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ABSTRACT

Presented is an investigation of the wind-tunnel nozzle
effects on the thermal performance within passenger vehicle
underhood area. The Lattice-Boltzmann Equation (LBE) based
flow solver is coupled with the system tool to solve for airflow
and temperature distribution around the passenger vehicle in the
wind tunnel. Several simulations with different nozzle sizes
were performed. The simulation results are compared with
airflow, temperature, and heat exchangers heat rejection
measurements in the thermal wind tunnel. Good agreement is
observed confirming that nozzle geometry dominates the
airflow around the vehicle. The results show that different
nozzle sizes can produce flows that have almost the same
macroscopic characteristics while at the same time have subtle
differences that can be very important for the vehicle design.

NOMENCLATURE
LBE solver; coupled simulation; underhood flow; digital
wind tunnel (DWT).

INTRODUCTION

The measurements of cooling airflows and temperatures in
passenger vehicles are commonly performed in thermal wind
tunnels. Thermal wind tunnels are smaller in size than the aero-
dynamic wind tunnels. Their purpose is to provide
representative flow conditions in the underhood and underbody
areas. They are also equipped to perform various temperature
measurements of the heat exchanger performances and
temperatures of both surfaces and air. Solar radiation effects can
be included using reflectors.

The ability to simulate cooling airflow within a wind tunnel
is of great importance for the design of vehicles. Srinivasan et
al. [1] presented vehicle thermal management simulation with
an omni-tree meshing technology for rapid mesh generation
using Navier-Stokes flow solvers. The cooling airflow
simulations using traditional computational fluid dynamics
(CFD) solvers coupled with heat exchanger calculations for
passenger cars were presented by [1], [2], [3], [4], and for
trucks by [5], [6], [7].

Fortunato et al. [8] used the Lattice-Boltzmann Equation
(LBE) solver for the cold flow simulation over the entire car
including the underhood and a Navier-Stokes solver for the
underhood flow. The velocity field on the entrance surfaces into
the underhood area calculated by the LBE solver was used as
the inlet boundary condition to the Navier-Stokes solver
calculation. Fully coupled simulations between the LBE solver
and a system simulation tool for the heat exchanger were
presented by Alajbegovic et al. [9], [10]. A detailed validation
of the cooling package using coupling with the system
simulation tool was shown in [11]. The simulation capability
presented here used the same experimental data for the thermal
performance study.

In this study, several simulations of the cooling airflows
were conducted for a passenger car. The simulations were
performed in an aero-dynamic wind tunnel, which is also called
digital wind tunnel (DWT). The study will focus on the
investigation of nozzle effects in the wind tunnel. The airflow in
the wind tunnels is provided through a large nozzle in front of
the vehicle. The nozzle sizes are varied to provide larger range
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of air velocities. The impact of nozzle size on the airflow
distribution in front and under the vehicle has been compared to
the simulation results. The purpose of the study is to provide
recommendations for the thermal wind tunnel design and to
identify guidance for measurements evaluation.

The rest of the paper is organized as follows. First, the
mathematical model is presented, followed by the description of
simulation methodology. After that, the simulation results are
shown and thermal performance is compared for all simulations.
At the end of the paper, the conclusions are summarized.

MATHEMATICAL MODEL

The flow simulation is performed using the Lattice-
Boltzmann Equation (LBE) based solver (PowerFLOW 4.1c).
The Lattice-Boltzmann solvers are numerically efficient,
accurate and robust. The numerical efficiency allows handling
of lattices with very large voxel counts. It is quite normal to
have 100 million voxels for a full vehicle analysis. This enables
to resolve as large as possible span of turbulence scales and in
this way increase the accuracy of the predictions. Properties of
the Boltzmann equation allow for an improved treatment of
fluid interactions with the wall surface. Surface elements (or
surfels), are designed as active elements that interact with the
neighboring lattice elements. The combination of both large
lattices and dynamic surface treatment allow accurate
representation of surfaces without the need for geometry
simplification.

