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Abstract

A numerical analysis of transient turbulent thermal flow has been presented for the bowl-in-piston combustion chamber in a
engine employing the Large Eddy Simulation which was implemented into the SIMPLE-C algorithm coupled with pre-conditioned conjugate
gradient methods. The operating conditions for an engine are changed by various compression ratios (taken as 6.8, 8.7, and 10.6) and i
swirl ratios (taken as 1.325, 5.3, and 9.5) at an engine speed of 900 rpm. The results show that increasing the compression r
initial swirl ratio obviously makes radial flow(squish) and rotating flow (swirl) stronger as well as enhances the surface heat flux of w
boundaries in the combustion chamber when both of the intake and exhaust valves are closed. Furthermore, the decay rate of
angular momentum in the combustion chamber has been analyzed by changing compressionratio or initial swirl ratio.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

The phenomena in reciprocating internal combus
engines are very complicated. Many physical and chem
processes occur and act on each other in complex geom
Among these processes flow plays an important role
fuel-air mixing, wall heat transfer, and engine performa
improvement, so the ability to predict the magnitude of
heat transfer between the working fluid and combustion
chamber walls is very important to the designers. Th
are many parameters that affect internal flow and wall hea
flux of an engine, such as engine speed, load, mate
initial swirl ratio, compression ratio, turbulent transport, a
geometry of the combustion chamber [1–3].

There are several studies conducted on the bowl pi
of combustion chamber to predict fluid flow and he
transfer using numerical methods [4,5]. Most investiga
confirmed that the shape of the combustion chamber w
influence engine performance,but few investigated the
influence of interaction between squish and swirl motio
on the wall heat transfer. The purpose of this paper i
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.

qualitatively understand the influence of compression r
and initial swirl ratio on squish motion, swirl motion, an
transient heat transfer in the combustion chamber when bo
intake and exhaust valves are closed. Besides, the dec
swirl in the cylinder is investigated for promoting the mixin
of fuel and air in the bowl piston engines in this paper.

This study investigates transient turbulent heat transfe
due to a combination of vortex and squish generated
the bowl piston employing the SIMPLE-C algorithm [
with Large Eddy Simulation [7]. Second-Order Backwa
Euler (SBE) method [8] is implemented for discretizing t
transient term to remove stability restrictions and Exten
Linear Upwind Differencing (ELUD) method [9] (third
order scheme) for discretizing the convection terms to avo
severe oscillations. Also, the iterative solution meth
based on the pre-conditioned conjugate gradient met
[10,11] were incorporated into the solving process w
second-order time advancement. For mesh generation
time-independent grid system [12] is used for constructin
local computational region attached to the moving bound
(moving piston) and obtaining faster convergence, s
generally requires less computer storage and comput
time than the conventional method with the single-g
system at various crank angles. The results of this s
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Nomenclature

a coefficient in the pressure-correction equation
b mass source in the pressure-correction equation
BDC bottom dead center (ABDC: after BDC; BBDC:

before BDC)
C length of clearance volume . . . . . . . . . . . . . . . . m
CI SGS model variable in LES,= 0.094
CP specific heat of fluid at constant pressure,

= 1.1055 kJ·kg−1·K−1 for an ideal gas
CS Smagorinsky constant
CR compression ratio
D bowl diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
E empirical coefficient used for the wall function,

= 9.0
ESGS subgrid-scale kinetic energy . . . . . . . . . . m2·s−2

fµ Van Driest wall damping function
([1− exp(−Y+/25)3]1/2)

G grid filter function
H bowl depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
(H) the maximum value of the swirl velocity profile

in the cylinder . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

h enthalpy . . . . . . . . . . . . . . . . . . . . . . . . . . . kJ·kg−1

L characteristic length scale . . . . . . . . . . . . . . . . . m
(L) the minimum value of the swirl velocity profile

in the cylinder . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

MP mass residual of pressure-correction
equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg

Nrpm engine speed . . . . . . . . . . . . . . . . . . . . . . . . . . . rpm
P pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
P ′ pressure correction . . . . . . . . . . . . . . . . . . . . . . . Pa
P̂ summation of̃P and 2ρ̄ESGS/3 . . . . . . . . . . . Pa
Pr Prandtl number
PrT turbulent Prandtl number
qw wall heat flux . . . . . . . . . . . . . . . . . . . . . . . W·m−2

