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ABSTRACT-In the present study, a numerical analysis of the three-dimensional heat transfer and fluid flow for a vehicle
cooling system was developed. The flow field of the engine room between the grille and radiator was analyzed. The results
show that, as the airflow inlet grille angle ¢ris varied from 15° to —15°, the air flow rate compared with a=0° (horizontal)
changes from ~11.9% to +5.1%; while the heat flux from the radiator changes from —9.2% to +4.4%. When the airflow
inlet bumper angle Sis varied from —5° to +15°, the heat flux from the radiator compared with f=0° (horizontal) increases
up to +4.4%. When the airflow inlet grille angle @=—15° and the bumper grill angle S=+15°, the airflow rates and heat
flux compared with (@=0°, B=0°) can be increased to +9.5% and +7.5%, respectively. The results indicate that the optimal

angles for cooling efficiency are used.
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NOMENCLATURE

k : thermal conductivity (W/m °C)
m : mass flow rate (kg/sec)

P : pressure

P, : Prandtl number

T, : wall temperature (°C)

T, : bulk mean temperature (°C)

T, : inlet temperature (°C)

N F

: dimensionless velocity vectors

: dimensionless fluctuation velocity
: frontal velocity (m/sec)

. inlet angle of grille, (°)

: inlet angle of bumper grille, (°)

: density of fluid (kg/m?)

: kinematics viscosity (m?/s)
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1. INTRODUCTION

An automobile engine takes energy from fuel and con-
verts it into a form of power. The power is used to propel
the vehicle. The engine generates temperatures up to
2,500°C of heat within the combustion chamber, but not
all of this thermal energy is converted to power. Approxi-
mately 25% of this energy is used to push the vehicle.
About 9% of the heat generated by the fuel is lost through
radiation, and 33% is sent out through the exhaust
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system. The remaining 33% must be removed by the
cooling system (Schwaller, 1999).

In liquid-cooled engines, coolant is pumped through-
out the water jacket of the engine, drawing heat from the
head, pistons, combustion chambers, cylinder walls,
valves, etc. The heated coolant travels from the water
jacket through a radiator hose to the radiator, where it is
cooled by air and then returns, via the other radiator hose,
to the engine. Upon engine start-up, the engine temper-
ature rises quickly. If the engine temperature is too high
or too low, various problems will occur. These include
overheating of the lubricating oil and engine parts, ex-
cessive stresses between engine parts, loss of power,
incomplete burning of fuel, etc. These cause fuel to be
wasted, and the engine life is shortened.

In automotive engineering, a grille is an opening in the
bodywork of a vehicle to allow air to enter. Most vehicles
feature a grille at the front of the vehicle to allow air to
flow over the radiator and cool the engine compartment.
Another common grille location is just below the front
bumper. The efficiency of the vehicle cooling system
strongly depends on the airflow through the radiator. The
flow through the radiator depends on the airflow inlet
angles for the grille and bumper.

Recently, due to the rapid development of computing
power and numerical techniques, CFD procedures have
been adopted as a design tool by many automobile
engineers. A number of CFD studies have been carried
out regarding heat transfer augmentation. Lee er al.
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(2000) analyzed engine cooling, including flow nonuni-
formity over a radiator. Yang ez al. (2002, 2003) applied
the CFRM concept to vehicles’ thermal systems. Witry et
al. (2005) used CFD codes to estimate the thermal
performance of an automotive aluminium plate radiator.
Hsieh et al. (2005) carried out a 3-D thermal-hydraulic
analysis for louver fin heat exchangers. Lee and Cho
(2006) used a numerical analysis procedure to predict the
temperature of clutch. However, there are very few
studies concerning the effect of the inlet airflow angle on
the automotive grille and bumper.