The Boltzmann equation formulates the problem in terms
of a distribution function f(x,v,t), which is the number of
molecules at position x with speed v. The Boltzmann equation
can be written in the following form:

A yvi—c XVt 1)
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Here the left hand side represents the convective motion of
particles and the right hand side is the collision term that
expresses interactions between particles. PowerFLOW uses the
BGK collision operator by Bhatnagar et al. [12]. It can be
expressed as follows,

C(X,V,t)=—f fe , (2)
T

wherez is the relaxation time of the fluid and f_ is the

equilibrium Maxwellian distribution function. The Boltzmann
equation along with the BGK operator is discretized on a three
dimensional cubic lattice using a D3Q19 model as shown in
Figure 1. The resulting finite difference equation enables the
solution of the distribution function.
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Figure 1. D3Q19 cubic lattice for Boltzmann equation

Integral moments of the distribution function along with the
ideal gas law can then be used to calculate the velocities and
pressures. It can be shown rigorously that the Lattice Boltzmann
formulation thus outlined is equivalent to solving the time
dependent compressible Navier Stokes equation. A review of
the fundamentals of the lattice Boltzmann method can be
referred to Chen and Doolen [13].

Earlier use of Lattice-Boltzmann equation in fluid flow
simulations was done by Frisch, Hasslacher, & Pomeneau [14].
After that, significant efforts were made to develop Lattice-
Boltzmann flow solver [13], [15], [16]. Small scale turbulence
effects are modeled using a modified k-¢ model based on the
original RNG formulation [17], [18]. This LBE based
description of turbulent fluctuation carries flow history and
upstream information, and contains high order terms to account
for the nonlinearity of the Reynolds stress [19]. This is
contrasted with typical Navier-Stokes solvers, which tend to use
the conventional linear eddy viscosity based on the Reynolds
stress closure models. Turbulence and temperature equations
are solved on the same lattice using a modified Lax-Wendroff-
like explicit time marching finite difference scheme.
Simulations presented in this work were performed using the
flow solver described in the following references [20], [21],
[22], [23], [24].

SIMULATION METHODOLOGY

The presented simulation methodology is based on coupled
simulations between the flow and system solvers. Therefore, the
following three major simulation components are:

1. Flow modeling with the Lattice-Boltzmann Equation
solver

2. System tool heat exchanger model

3. Automatic coupling between the flow solver and
system tool
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SYSTEM SIMULATIONS

System tools are used to model and analyze multi-domain,
intelligent systems and to predict their multi-disciplinary
performance. The components of a system are described by
analytical models representing the hydraulic, pneumatic,
electric, thermal and mechanical behavior of the system
components.

In this study, the heat rejection for the heat exchangers is
calculated by the system tool using LMS Imagine.Lab
AMESim. Figure 2 shows the system tool model of the charge
air cooler, radiator and condenser respectively.
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Figure 2. System tool heat exchanger model

COUPLING PROCESS

The flow solver and system tool two-way coupling is
implemented via an automated process using scripts. The
coupling process involves the extraction and exchange of flow
data distributions on each of the heat exchanger inlet and outlet
surfaces. Flow solver provides the cooling air velocity and
temperature fields, and the system tool calculates the
distribution of the heat source and provides the heat flux
distribution back to the flow solver. The coupling process is
described in Figure 3.

AMESIim

Figure 3. General two-way coupling scheme

SIMULATION DETAILS

The vehicle used in this study was Renault Scenic Il. The
low speed (40 km/h) and “fan on” conditions were applied.
Figure 4 shows the vehicle, its underhood geometry and cooling
package details. The flow solver simulates air velocity and
temperature distributions in the entire domain including the
engine compartment and vehicle exterior. The details of the
geometry preparation, case setup and boundary conditions are
similar to thermal wind tunnel simulation presented in [11].

Figure 4. a.) Vehicle geometry, b.) Cooling package details
and c.) Underhood geometry

Figure 5 shows the placement of the heat exchangers. The
charge-air-cooler, condenser and radiator are placed slightly
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tilted in the underhood area. Position of the heat exchangers has
crucial impact on their thermal performance.

Condenser W :
" Radiator

Charge Air
Cooler

Nozzle Inlet

Figure 6. a.) Vehicle in Digital Wind Tunnel, b.) Nozzle in
front of Vehicle

Vehicle placement in the digital wind tunnel and geometry
with the nozzle profile are shown in Figure 6. Simulations were
focused on evaluating the thermal performance of the
underhood cooling package.