R computational domain
S modified factor of temperature boundary layer

model
S+ dimensionless modified factor,≡ Sν/qwU∗
Sij strain rate tensor of the flow field,

= (∂ui/∂xj + ∂uj/∂xi)/2 . . . . . . . . . . . . . . . s−1

SΦ source term for variable
SRo initial swirl ratio ((initial swirl velocity)/

(2πrNrpm/60))
SRm volume-averaged swirl ratio

((
∫ Zpis

0

∫ r

0 uθr
2 dr dz)/

((2πNrpm/60)
∫ Zpis

0

∫ r

0 r3 dr dz))

t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
T + dimensionless temperature,

≡ ρ̄CP (T̃ − TW)U∗/qw

Tw wall temperature . . . . . . . . . . . . . . . . . . . . . . . . . K
TDC top dead center (ATDC: after TDC; BTDC:

before TDC)
ur ,uz, uθ velocity components alongr, z, andθ

axes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

U∗ friction velocity,≡ √
τw/ρ̄ . . . . . . . . . . . . m·s−1

U+ dimensionless velocity,≡ Ũ/U∗
Ũ filtered velocity component parallel to the

wall . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

�V velocity vector . . . . . . . . . . . . . . . . . . . . . . . m·s−1

xi cylindrical coordinates (i = 1 for radial
coordinater; i = 2 for axial coordinatez; i = 3
for azimuthal coordinateθ )

y near-wall distance . . . . . . . . . . . . . . . . . . . . . . . . m
Y+ dimensionless distance from the wall,≡ yU∗/ν
zpis thez-coordinate of piston faces . . . . . . . . . . . . m
�∆ grid-filter width . . . . . . . . . . . . . . . . . . . . . . . . . . m
Φ general dependent flow variable
Φ ′ subgrid-scale component ofΦ

Φ ′′ fluctuating quantity ofΦ
κ Von Karman constant
ΓΦ diffusion coefficient
µlam laminar dynamic viscosity . . . . . . . . kg·m−1·s−1

µturb turbulent dynamic viscosity . . . . . . kg·m−1·s−1

µeff effective dynamic viscosity . . . . . . . kg·m−1·s−1

ν laminar kinematic viscosity . . . . . . . . . . . m2·s−1

νT eddy viscosity . . . . . . . . . . . . . . . . . . . . . . . m2·s−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

Ω angular momentum of the whole swirl about the
cylinder axis . . . . . . . . . . . . . . . . . . . . . kg·m2·s−1

Ωo initial value ofΩ
Ω∗ ratio ofΩ to Ωo (normalized angular

momentum)
τw wall shear stress . . . . . . . . . . . . . . . . . kg·m−1·s−2

θ crank angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg
ξ natural coordinate in computational domain

Superscripts

n iteration number
— spatial grid filter indication
∼ Favre-filtered indication

Subscripts

nb neighbor points of control volume
i, j indication of components
r, z, θ indication of cylindrical coordinate components
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may be of interest to engineers devoted to flow-modifica
aspects of heat transfer inthe combustion chamber.

2. Physical formulation

The thermal flow field to be simulated is a transient, ax
symmetrical and turbulent flow. Calculation of the recip
cating thermal flow field in an engine requires obtaining
solution of the governing equations.

In Large Eddy Simulation (LES) the flow variables a
decomposed into a large-scale component, denoted b
over-bar, and a subgrid-scale component. The large-s
component is defined by the filtering operation:

Φ(xi, t) =
∫
R

G(xi − ξ)Φ(ξ)dξ, Φ = Φ + Φ ′ (1)

where the integral is extended over the entire domaiR

and G is the grid filter function. The length associat
with G is the grid-filter width∆. For variable density flow
utilizing the Favre-filtered (or density-weighted) operat
to treat the flow variables is necessary; the variables are
decomposed as followed:

Φ̃ = ρΦ

ρ̄
, Φ = Φ̃ + Φ ′′ (2)

The transport equations representing the conservatio
mass, momentum and thermal energy are cast into a ge
form of time-dependent and axial-symmetrically cylindric
coordinates, and the governing transport equations filt
by a simple volume-averaged box filter are:

∂(ρ̄Φ̃)

∂t
+ 1

r

[
∂

∂z

(
ρ̄ũzrΦ̃

) + ∂

∂r

(
ρ̄ũr rΦ̃

)]

= 1

r

[
∂

∂z

(
rΓΦ

∂Φ̃

∂z

)
+ ∂

∂r

(
rΓΦ

∂Φ̃

∂r

)]
+ SΦ(z, r) (3)

whereΦ represents one of the following entities: 1,ur , uz,
uθ , or h in which the dependent variables are radial veloc
ur , axial velocity uz, swirl velocity uθ , and enthalpyh.
Also, t is time, ρ denotes density, andΓΦ and SΦ stand
for the corresponding effective diffusion and source te
f
l

respectively. The corresponding expressions ofΓΦ andSΦ

are given in Table 1. In Eq. (3), the notationΦ = 1 denotes
the continuity equation.

