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ABSTRACT

A systematic study of simulating the air-cooling system
of a passenger car under-hood was carried out.
Simulations were performed using the Lattice-Boltzmann
Method (LBM), this allowed efficient handling of the
complex geometries, typical for passenger car under-
hood, and satisfied the strict turn-around times
necessary. This method is numerically very effective and
allows high level of flow resolution. The simulations
include interaction between the air flow and the heat
exchangers, modeled with a one dimensional tool. As a
result, the coolant temperature distribution in the radiator
and charge-air-cooler is calculated, and the
corresponding coolant inlet temperature. The simulation
results are compared against the experimental data
showing good agreement. In addition, since the under-
hood and the complete car geometry is included in the
simulation, the aerodynamic coefficients and flow maps
for the vehicle were extracted from the same model.
These also showed excellent agreement to experiment.
This is an important step towards “Total Vehicle
Analysis”, the simulation of the car aerodynamics
together with the under-hood thermal management and
aeroacoustic properties.

INTRODUCTION

One of the most important goals for the new vehicle
design programme is to reduce the cost and increase the
performance of the vehicle. This can be done through a
reduction in the number of prototypes, and being able to
make component selection, design, and positioning
decisions early in the design process. The best way of
achieving this is through an efficient use of CAE tools.
Being able to have information on the cooling
performance as well as the aerodynamic performance in
the concept stage allows a reduction in the number of
needed prototypes and shortens the design cycle.

The design cycle can be further reduced by making best
use of synergies between CAE simulations & CAE
models. This is the concept of TVA (Total Vehicle
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Analysis). Using Lattice-Boltzmann techniques we are
now close to being able to run a single detailed vehicle
model that is capable of giving us accurate simulation
results for the cooling performance, aerodynamics, and
aeroacoustics in one model. This paper presents the
results and correlation to experiment of a single model
for both the cooling performance and aerodynamic
performance (no aeroacoustic experimental data was
available). The experimental results come courtesy of
Ford Motor Company and Timo Kuthada at FKFS. This
paper however, shall concentrate mainly on the cooling
performance, as this is the area that is a relatively new
field for this particular Lattice-Boltzmann solver, whilst
the benefits of Lattice-Boltzmann solvers for
aerodynamics are very well documented. It is of course
important that to get an accurate cooling flow simulation,
that the aerodynamics are well modeled.

The underhood thermal management plays an essential
role in the early stages of vehicle design. Sufficient
airflow needs to be available for adequate cooling of the
underhood components. The amount of air mass flow
depends on the underhood geometry details: positioning
and size of the grilles, fan operation, and the positioning
of the other underhood components. There is a
continuing effort to develop fluid flow simulation
capability coupled with heat transfer calculations for the
analysis of cooling airflows. Recently, Srinivasan et al. [1]
presented an omni-tree meshing technology for rapid
mesh generation for Navier-Stoks solvers. The cooling
airflow simulations using Navier-Stokes solvers coupled
with heat exchanger calculations for passenger cars
were presented by [2], [3], [4], and for trucks by [5], [6],

[71.

Fortunato et al. [8] used the Lattice-Boltzmann equation
(LBE) solver for the cold flow 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. The present work is
somewhat an extension of this work since the
simulations here were performed using the LBE solver to
simulate the flow over the passenger car exterior and



through the underhood area including heat transfer. This
approach leverages all the advantages of an LBE solver
applied to the simulation of the underhood cooling flows.