In this study, three nozzle sizes are simulated for
comparison, and they are shown in Figure 7. The nozzle height

in case 1 is the same as in the thermal wind tunnel simulation
[11] in order to acquire similar thermal performance. Case 2
and 3 with different nozzle sizes, 3/4 and one half nozzle height
in case 1, are simulated to study the impact of the nozzle size on
the underhood cooling airflow. The thermal wind tunnel is
shown in Figure 8.

1690mm

3

Figure 7. Three vehicle nozzle heights:
1.) 1690 mm, 2.) 1267.5 mm and 3.) 845 mm

Figure 8 Thermal wind tunnel and boundary conditions

BOUNDARY CONDITIONS

Vehicle cooling package performance was measured in the
thermal wind tunnel at an upstream velocity of 40 km/h. The
distance between the nozzle exit and the bumper of the vehicle
was 1.5 m. In order to obtain similar results as measured, the
same wind speed and simulation conditions were applied to the
digital wind tunnel simulations in this study. The rotation speed
of the fan was 2700 rpm. Heat exchanger conditions used
during the experiments are summarized in Table 1. The
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numbers in italic were used as input conditions to the
simulations.

WIND Air Velocity km/h | 39.7
Air Temperature °C 44.8

FAN Voltage \% 13.0
Intensity A 325

CHARGE Mass flow rate kg/h | 1656
AIR COOLER Inlet temperature °C 173.2
Outlet temperature °C 64.8

Inlet pressure bar 25.0

Outlet pressure bar 23.6

Volumetric flow rate I/h 136.8

CONDENSER Inlet temperature °C 106.3
Outlet temperature °C 67.46

Volumetric flow rate I/h 4799

Inlet temperature °C 100.2

RADIATOR Outlet temperature °C 95.9

Table 1. Simulation conditions

RESULTS AND DISCUSSION

In this section, the results of the three coupled simulations
are presented and the impact of the nozzle size on thermal
performance is discussed based on the comparison with the
simulation results. First, the results using the full nozzle size
(case 1) are presented to demonstrate the capability of the
simulation approach. The simulation results of case 2 and 3 are
compared next in studying the impact of different nozzle sizes
on the cooling airflow through the cooling package.

DWT SIMULATION RESULTS (CASE 1)

Based on comparison with measurements obtained in the
thermal wind tunnel [11], the results of the full nozzle size in
the digital wind tunnel have shown a lower thermal performance
of cooling airflow due to lower mass flow rates through heat
exchangers.

The temperature fields at front and back planes of the
charge-air-cooler are shown in Figure 9. Figure 10 shows
temperature distribution at the back plane of the condenser.
Heating can be observed as the air passes through the heat
exchangers. Figure 11 shows the velocity behind the radiator.
The rotating fan accelerates the flow in front of it. Figure 12
shows velocity and temperature distributions on the fan mid-
plane.
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Figure 9. Temperature distribution in front and back plane
of the charge-air-cooler
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Figure 11. Velocity distribution behind the radiator
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The results for cases 2 and 3 are visually very similar
compared to case 1 with only small differences in temperature
and velocity distributions around the cooling package. The
averaged velocity, front and back temperature and heat
rejections are summarized in the next sub-section for
comparison.

x6=-1.6400 m
Fan (middle)

3%
Temperature [degK ]
-

I I
340.0 360.0 380.0

Figure 12. Velocity and temperature distribution on the fan
mid-plane

Z 13200

The details of the predicted flow velocity field within the
underhood region are shown in Figure 13. Velocity field
magnitude is depicted on several critical vertical planes. These
planes are top left grille, fan center, center vertical plane and
top right grille. Higher velocities at grille inlets and fan area can
be clearly seen. Due to the complex geometry, the flow within
the underhood region is very complex as well. Recirculation,
separation and local acceleration can be observed to occur
almost everywhere.
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Figure 13. Velocity on y-plane in the underhood region

Streamlines and temperature field are depicted for the same
vertical planes as in Figure 13. The details of the temperature
field in the underhood region are shown in Figure 14. The
aerodynamic and thermal behavior of the cooling airflow can be
easily captured, which can be useful for the packaging
optimization of the underhood components.
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Figure 14. Temperature field on the y-plane in the
underhood region

Figure 15 and Figure 16 show the velocity and temperature
distributions separately on several horizontal planes. These
locations are bottom grille, fan center and top grilles.
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Figure 16. Temperature on the z-plane in the underhood
region
The obtained results demonstrate the overall capability of
the presented simulation approach to predict both flow field
parameters and the performance of the cooling package.