In Table 1,µlam is the laminar dynamic viscosity an
calculated by the Sutherland law [13],µeff is the effective
dynamic viscosity,P is pressure,T is temperature, andCP

is the specific heat at constant pressure. Subgrid-scale ki
energyESGS is calculated according to the paper presen
by Yoshizawa and Horiuti [14]. Assuming the fluid to be
ideal gas with constantCP , we simplify the energy equatio
by neglecting internal heat generation, radiation heat fl
and energy source [15].

The conventional Smagorinsky subgrid-scale (SG
model [16] is used to obtain the eddy viscosity as followi

νT = L2 ×
√

2× S̃ij S̃ij , L = CS × �∆ (4)

whereL is a characteristic length scale of small eddies,CS is
Smagorinsky constant (CS = 0.1), ∆ is the grid-filter width
(∆ = (∆r∆z)1/2) andS̃ij is the strain rate tensor of the fi
tered flow field.̃Sij is expressed as

S̃ij = 1

2

(
∂ũi

∂xj

+ ∂ũj

∂xi

)
(5)

During initial runs of the present research, we discove
that the conventional Smagorinsky SGS model did not g
erate appropriate levels of eddy viscosity in the comp
physical domain. For this reason, the Van Driest wall dam
ing SGS model [17] is used here as follows:

νT = L2 ×
√

2× S̃ij S̃ij , L = CSfµ
�∆

fµ = [
1− exp

(−Y+/25
)3]1/2

(6)

whereCS is equal to 0.15 [18],fµ is the Van Driest wall
damping function, andY+ ≡ yU∗/ν. The Van Driest wall
damping function is used to account for the near wall eff

This study utilizes the no-slip boundary conditions
velocities at all walls. At the piston crown, the axial veloc
ũz is assumed to equal the moving velocity of the pist
Flow field in the near-wall region is matched to bound
layer model. According to the data utilized by Kondoh
al. [4], the air is compressed from 48.5◦ ABDC to 120◦
Table 1
Definition of Φ, ΓΦ andSΦ

Φ ΓΦ SΦ

1 0 0

ur µeff − ∂P̂
∂r

+ ∂
∂z

(
µeff

∂ũz
∂r

) + ∂
r∂r

(
rµeff

∂ũr
∂r

) + ρ̄ũ2
θ

r − 2µeffũr

r2 − 2
3

∂
∂r

(
µeff∇ · �̃V )

uz µeff − ∂P̂
∂z

+ ∂
∂z

(
µeff

∂ũz
∂z

) + ∂
r∂r

(
rµeff

∂ũr
∂z

) − 2
3

∂
∂z

(
µeff∇ · �̃V )

uθ µeff −ρ̄
ũθ ũr

r − ∂
r∂r

(
rµeff

ũθ
r

) + µeff
∂(ũθ /r)

∂r

h
( µ

Pr

)
eff

DP̂
Dt + µeff

{
2
[( ∂ũr

∂r

)2 + ( ∂ũz
∂z

)2 + ( ũr
r

)2] + ( ∂ũr
∂z

+ ∂ũz
∂r

)2 + ( ∂ũθ
∂z

)2

+ [
r ∂

∂r

( ũθ
r

)]2 − 2
3

(∇ · �̃V )2}
Note: µeff = µlam + µturb, (

µ
Pr )eff = (

µlam
Pr ) + (

µturb
PrT

), h = CP T , P̂ = P̃ + 2
3 ρ̄ESGS, ESGS=

ν2
T

(CI ∆̄)2
, CI = 0.094,PrT = 0.9, νT = µturb

ρ̄ .
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BTDC during isentropic process. The wall temperature
assumed to be 320 K, and thereby simulating the cas
a cold engine state. The wall function [19] is used to prov
wall boundary conditions for velocity and temperature in
near-wall region.