Using computational fluid dynamics (CFD), this paper
models the flow and heat transfer performance charac-
teristics for one replacement design for the conventional
automotive radiator. A few commercial CFD codes now
available are proven to be good for engineering purposes
as long as the computational grid and numerical schemes
are carefully chosen. In this study, a numerical analysis
on the three-dimensional heat and fluid flow of a
vehicle’s cooling system is presented. Flow is incom-
pressible and has no viscous dissipation; the effects of
turbulence are simulated by the k—£ extended turbulence
model. The flow field of the engine room between the
grille and radiator is also analyzed. The system pressure
drop, outlet temperature variation and effect of radiator
cooling efficiency for different airflow inlet angles of the
grille are investigated. In addition, the airflow rates
through the radiator ventilation outlets and the heat flux
from the radiator are predicted. The effects of different
inlet airflow angles of the grille and bumper are investi-
gated in detail.
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Figure 1. The physical model.

2. MATHEMATICAL ANALYSIS

2.1. Physical Model and Computational Domain

The actual region of the engine room between the grille
and radiator, crowded with various engine parts (such as
pipelines, electric wires, sensors, frames etc.), is very
complicated. In order to simulate this problem conveni-
ently, simplified assumptions and geometric modeling
are necessary. Figure 1 shows the physical model, where
the 3D computational domain is a complete elementary
pattern of the actual automotive shape in the engine room
between the grille and radiator. The airflow enters the
domain from the ventilation inlets of the grille and
bumper. It then passes the engine room space and exits
through radiator ventilation outlets. Figure 2 shows the
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Figure 2. The multiview drawing for the geometric dimension (unit: mm).
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multiview drawing for the simplified geometric dimen-
sions from the actual automotive shape (shown in the
photograph at upper right-hand side).

2.2. Governing Equations

The fluid is considered incompressible with constant
properties and the flow is assumed to be turbulent, steady
and three-dimensional with no viscous dissipation. The
dimensionless equations for continuity, momentum (Rey-
nolds-averaged Navier-Stokes equations) and energy
may be expressed in tensor form as:
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In the above equations, the average velocity (U) and
fluctuation velocity (u) have been nondimensionalized
with the uniform inlet velocity u;, at the channel inlet, all
length coordinates with the ventilation inlet’s hydraulic
diameter D,, and the pressure with pu;,’. The dimension-
less average temperature and fluctuation temperature are
defined as ©=(I"T,)/(T,-T,) and 6=T/(T,-T;). The Rey-
nolds number is Re=u,.D,/v, where D, is the hydraulic
diameter. P, is the Prandtl number, which is set equal to
0.71 (for air at 40°C) in the present study. Equation (2)
contains Reynolds stresses that are modeled by Chen’s
extended k—¢ turbulence model (Chen and Kim, 1987;
Wang and Chen, 1993), where k is the turbulent kinetic
energy and £1is the dissipation rate. In Chen’s model, the
production time-scale as well as the dissipation time-
scale is used in closing the £equation. This extra produc-
tion time-scale is claimed to allow the energy transfer
mechanism of turbulence to respond to the mean strain
rate more effectively. This results in an extra constant in
the £equation. As to the velocity distribution in the near-
wall region (y+211.63), the following law of the wall
(Liakopoulos, 1984) is applied.

u*=ln[ O+ 11)4.02 }
(4 =737y +833)

+5.63tan"'(0.12y"~0.441)-3.81
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2.3. Boundary Conditions

Because the governing equations are elliptic in spatial
coordinates, the boundary conditions are required for all
boundaries of the computation domain. The airflow
enters the domain from the ventilation inlets of the grille
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Figure 3. Computational domain and grid system.

and bumper. It then passes the engine-room space and
exits through the radiator ventilation outlets. The airflow
is drawn by a fan behind the radiator. According to the
actual automotive operating situations and the results
given in a discussion with a manufaction engineer, at the
upstream boundary (inlet), constant pressure P,,=atmos-
phere pressure (1 atm) and temperature 7,=20°C are
assumed. The pressure of the radiator ventilation outlet is
assumed to be P,,=—30 Pa (relative to atmosphere
pressure). The turbulence intensity at the inlet is set at
10%. From the frontal view, the left-hand side and right-
-hand side computation domains are symmetrical. In this
study, only half of the domain is analyzed. At the sym-
metrical planes, normal gradients are equal to zero. At the
solid surfaces of the radiator, no-slip conditions and
constant wall temperature 7,, (90°C) are specified. The
remaining surfaces (except inlet, outlet, radiator surfaces
and symmetrical plane) around the domains are assumed
to be adiabatic wall surfaces (Figure 3).