THERMAL PERFORMANCE COMPARISON

Simulation results for case 1 have shown capability of
solving air flow, including flow structure, temperature
distribution, and thermal performance of the cooling package.

In this sub-section, the differences of the air flow and thermal
performance due to different nozzle sizes are studied. The
temperature, velocity and heat rejection are compared for the
three cases.

The velocity fields at the center plane of the vehicle are
shown in Figure 17. It can be seen that nozzle height directly
influences the thickness of the air flow in front of the vehicle.
Thickness of the high speed zone around the vehicle reduces
with nozzle size. The most pronounced wake structure change
can be observed in case 3.

The air flow direction after reaching the bumper changes
most in the half nozzle case and obvious flow separation was
identified after the windshield. Less air mass flow rate is
expected for the top grilles in case 3.

Velocity Magnitude [m/sec ]

—_ ]

I
0 2 4 8 8 10

Figure 17. Velocity at Center Plane: a.) Full nozzle size, b.)
Three quarter of full size, and c.) Half full nozzle size

Figure 18, Figure 19, and Figure 20 show streamlines colored
by the velocity magnitude within the underhood area. Due to the
different nozzle heights, more air flow passes through the top
grille in case 1. In case 3, the top grille is more restrictive and
less air flows through it.

The air flow structure in front of the condenser is similar for

all three cases. The cooling airflow in front of the condenser is
highly non-uniform. The two airflow streams coming through
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the top and bottom grilles mix with each other. More
recirculation of the cooling airflow can be observed right on the
top and bottom sides of the condenser for case 3. Due to the fan
nozzle no obvious air recirculation downstream of the fan can
be observed.

Top Grille

Velocity Magnitude [m/sec |

4 6 8 10

Figure 18. Streamlines around the heat exchangers (Case 1)

Top Grille

Bottom Grille
Velocity Magnitude [m/sec ]

p——

Figure 19. Streamlines around the heat exchangers (Case 2)

Top Grille

Bottom Grille

Velocity Magnitude [m/sec ]
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Figure 20. Streamlines around the heat exchangers (Case 3)

Figure 21 and Figure 22 compare velocity distributions and
streamlines at fan center plane between cases 1 and 3. Larger
velocity magnitude found in front of the top condenser and at
back side of the engine in case 1 due to more air flow through
the top grille. Higher heat rejection is expected for condenser in
case 1 than in case 3.

y1=-0.0720 m

_—

0.0 33

Figure 22. Velocity at fan center plane (Case 3)
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Figure 23 and Figure 24 compare velocity distribution and
streamlines at the top-right grille between cases 1 and 3. Lower
velocity at the top grille and stronger recirculation in front of
the heat exchangers were found in case 3 than case 1. These
local small-scale flow structures are critical for optimization of
the vehicle underhood design.

y3=0.2900 m
Top right grille

Figure 24. Velocity at fan center plane (Case 3)

Figure 25 and Figure 26 compare temperature distributions
and streamlines at horizontal fan center plane between cases 1
and 3. Slightly higher air temperature around engine is observed
in case 1 due to the better cooling performance.

21=0.4660 m

Temperature [degK ] e |
= N

360.0 10.0 2
Figure 25. Temperature at the top grille (Case 1)
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Figure 26. Velocity at the top grille (Case 3)

™ gl
Figure 27. Locations and descriptions of the thermocouples
before and after the condenser (front view)

The temperature averages were measured at the monitoring
locations shown in Figure 27. The averaged fluid temperatures
at these monitoring locations before and after condenser are
summarized in Table 2. The difference of the probe temperature
is within 1°C between cases 1 and 2. There is up to 3°C
difference for top probes after condenser between cases 2 and 3.
These small differences are caused by different air flow
distribution within the underhood area.