In the laminar sublayer,

U+ = Y+ (7)

T + = Pr Y+ − 0.5Pr S+(
Y+)2 (8)

Y+ < 13.2

In the turbulent boundary layer,

U+ = 1

κ
lnEY+ (9)

T + = 13.2Pr + 2.195 lnY+ − 5.66

− S+(
87.12Pr + 2.195Y+ − 28.98

)
(10)

Y+ � 13.2

Dimensionless variables with a superscript plus sign
defined as follows:

Y+ ≡ yU∗

ν
, U+ ≡ Ũ

U∗

T + ≡ ρ̄CP (T̃ − TW)U∗

qw

, S+ ≡ Sν

qwU∗ (11)

The friction velocityU∗ is defined as

U∗ ≡
√

τw

ρ̄
(12)

where ν is laminar kinematic viscosity,Pr is the Prandtl
number,y is the distance from the wall,̃U denotes the
velocity component parallel to the wall, andS is the
modified factor of the temperature boundary layer mode
defined in Huh et al. study [19]. WhenS = 0, the model
corresponds to the original logarithmic law of the wall.

The calculations are started at a crank angle of 240◦ (120◦
BTDC) in the compression stroke and terminated at 4◦
(40◦ ATDC) in the expansion stroke for an engine speed
900 rpm. The initial air condition is set to be a solid-bod
rotation profile,ũθ (r) = 2πrNrpmSRo/60, whereN rpm is
the engine speed andSRo (called the initial swirl ratio) is
defined as the ratio of initial swirling speed (rpm) of t
gas to engine speed. The axial velocityũz is assumed to
vary linearly from cylinder head surface (zero velocity)
piston crown surface (moving boundary velocity). The rad
velocity ũr is assumed to be zero. The initial temperatur
set equal to be 320 K. The engine used for computation
four-stroke engine with various bowl model pistons.

3. Numerical method

The numerical method for presenting the discreti
transport equations is based on the SIMPLE-C algori
using the control volume approach with each equa
arranged into transient, diffusion, convection, and sou
terms. In addition, the second-order backward Euler (S
method [8] for discretizing the transient term and
Extended Linear Upwind Differencing (ELUD) method [
for discretizing the convective term are adopted in
SIMPLE-C Navier–Stokes algorithm.

The iterative solution methods based on the pre-co
tioned conjugate gradient methods [10,11] are incorpor
into this calculation to solve the transport equations. Th
crank angle steps 0.5◦, 1◦, and 2◦ are used to test the inde
pendence of crank angle step. According to the sensit
results, the crank angle step was set as 1◦ for the calcula-
tions of transient flow and heattransfer in the combustio
chamber; we consider the difference in the calculated v
ablesΦ̃ and the mass residual (MP ) of pressure-correctio
equation as convergence conditions for each grid point.
following criterion was used for the computation:

MP = bn = aP P̃ ′n
P −

∑
anbP̃ ′n

nb < 10−4 (13)

|Φ̃n+1
P − Φ̃n

P |
max|Φ̃n+1

P | < 10−5 (14)

wheren is the iteration number,anb is neighbor coefficien
at the control-volume faces,P ′ is pressure correction an
b represents the mass source in the pressure-corre
equation [20].

The grid generation approachis used to treat the movin
piston as a moving solid body in the computational dom
without generating completely new grids at each crank ang
step. When the piston moves toward TDC or from TDC,
size of the domain will vary with the motion of the piston a
those grids lying outside the body will be flagged as unu
points that are excluded from the calculation. If the c
attached to the piston face was smaller than half of the
of the previous fixed grid cell, then it was merged with t
previous grid cell; otherwise, a smaller grid cell was attac
to the piston face. When the piston was moving away fr
TDC, it was necessary not only to interpolate the val
back to their fixed grid locations but also to extrapolate
values of the time dependent variables for two grid c
into the piston. This extrapolation was performed with
second-order Lagrange polynomial. To minimize the er
due to the interpolations or extrapolations, the piston
allowed to move no more than one grid spacing (in the a
direction) per crank angle step.