MATHEMATICAL MODEL

One of the major challenges in performing fluid
simulations in CAE is handling of geometries. This
includes the adequate discretization of the flow domain
and at the same time resolution of surface details. The
Navier-Stokes solvers that are mostly used in industrial
applications are very demanding on the quality and size
of the meshes for practical calculations. These
requirements follow from the properties of the finite
volume method (FVM) which is the most used approach
in the numerical solution of the Navier-Stokes equations.
This method usually employs the pressure-correction
algorithm for the fullfilment of mass conservation.
Pressure-correction is an iterative procedure with high
numerical cost and as a result limits the effective mesh
size that can be used in practical calculations. In order to
limit the number of cells, unstructured meshes are used
which allow the discretization of complex geometries
while maintaining low cell counts. It is not uncommon for
some generated cells in unstructured meshes to have
very distorted shapes that cause calculation inaccuracies
or even instabilities and subsequent divergence of the
calculation. The varying cell shapes in unstructured
meshes cause inevitable dependence of the results on
the mesh size and quality. Mesh generation for the
Navier-Stokes solvers made significant progress in the
last years and considerable parts of the process are
automized. However, the preparation of surfaces and
some mesh generation procedures still require user's
involvement. This part remains labor intensive and
depends strongly on the skill of the user to manipulate
meshes. The described meshing process limits the level
of geometry detail that can be handled in practical use
and in most cases the geometry is simplified to reduce
the preparation time and fulfill the design timelines.

Lattice-Boltzmann equation (LBE) solvers represent an
alternative to the Navier-Stokes solvers. They don't need
any special iterative procedure and fulfil mass,
momentum, and energy conservation by design. As a
result, LBE solvers are numerically very efficient and
robust. The increased numerical efficiency allows
handling of lattices with very large number of elements
(or voxels). In addition, the properties of Boltzmann
equation allow an improved treatment of the interaction
of the fluid flow 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. This feature is paramount for the
deployment of simulation techniques in the design
process. In addition, the LBE solvers are linearly
scalable with the number of processors used.

The Lattice-Boltzmann equation approach to simulate
fluid flows was demonstrated by Frisch, Hasslacher, and
Pomeneau [9]. Since then, there was considerable effort
invested into the development of a lattice-Boltzmann
based flow solver and there are good reviews available
on the current status [10], [11]. Here is presented only a
very short overview of the method. The provided
references contain more detailed information to the
interested reader.

The Boltzmann equation can be written in the following
form:
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where f is the velocity probability distribution function and
Qis the collision operator. Boltzmann equation in the
lattice form can be expressed as a set of algebraic
equations for probability distribution at each state, f;:
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where the collision operator is modeled using the BGK
form [12]:
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The equilibrium distribution function, ,(°)

with respect to the mean velocity [12]:
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An important feature of this approach is that the mean
guantities like density, r , and velocity, u, are obtained

from the calculated velocity probability distribution
functions:

r(t,x) = f (X 1) (5)

1
r(t,x) ,

u(t,x) = f(x0e (6)

It can be shown that the described system yields the
behavior of the Navier-Stokes equations. More precisely,
the Navier-Stokes equations represent a subset of the
behavior modeled by the Boltzmann equation in the limit
of small Knudsen numbers. A nice feature of the lattice-



Boltzmann equation solver is that the mass and
momentum conservation are automatically fulfilled by
enforcing the sum of the collision term for all states, i, to
be equal zero:
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The simulation presented in this work was performed
using the solver described in the following references
[13], [14], [15], [16]. The simulation tool is also available
commercially [17].

SIMULATION DETAILS

This simulation performed is of the airflow over the
vehicle exterior and inside the underhood of the Ford
Mondeo. The simulation is done using the LBE solver
[17]. All geometry details are considered without any
simplifications. Car geometry is shown from different
perspectives in Figure 1. The geometry is clearly of
considerable complexity and includes all underhood and
underbody details. The lattice used in the simulation was
generated automatically and without any intervention
from the user. The resulting lattice size had around 18
million fine equivalent voxels (number of voxels that are
updated every time step) and approximately the same
number of surfels (Table 1).

Figure 1. Fully resolved Ford Mondeo geometry used
in the simulation showing external body, underhood
and underbody details.