Table 3 summarizes the averaged local heat transfer
coefficients (HTCs) for several critical parts: engine,
transmission and exhaust pipe. The local heat transfer
coefficients are influenced by local air flow velocity. The
averaged HTC for engine is slightly smaller in case 3 due to the
lower air mass flow from the front grilles. Lower velocity was
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identified around rear exhaust pipe which leads to lower
averaged HTCs in case 2. Similarly, lower HTCs were found in
case 3 and higher HTCs in case 2 for transmissions. These
differences are within 20% which can result in significant
difference in fluxes prediction. In addition, these differences do
not change linearly with nozzle sizes. This result points to
potential nozzle size related issues where the measurement
configuration can significantly influence the measured part
cooling rate. Such measurement related dependency can result
in very misleading measured values.

TEMP P2L | P2R | P3FLT | P3FRT | P3FLB | P3FRB
[°cl

CASE 1 71.6 | 55.5 62.2 84.7 72.9 70.3

CASE 2 714 | 555 61.7 83.7 729 70.4

CASE 3 713 | 55.2 63.9 86.7 72.8 70.2

Table 2. Comparison between experimental and averaged
predicted fluid temperature

Averaged Local HTCs CASE CASE CASE
[Watt/(m® °K)] 1 2 3
Engine 2.7 2.7 2.6
Transmission 5.2 5.6 4.7
Exhaust Pipe 8.8 7.2 8.7

Table 3. Heat transfer coefficients comparison

The mass flow rates through the top and bottom grilles are

summarized in Table 4. The mass flow rates through the grilles
in case 1 is less than in the thermal wind tunnel simulation.
Lower thermal performance of the cooling air expected for all
three cases in digital wind tunnel. The mass flow rate through
the top grille in case 2 is slightly lower than in case 1. But the
mass flow rate through the top grille is much lower in case 3.
Because of the thinner high speed layer above the vehicle hood
and larger changes of air velocity direction in case 3, less air
flow is passing through the top grille.

Mass Flow Case 1l Case 2 Case 3 Thermal
Rate [kg/s] | (full size) | (3/4size) | (half size) Wind
Tunnel
Top Grille 0.244 0.239 0.152 0.268
Bottom 0.553 0.555 0.580 0.624
Grille

Table 4. Mass flow rates comparison between three nozzle
sizes and the thermal wind tunnel

Table 5 summarizes the mass flow rates of the three heat
exchangers respectively. Although different mass flow rates
through the grille, the difference of the mass flow rates through
the heat exchangers is very small. There is almost no change
between the cases 1 and 2. In case 3, the air mass flow rate of
the condenser is about 1% less than for the case 1, and air mass
flow through the radiator is 2% less.

Mass Flow Rate CAC CON RAD
[ka/s]
Case 1 0.226 0.500 0.573
Case 2 0.227 0.500 0.571
Case 3 0.228 0.496 0.561

Table 5. Mass flow rate of heat exchangers

HEAT REJECTION | CAC CON RAD
[kw]

CASE 1 5.08 5.84 15.73

CASE 2 5.08 5.46 15.48

CASE 3 5.08 5.49 15.29

Table 6. Heat rejection comparison

Table 6 summarizes the heat rejections of the three heat
exchangers respectively. The heat rejection not only depends on
the averaged airflow velocity and temperature but also on the
uniformity of the velocity distribution of air right in front the
heat exchangers. The heat rejection of the radiator reduces by
1.6% for case 2 and by 2.8% for case 3 respectively.

CONCLUSIONS

Presented were simulations of the cooling airflow and
external aerodynamics for Renault Scenic Il in the digital wind
tunnel with three nozzle sizes. The simulation methodology
based on the coupling between the flow solver and the system
tool can be used to study the airflow effects on the thermal
performance. Comparison between the three simulation results
has demonstrated that different nozzle sizes do impact the air
flow in front of the wvehicle and the resulting thermal
performance of the cooling airflow. Even though almost
identical heat rejections for the cooling package were predicted,
indicating almost identical flow conditions, significant
differences in the order of 20% were observed for transmission
and exhaust cooling rates.
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