4. Results and discussion

Numerical calculations of the in-cylinder thermal flo
field have been performed systematically to investigate
influence of compression ratioCR and initial swirl ratio
SRo on the transient turbulent heat transfer in the moto
engine. In this study, the engine parameters are taken a
rpm (speed), 83.0 mm (bore) and 85.0 mm (stroke) w
various compression ratios (CR is equal to 6.8, 8.7, an
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0.0036 m 10.6

Intake valve opens at 16.5◦ BTDC; Intake valve closes at 48.5◦ ABDC.
Exhaust valve opens at 48◦ BBDC; Exhaust valve closes at 12◦ ATDC [4].

Fig. 1. Combustion chamber geometry for the bowl piston engine.

10.6) and different initial swirl ratios (SRo is set equal to
be 1.325, 5.3, and 9.5). The above parameters are sel
according to the study presented by Kondoh et al. [4].
bowl-in-piston combustion chamber is considered as Fi
shows. All the calculations have been performed by usin
PENTIUM II 300 PC. After testing the three meshes (me
I: 126 × 250 for 240◦ (120◦ BTDC)∼grid 126× 94 for
360◦ (TDC)∼grid 126× 112 for 400◦ (40◦ ATDC); mesh
II: grid 105× 207 for 240◦ (120◦ BTDC)∼grid 105× 78
for 360◦ (TDC)∼grid 105×93 for 400◦ (40◦ ATDC); mesh
III: grid 84 × 166 for 240◦ (120◦ BTDC)∼grid 84× 63 for
360◦ (TDC)∼grid 84× 75 for 400◦ (40◦ ATDC)), the mesh
II was chosen for all cases on the basis of 1.5–3.4% error
sensitivity. The calculation for this study utilized 480 cra
angle steps and the computation time was about 4 and
hours of CPU time.

For the purpose of showing that the program in t
study correctly handles the turbulent thermal flow field
a motored engine, we apply the present method to s
the transient heat transfer in a motored engine with a
piston crown employed by Yang et al. [21]. The eng
parameters used by them and us include bore (91.9 m
stroke (76.2 mm), compression ratio (CR = 9.5) and initial
d

f

,

Fig. 2. Comparison of predicted local wall heat flux on cylinder head sur
with experimental data and calculated results of Yang (r = 20.0 mm).

swirl ratio (SRo = 0.5) while the engine speed is 750 rp
and 1446 rpm. The predicted transient heat flux on h
surface presented in Fig. 2 agrees well with the experime
data and calculated results of Yang et al.

The combined velocity vectors of̃ur and ũz at 300◦
(60◦ BTDC), 330◦ (30◦ BTDC), 350◦ (10◦ BTDC), 360◦
(TDC), and 370◦ (10◦ ATDC) are presented in Fig. 3 t
investigate the flow field in the combustion chamber.
300◦, an increase in upward piston speed causes ra
velocity vectors smaller than axial ones near the pis
crown (Fig. 3(a)). When the piston continues to compr
upward until 330◦, the instantaneous piston speed is wea
and the squish effect is going to develop after the fluids
brought from the periphery into the piston bowl (Fig. 3(b
In other words, there is strong radial flow toward the a
(called “squish motion”) above the piston head, which
caused by the large difference of compression between
inner (smaller radius) and the outer (bigger radius) reg
Moreover, the squish motion interacting with higher sw
velocity forms the vortex in the bowl. At 350◦, the stronger
squish effect with weaker piston speed produces a vo
with the clockwise rotation in the bowl (Fig. 3(c)). Whe
the squish motion almost terminates at TDC, there is ano
vortex with the counter-clockwise rotation around the top
the piston bowl (Fig. 3(d)). After the piston passes throu
TDC, owing to downward piston motion, the fluids a
sucked up into the periphery, and the appearance form
the “reversing squish motion” (Fig. 3(e)). These resu
provide confirmation to flow processes in the bowl-in-pis
combustion chamber of a motored engine.

Fig. 4 shows the contour lines of swirl velocitỹuθ

in the combustion chamber at various crank angles.
distribution of ũθ does not differ so much from that of th
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Fig. 3. The combined velocity vectors ofũr and ũz for CR = 10.6 andSRo = 5.3 in the combustion chamber atθ equal to (a) 300◦ ; (b) 330◦; (c) 350◦ ; (d)
TDC; (e) 370◦ , and only one of every three grid points is shown for clarity.
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initial swirl profile until crank angle reaches about 300◦.
After that crank angle, as the angular momentum in
squish region is transferred into the piston bowl by the sq
flow (see Fig. 4(b)), the position of the maximum value ofũθ

moves into the piston bowl at 350◦ (see Fig. 4(c)).̃uθ at TDC
almost has the same distribution as that at 350◦ in the piston
bowl. After TDC, the maximum value of̃uθ decreases, bu
it occurs near the top edge of the piston bowl.