2.4. Parameter Definition of Performance Factors

The local pressure drop can be expressed in terms of the

dimensionless pressure coefficient Cp defined as

cp=be=rt ©)
Epuizn

where P, is the pressure at the inlet. The local heat
transfer coefficient h is defined as

_ 144 7
h Tw - Tb ( )
where ¢" is the local heat flux and T, is the local bulk
mean temperature of the fluid. The local heat transfer
coefficient can be expressed in the dimensionless form by
the Nusselt number Nu, defined as
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where ©,=(T, - T,,)/(T, —T;,) is the local dimension-
less bulk mean temperature and » is the dimensionless
unit vector normal to the wall. The average Nusselt
number Nu can be obtained by

T j Nu dA,

j dA ©

where dA, is the infinitesimal area of the wall surface.
In order to estimate the heat transfer performance and
ventilation efficiency, two parameters are defined as

R.=(m —m,)/m, (10)
and
Ro=(0-0.)Q, (1D

where m and Q are, respectively, the mass flow rate and
the heat flux at the radiator after the inlet angle is
changed. m, and Q, are, for the base situation, at inlet
angle a=p=0° (horizontal). In equation (10), R, is the
ratio between the increased mass flow rate at the radiator
m — m, and the base mass flow rate #1, ; in equation (11),
R, is the ratio between the increased heat flux at the
radiator Q-Q, and the base heat flux O

2.5. Definition of the Geometric Parameters

Figure 4 shows the airflow inlet angle of grille (¢) is
defined as the angle between the grille’s transverse and
horizontal planes. When the rear side of the grille’s
transverse plane is upward, angle ¢ is positive; when it is
downward, angle «ris negative. In the present study, there
are seven cases for various o (a=-15°, —10°, -5°, 0°,

=-15° a=0°
Figure 4 Airflow inlet grille angle ().

B=-5° B=0°

Figure 5. Airflow inlet bumper angle (f).

+5°, +10°, +15°) investigated.

Figure 5 shows the airflow inlet angle of the bumper
(p) is defined as the angle between the bumper grille’s
transverse and horizontal planes. When the rear side of
the bumper grille’s transverse plane is upward, angle Sis
positive; when it is downward, angle fis negative. There
are five cases for various S (#=-5°, 0°, +5°, +10°, +15°)
investigated in the present study.

3. NUMERICAL METHOD

In this study, the governing equations are solved numeri-
cally using a commercial computer program code STAR-
CD (2002). The program solves the equations for conser-
vations of mass, momentum and energy using standard
finite-volume techniques. This involves subdividing the
region in which the flow is to be solved into individual
cells or control volumes so that equations can be integ-
rated numerically on a cell-by-cell basis to produce dis-
crete algebraic (finite-volume) equations. A third-order
upwind TVD scheme is used to model the convective
terms of the governing equations. Second-order central
difference schemes are used for the viscous and source
terms. For time advancing, an efficient non-iterative
time-marching scheme with a predictor/corrector solution
algorithm is employed. Several algorithms for calculating
the pressure field are available in the program (SIMPLE,
PISO, SIMPISO). For these steady-state computations,
the SIMPLE algorithm was found to give the shortest
computer running times and was used in all of the calcu-
lations.

A grid system of 360,231 grid-points is typically
adopted in the computation domain, as shown in Figure
3. A careful check for the grid-independence of the
numerical solutions has been made to ensure the accuracy
and validity of the numerical results. For this purpose,
grid systems of 268,576, 360,231 and 482,693 grid-
points were tested. It was found that for u;,,=3.0 m/s, the
relative errors in the local pressure and temperature
between the solutions of 360,231 and 482,693 grid points
are less than 3%. In this paper, all the simulations result
from transient calculations, so the steady-state solutions
constitute the final states of the transient calculations.
Numerically, ‘steady-state’ is the solution reached when
the code has converged, satisfying a criterion of the kind:

max'fl”_fll < é' (12)

maxlﬂ

where £is U, © and P is taken to be compatible with the
time-step so that the code marches far enough in time to
describe the transient regime before reaching a steady-
state. This is done by monitoring the transient evolution
of several values, such as the stream function at the centre
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Table 1. Cases studied for various oand