The parameters used in the simulation are shown in
Table 1. The vehicle was placed in the digital wind tunnel
(DWT). The air velocity boundary condition was imposed
at the inlet boundary of the DWT resulting in uniform air
distribution of the upstream air. In addition to the airflow,
the heat transfer between airflow and heat exchangers is
modeled as well. The interaction is calculated using the
one-dimensional tool or 1D-tool [18]. The 1D-tool
calculates the heat transfer between the coolant flow
inside and airflow through the heat exchanger. The
calculation approach considerably simplifies the flow
configuration essentially assuming coolant flow as one
dimensional — this is the reason for the name 1D-tool.
The Vmax operating condition is presented here:-

Operating Condition

Air velocity 190 km/h
Ambient air temperature 23.0°C
Size [MFe (V/S)] 18.4/11.6
Mcoolar0.116kg/s
Heat input=9.72kW
Meoolarit3.12kg/s
Heat input=49.6kW
Condenser OkwW
Fan Left 2325 RPM

Fan Right 2412 RPM
Table 1. Set-up parameters.

CAC

Radiator

The front grille geometry is shown in Figure 2a. The
detailed mesh grille geometry has a dominant influence
on the amount of airflow entering the underhood area.
After the grille, the air proceeds towards the heat
exchangers. The heat exchanger cores are represented
by the rectangular boxes shown in figures 2b and 2c.
The dual fans are placed right behind the heat
exchangers as shown in figure 2d. The detailed fan
geometry is used and the flow in the fan is modeled
using the multiple-reference-frame (MRF) approach. The
detailed configuration of the heat exchangers from the
side view is shown in figure 3. The charge-air-cooler
(CAQC) is placed beneath the condenser and the radiator.

b)

d)

Figure 2. Details of the simulation preparation:
a.) front mesh grille geometry,
b,c.) heat exchangers, and d.) fan geometry.
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Figure 3. Configuration of the underhood geometry.
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Heat transfer between the airflow and coolant in the heat ® Experiment Fit to Sandwich
exchanger is modeled with the 1D-tool [18]. The 1D-tool b Formula

does not model all the internal details of the heat :
exchanger. It models the heat flow that propagates in the
heat exchanger in the flow direction. The heat transfer
coefficients used in the calculation of the heat transfer
between the coolant and air flow is obtained in the
experiment. The measured heat transfer coefficients as a
function of the coolant and air mass flow rates are shown
in Figure 4. The measured data is interpolated using the
sandwich formula and the interpolation curves are shown
in red. Sandwich formula is represented by the following
function:

N

Htc [kW/m? K]

Htc = ! _ 9)

a
1 1
Ko *Pn*Ke i [kg/s]

Figure 4. Heat transfer coefficients at different
coolant mass flow rates for:
a.) the radiator
b.) the charge-air-cooler.

where m, is air mass flow rate, m, is coolant mass flow
rate, and K., K., D,, @, b are the interpolation
coefficients that need to be calculated.

It can be seen that the interpolation is very good for both We can see in Figure 5 how the heat input calculated by
the CAC and the radiator. Therefore, the calculated the 1D-tool is then fed directly into the heat exchangers

interpolation curves are used_ for both heat exchanger_s in the 3D solution. This gives us a physically meaningful
rather than bi-linear interpolation of the coolant data. Bi- and correct solution at all points in the simulation.

Linear interpolation can be used for the calculation of the
heat transfer coefficients in the case of data that is not
well represented by the sandwich formula. The
condenser is not modeled here as it was not active in the
experiments.



Figure 5. Temperature inside CAC, and front face of
Condensor.

COOLING RESULTS

The simulation was performed on a 64 processor Linux
cluster. The simulation was run for 30,000 time steps
before starting the coupling with the 1D-tool. We must
note that this is a time accurate simulation with the
solution at each timestep representing a physically
realistic solution, and the physical time of each timestep
being approx 2 microseconds. The time interval of
30,000 timesteps (0.06secs) is the time needed for the
flow to settle after the initialisation transient. After that,
the coupling between the 1D-tool and the LBE solver
was done every 4,000 time steps (0.008secs). The
evolution of the coolant inlet temperature (TTT), inlet and
outlet air temperatures, and air mass flow rates through
the radiator and CAC as a function of the coupling
iteration are shown in Figure 6. Unfortunately the actual
values cannot be shown due to confidentiality issues.

Figure 6. Evolution of the air mass flow rate, cool  ant
entry temperature (TTT), inlet and outlet air
temperatures as a function of coupling iteration wi th
the 1D-tool.