For realizing the heat transfer characteristics, this stud
checks over the mean surface heat flux for the cylinder head
the cylinder wall and the piston crown. The mean surf
heat flux on the surface is presented in Fig. 5 for differ
parts of combustion chamber and different crank ang
ranging from 300◦ (60◦ BTDC) to 390◦ (30◦ BTDC), at
CR = 10.6 andSRo = 5.3 under 900 rpm. For cylinder hea
surface, the peak value occurs at 350◦ (10◦ BTDC); 355◦ (5◦
BTDC) for piston crown surface (1) and (2); 360◦ (TDC)
for piston crown surface (3) and cylinder wall surfac
Besides, it may be noted that the surface heat fluxes
5◦ BTDC are much higher for cylinder head surface a
piston crown surface (1) than for the cylinder wall and
other two piston crown surfaces. This behavior implies t
there is an obvious squish effect on cylinder head surface
piston crown surface (1) from crank angles 350◦ to 360◦.
At 300◦, the mean surface heat fluxes on all surfaces
small because the radial velocity vectors are smaller
axial ones near the piston crown. When the squish effe
developing about 330◦, the squish motion interacting wit
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Fig. 4. The contour lines of swirl velocitỹuθ for CR = 10.6 andSRo = 5.3 in the combustion chamber atθ equal to (a) 300◦; (b) 330◦ ; (c) 350◦ ; (d) TDC; (e)
370◦ .
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higher swirl velocity makes the mean surface heat flux
higher for cylinder head than for the other parts. At 350◦, the
stronger squish effect with weaker piston speed strengt
the mean surface heat flux much more for cylinder h
surface and piston crown surface (1) than for the other p
At TDC, the higher two heat fluxes reduce suddenly beca
the squish motion almost terminates. About 390◦, the heat
fluxes reach to the minimum value and tend to be nega
that is, the heat is going to transfer from walls to the flui
According to the results from Figs. 3–5, we find that squ
effect not only strengthens the wall heat transfer but a
enhances swirl velocity. Stronger swirl means more ra
mixing of fluid in diesel or stratified charge engines,
promoting a fast burn in spark ignition engines.
The compression ratioCR plays an important role fo
affecting the internal flow of an engine, so we investig
the fluid flow and contour lines of̃uθ at 350◦ andSRo = 5.3
for various compression ratios (CR is taken as 6.8, 8.7
and 10.6) in the combustion chamber as shown in Fig
and 7. In Fig. 6, the clearance volume atCR = 6.8 is
bigger than that atCR = 8.7 and CR = 10.6; hence, a
small amount of fluid is brought from the periphery in
the piston bowl atCR = 6.8 in the combustion chamber. O
the contrary, the higher value of compression ratio resul
stronger radial velocity around the top edge of the pis
bowl and the vortex in the bowl as shown in Fig. 6.
other words, the squish effect atCR = 10.6 is the stronges
among the three cases in Fig. 6. For realizing the influe
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Fig. 5. Transient mean surface heat flux on different surfaces for va
crank angles atCR = 10.6 andSRo = 5.3 in the combustion chamber.

of compression ratio on the swirl flow in the combusti
chamber, we observe the contour lines ofũθ as shown in
Fig. 7. The maximum value of̃uθ near the top edge o
the piston bowl increases and this contour line moves m
into the piston bowl with an increase inCR (see Fig. 7).
According to these results of Figs. 6 and 7, we find t
higher compression ratioCR obviously gets stronger squis
effect in the combustion chamber. For realizing the effec
of compression ratio on the squish motion, we observe
time histories ofΩ∗ = Ω/Ωo andSRm in the combustion
chamber with various values of compression ratio (CR is
taken as 6.8, 8.7, and 10.6) when the initial swirl ratioSRo

is kept constant at 5.3 and the engine speed is 900
shown in Fig. 8. Fig. 8(a) reveals that the decay rate
Ω∗ is almost the same for various values ofCR before
340◦ (20◦ BTDC) while it increases with increasing th
value of CR after 340◦. As shown in Fig. 8(b), there i
almost no difference in the value ofSRm between three
values ofCR before 310◦ (50◦ BTDC) but the value ofSRm