Item Case studied Case number
Airflow inlet grille angles o a=—15°, —10°, =5°, +5°, +10°, +15° 7
Airflow inlet bumper angles 3 F=-5°,0° +5°, +10°, +15° 5
Different combination for (&, f) (a, p=(0°, 0°), (-5°, +5°), (-10°, +10°), (-15°, +15°) 4

of the computational domain. In most cases, for a typical
time-step of 10, ¢'is chosen to be 107", All computations
were performed on a Pentium IV 3.0G personal com-
puter, typical CPU times were 20 to 26 hours for each
case.

4. RESULTS AND DISCUSSIONS

In the present study, the flow field of the engine room
between the grille and radiator was analyzed. The system
pressure drop, outlet temperature variation and effect of
radiator cooling efficiency for different airflow inlet
angles of the grille were investigated. The 16 cases of
various parameter combinations in the study are tabulated
in Table 1. The results and a discussion of them now
follow.

4.1. Changes of the Airflow Inlet Grille Angles (¢
In this study, calculations for seven cases were made by
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Figure 6. Velocity profile for grille angle a=0°.

changing the grille’s airflow inlet angles, for a=—15°,
-10°, -5°, 0°, +5°, +10°, +15°. Figure 6 shows the
velocity profile for the grille angle a=0°. The fluid flows
into the grille inlets and almost directly flows out through
the radiator. Most of the fluid flow into the bumper inlets
also directly flows out through the radiator. But a little
fluid near the side wall follows a longer path before going
out through the radiator. This partial fluid often causes a
separation or vortex so that the fluid cannot flow out
smoothly. Figure 7 shows the streamline distribution for
the grille angle @=+15°. A small amount of fluid flow
into the grille cannot easily flow out since the grille inlets
do not face the outlet. On the contrary, the fluid flow into
the grille flows out smoothly for the grille angle a=—15°,
as shown in Figure 8. Figure 9 shows the velocity profile
for various grille angles (¢). The flow moves upward
when the grille angle is increased. This phenomenon
affects the flow rate and heat transfer performance.
Figure 10 shows the air temperature distribution in the
radiator outlet for various grille angles. As shown in the

Vi{m/sec)

Figure 7. Streamline for grille angle o=+15°.

Vim/sec)

Figure 8. Streamline for grille angle o=—15°.
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=-15° a=0°

a=-15°

a=-10° “}

Figure 10. Temperature distribution for various o

figures, there are two ‘cold zones’ that directly receive
the impinging flow from the grille and bumper inlets. The
velocity in these zones is greater and thus more heat is
dissipated.

Figure 11 shows that when the airflow inlet angles of
grille (@) are varied from 15° to —15°, the airflow rates
compared with =0° are changed from -11.9% to
+5.1%. The heat flux from the radiator compared with
o=0° also changes from —9.2% to +4.4%. The results
indicated that when the grille’s airflow inlet angles, 4,
decreased, the air flow was more fluent and the mass
flow rate increased and carried away more heat. There-
fore, heat transfer performance and cooling efficiency are
better. However, the angle’s decrease is finite. If it
decreases too much, the airflow from grille inlets will
become so low as to interact with the flow from the
bumper grille and become ‘choke flow’. The total airflow
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Figure 11. The flow rate and heat flux for various a
compare with o=0°.

will not fluently flow through the radiator. According to
the results due to the discussion with the grille designer
and the actual numerical simulations, in the present study,
the angle (¢) varied over the range from +15° to —15°.