The most important calculated parameter of interest was
the coolant temperature at the inlet into the radiator also
known as the top tank temperature. This is also the
parameter that is most accurately measured in
experiment. In this case, the calculated value was within
0.5C

For the charge air cooler, the top tank temperatures were
also well predicted. The error was below 10C which is a
high level of accuracy for this particularly difficult
calculation.

Additionally, for other parameters, which are less
accurately measured by experimental methods, such as
the entry & exit temperatures, the values were also
predicted very .well within the experimental error. The
charge air cooler exit temp was within 1<C The radi ator
entry & exit temperatures were also within 2C



Such accuracy is not uncommon for the presented
simulation methodology using the LBE solver. High level
of geometry resolution allows accurate predictions of the
airflow through the vehicle underhood area and
consequently accurate predictions of the air mass flow
rates through the heat exchangers. Correct prediction of
the air mass flow rate is paramount for the correct
prediction of the coolant inlet temperature.

Additionally, comparisons between experimentally
measured flow maps & simulated flow maps are shown
in Figure 7.

Figure 7. Comparison between Experimentally
measured velocity (a) and calculated velocity (b)
beneath the Charge Air Cooler.

Figure 8. Comparison between experimentally
measured velocity (a) and calculated velocity (b) a
the radiator front face. (c) Calculated velocity at

experimental probe locations.

t



Figure 9. Comparison between experimentally
measured temperature (a) and calculated
temperature (b) at radiator front face.

These plots show excellent agreement, especially when
the difference in spatial averaging between experiment
and simulation is taken into account. The probes in
experiment are very coarsely spaced and so the graphs
rely on a lot of interpolation. The simulation results are
very finely resolved. If we just compare the data at the
probe locations the agreement is impressive, but we do
need to remember that experimental maps could look
quite different if the probes are located in slightly different
positions. It is worth noting however that the simulation
has correctly predicted the general flow structures and
patterns as well as details such as the high temperature
region in the top right face of the radiator,

One of the important features of the presented method is
the ability to resolve both underhood and external
aerodynamics flows simultaneously. The aerodynamic
results are presented in the next section

AERODYNAMICS RESULTS

It is clear that if the aerodynamics field is being
calculated accurately then the cooling air flow field is also
being calculated accurately. The same model used for
the cooling calculations was simulated again with some
small changes to allow for a geometry change and
vehicle attitude change, in order to provide aerodynamic
comparison to the correct experimental data. There is no
reason why the calculations could not be performed
simultaneously.

Some of the simulation results are presented below in
Figures 10,11,12,13,14, and compared with the
experimental data from Kuthada[19]:-

Ford Mondeo C D C LF C LR C L

Experimental Average ]0.277 |0.040 0.111 [0.151

Simulation 0.269 [0.024 0.113 |0.138

Delta -0.008 | -0.016 0.002 | -0.013

Figure 10. Aerodynamic coefficients.

Figure 11. C grora Plot @ y=950mm (wheel wake).

Figure 12. C grora Plot @ z=82mm (underbody flow
behind front wheels).




Figure 13. C grora Plot @ x=3631mm.

Figure 14. C grora Plot @ x=4250mm.

The results of the aerodynamic simulation give excellent
agreement with experiment for both coefficient values
and flow field. This give us full confidence that the entire
flow field is being calculated accurately.

CONCLUSION

Simulations of the airflow over the Ford Mondeo with
complete geometry details of the external body and the
underhood area were performed. The employed
simulation method doesn’'t  require = geometry
simplifications, and contained such complexities as a fine
mesh grille & dual fans. The generation of the simulation
lattice (flow domain discretization) is entirely automatic
and doesn’t require any user intervention. The interaction
between the airflow and heat exchangers was simulated
using the 1D-tool. Both the cooling performance, such as
the predicted inlet coolant temperature (top tank
temperature was within 0.5C), and the aerodynamic
performance were simulated with great accuracy when
compared to the experimental data

It has been demonstrated that TVA (Total Vehicle
Analysis) is a relevant synergistic concept for the future.
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