becomes higher with increasing the value ofCR after 310◦.
Furthermore, the difference is the most obvious betw
350◦ (10◦ BTDC) and 360◦ (TDC) for CR = 10.6; this
indicates a higher value of compression ratio would enha
the swirl strength especially as the piston approaches T
The value ofSRm is found to be related to the decay rate
Ω∗ and the maximum value ofSRm occurs at the maximum
decay rate ofΩ∗. The above differences for the valu
Fig. 6. The combined velocity vectors ofũr andũz at crank angle 350◦ for
(a)CR = 6.8; (b)CR = 8.7; (c)CR = 10.6 andSRo = 5.3 in the combustion
chamber, and only one of every three grid points is shown for clarity.

of Ω∗ and SRm between three values ofCR are caused
by various strengths of the squish motion. An increas
the decay rate ofΩ∗ with increasing a value ofCR is
explained from the fact that more fluid momentum in
squish region is transferred into the bowl. Besides, a fa
decay rate of normalized angular momentum represents
the maximum value of swirl velocity is transferred into t
bowl, which is effective in more rapid mixing of fluid i
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Fig. 7. The contour lines of swirl velocitỹuθ at crank angle 350◦ for
(a)CR = 6.8; (b)CR = 8.7; (c)CR = 10.6 andSRo = 5.3 in the combustion
chamber.

diesel or stratified charge engines, or promoting a fast b
in spark ignition engines.

Fig. 9 shows that the mean surface heat flux on all
faces atSRo = 5.3 for variousCR values in the combus
tion chamber. Increasing compression ratioCR makes the
piston do more work on the air in the combustion cham
during the compression stroke; hence, the temperature
pressure of air are becoming higher. Due to these reas
the profile of mean surface heat flux is increasing asCR in-
,

Fig. 8. Effects of compression ratio on (a)Ω∗ ; (b) SRm at SRo = 5.3 in the
combustion chamber under an engine speed of 900 rpm.

creases. The increase in the time-average value of the
surface heat flux is about 39% whenCR is ranged from 6.8
to 10.6. During the expansion stroke, the air in the comb
tion chamber does more work on the piston with incre
ing CR. The result makes the profile of mean surface h
flux after 23◦ ATDC decrease. Besides, the proportion of
crease in the mean surface heat fluxes between 350◦ (10◦
BTDC) and 360◦ (TDC) is obviously bigger than the in
crease inCR value due to the enhancement of squish ef
by a higher compression ratio. Fig. 10 illustrates the isot
mal distribution at 350◦ andSRo = 5.3 for variousCR val-
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Fig. 9. Transient mean surface heat flux on all surfaces atSRo = 5.3 for
variousCR values in the combustion chamber.

ues. Closer isothermal lines indicate higher temperature
dients and accordingly higher heat fluxes. The temperatu
of air in the combustion chamber is increasing with increas
ing CR, so the temperature gradient along the surface
comes higher.

Due to the importance of swirl flow in the combusti
chamber, we observe the fluid flow and contour lines ofũθ

at 350◦ for various initial swirl ratios (SRo is taken as 1.325
5.3, and 9.5) as shown in Figs. 11 and 12. In Fig. 11,
combined velocity vectors of̃ur and ũz along the surface
of cylinder head become stronger with an increase in
initial swirl ratio SRo. Furthermore, the vortex in the bow
becomes stronger and is closer to the bottom of piston b
with increasingSRo. The profiles ofũθ as shown in Fig. 12
present that the maximum value ofũθ around the top edge o
piston bowl increases with an increase inSRo. These results
shown in Figs. 11 and 12 reveal that higher initial swirl ra
SRo leads to stronger squish effect on the fluid flow. F
comprehending the influence of initial swirl ratio on the flo
field and mixing of fluid, we investigate the variations ofΩ

andSRm at different crank angles. Shown in Fig. 13 are
variations of the ratioΩ∗ = Ω/Ωo and SRm with various
crank angles in the combustion chamber with various va
of initial swirl ratio (SRo is taken as 1.325, 5.3 and 9.5) und
the conditions that the compression ratioCR is kept constan
at 10.6 and the engine speed is 900 rpm. In Fig. 13(a)
find that the decay rate ofΩ∗ becomes large with an increa
in SRo (similar tendency as found in the results of Kuo a
Duggal [22]). This is due to a larger value of diffusivity fo
the same diffusive time. Then, the value ofSRm increases
and shifts from TDC to 15 deg BTDC with increasingSRo

as shown in Fig. 13(b).
Fig. 14 shows that the mean surface fluxes on all surf

of combustion chamber atCR = 10.6 for different initial
Fig. 10. Isotherms atθ = 350◦ andSRo = 5.3 in the combustion chambe
for (a) CR = 6.8; (b) CR = 8.7; (c) CR = 10.6.