4.2. Changes of the Airflow Inlet Bumper Angles (/)

In this study, calculations were made for five cases by
changing the airflow inlet angles of the bumper, f=-5°,
+5°, +10°, +15°. In the case of bumper angle f=-5°, a
small amount of fluid flow into the bumper grille cannot
fluently flow out because the bumper grille inlets do not
face the outlet. In the case of f=+15°, on the contrary, all
flow into the grille fluently flows out. This phenomenon
affects the flow rate and heat transfer performance.
Figure 12 shows the air temperature distribution of the
radiator outlet for various bumper grille angles. As seen
in the figures, there are two ‘cold zones’ that directly
receive the impinging flow from the grille and bumper
inlets. The velocity in these zones is greater and more
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Figure 12. Temperature distribution for various £.
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Figure 13. The flow rate and heat flux for various f
compared with £=0°.

heat is dissipated. In addition, the lower zone moves up
when the bumper grille angle is increased. Figure 13
shows that when the airflow inlet angles of the bumper
grille (f) are varied from —5° to +15°, the heat flux from
the radiator compared with £=0° is increased to +4.8%.
However, the angle’s increase is finite. If it increases too
much, the air flow from the bumper grille inlets will flow
so high as to interact with the flow from the grille and
become ‘choke flow’. The total airflow will not fluently
flow through the radiator. As for the results, the maxi-
mum flow rate is +5.3% at f=+10°, but back down to
4.7% at f=+15°. Although the heat flux is still increas-
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(-5 +5) (-10,+10)
(a,B)

Figure 14. The flow rate and heat flux for various (¢, f)
compared with (¢, f)=(0°, 0°).

(15 +15)

ing, its proportions are decreased. These results also
show that when the airflow is more fluently, the mass
flow rate is greater. In other words, there is an ‘optimal
angle A in the bumper grille design. For the same reason
as stated in the previous section, in the present study, the
angles are varied from —5° to +15°.

4.3. Simultaneously Changing Both the Inlet Grille and
Bumper Angles

The above results and discussion provide evidence that
both the inlet airflow angles of the grille and bumper
affect the flow field and heat transfer performance.
Therefore, combining these two factors, for four cases of
simultaneously changing both the angle of the grille and
of the bumper inlets ((a, H=(0°, 0°), (-5°, +5°), (-10°,
+10°), (=15°, +15°)) are investigated. The airflow and
streamline distribution for a'=—15° and f=+15° are very
complicated. As shown in Figure 14, when the inlet air-
flow angles of both the grille and bumper are simultane-
ously changed to a=—15° and f=+15°, the airflow rates
compared with 5=0° are increased to +9.5%, and the heat
flux is also increased to +7.3%. However, there is also a
maximum flow rate of +9.7% at f=+12°. Although the
heat flux is still increasing, its proportions are cut down.
These results indicate that if the inlet airflow angles of
both the grille and bumper are changed, there is an
‘optimal angle’ in the bumper and grille design such that
the heat transfer performance and cooling efficiency will
be most effective.

5. CONCLUSIONS

3-D fluid flow and heat transfer for the engine room
between the grille and radiator are studied numerically.
Flow is assumed to be turbulent and three-dimensional,
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and a computational domain from the fluid inlet and
outlet is solved directly. The system pressure drop, outlet
temperature variation and effect of radiator cooling effici-
ency for different airflow inlet angles of the grille were
investigated and compared. Major conclusions are sum-
marized as follows:

(1) When the airflow inlet grille angle () is varied from
+15° to —15°, the airflow rate compared with a=0°
changes from —11.9% to +5.1%, while the heat flux
from the radiator changes from —9.2% to +4.4%.

(2) When the airflow inlet bumper angle () is varied
from —5° to +15°, the heat flux from the radiator
compared with f=0° increases to +4.8%. However,
there is a maximum flow rate of +5.3% at f=+10°;
the results indicated that an ‘optimal angle £’ in the
bumper grille design exists.

(3) When the airflow inlet grille angle a=-15° and
bumper grill angle f=+15°, airflow rates and heat
flux compared with (=0°, f=0°) can be increased
to +9.5% and +7.5%, respectively. A maximum flow
rate of +9.7% is found at o=—12°, f=+12°.

The results indicate that if both the inlet grill and the
bumper airflow angles are changed, there is an ‘optimal
angle’ in the bumper and grille design, at which angle the
cooling efficiency is most effective. The conclusions of
this research will also be a valuable reference for the
automotive manufaction engineer and bumper grille
designer.
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