing engine speed the values of Nu and Re increase
too.
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3) A substantial difference of the value of Re and Nu exists for
various location in the cylinder head of SI engines.

4) Various correlations in form of Nu ¼ aRem to predict heat
transfer coefficient for different locations on the cylinder head
for each process are proposed during a full engine cycle.

5) Total heat transfer coefficient calculated is in agreement with
available correlation, proposed for SI engines.
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