swirl ratio SRo values. With increasingSRo, the mean
surface heat fluxes increase because the fluid flow velo
and turbulent kinetic energy become stronger. The incre
in the time-average value of mean surface heat flux a
all surfaces of the combustion chamber is about 67% w
SRo is ranged from 1.325 to 9.5 Besides, the peak h
flux is shifting to 7◦ BTDC from 3◦ BTDC with increasing
initial swirl ratio SRo The phase shift occurs due to t
competing effects of the gas temperature which peak
TDC and the rate-of-pressure rise term which peaks aro
90◦ BTDC at the maximum piston speed and compress
rate. About 390◦, the mean surface heat fluxes are nega
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Fig. 11. The combined velocity vectors ofũr and ũz at crank angle 350◦
and CR = 10.6 or (a) SRo = 1.325; (b) SRo = 5.3; (c) SRo = 9.5 in the
combustion chamber, and only one of every three grid points is show
clarity.

atSRo = 5.3 and 9.5 resulting from stronger reversing squ
motion. Fig. 15 illustrates the isothermal distribution at 35◦
and CR = 10.6 for various initial swirl ratioSRo values.
All fluid motion becomes stronger asSRo increases. This
increases the temperature gradient along the surface
each part in the combustion chamber, especially along
surfaces influenced by squish motion. Besides, the l
high temperature in the bowl increases with an incre
in SRo.
f

Fig. 12. The contour lines of swirl velocitỹuθ at crank angle 350◦ and
CR = 10.6 for (a) SRo = 1.325; (b) SRo = 5.3; (c) SRo = 9.5 in the
combustion chamber.

5. Conclusions

A numerical method was applied to the transient turbu
thermal flow during the compression-expansion stroke
the combustion chamber when an engine operates at va
compression ratioCR and initial swirl ratioSRo values. It
is expected that the numerical method can be success
used in the practical problems to understand the phenom
occurring in the engine and to obtain the design parame
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Fig. 13. Effects of initial swirl ratio on (a)Ω∗; (b) SRm at CR = 10.6 in the
combustion chamber under an engine speed of 900 rpm.

On the basis of these results presented and discussed
discussion section, we draw the main conclusions below

(1) After a comparison with the previous researcher’s
sults, large Eddy simulation which was implemen
into the SIMPLE-C algorithm coupled with pre-cond
tioned conjugate gradient methods can predict the
bulent heat transfer in the combustion chamber of a
tored engine with reasonable accuracy.

(2) The surface heat fluxes near 5◦ BTDC are much highe
for cylinder head surface and piston crown surfa
except for the bowl of piston than for the cylinder w
e

Fig. 14. Transient mean surface heat flux on all surfaces atCR = 10.6 for
variousSRo values in the combustion chamber.

Fig. 15. Isotherms atθ = 350◦ andCR = 10.6 in the combustion chamber
for (a) SRo = 1.325; (b)SRo = 5.3; (c) SRo = 9.5.
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(6)

-
-

and the piston bowl surfaces. Besides, the peak hea
is shifting to 7◦ BTDC from 3◦ BTDC with increasing
initial swirl ratio SRo.

(3) With increasing the compression ratio or the initial sw
ratio, the vortex produced from the squish flow and
swirl become stronger in the bowl due to an incre
in the decay rate of normalized angular momentu
Stronger swirl means more rapid mixing of fluid
diesel or stratified charge engines, or promoting a
burn in spark ignition engines.

(4) The increase in the time-average value of mean sur
heat flux along all surfaces of the combustion cham
is about 67% whenSRo is ranged from 1.325 to 9.5; th
increase in the time-average value of the mean sur
heat flux is about 39% whenCR is ranged from 6.8
to 10.6.

(5) Interaction between piston motion, induced squish
swirl motion has great influences in determining
transient thermal flow fields, so obtaining such inform
tion is useful for designing engines.
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