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The 2016 Waterloo Hybrid vehicle high voltage battery pack requires a
cooling system to limit the temperature of the batteries to 60˚C. The
performance of the cells degrade with higher temperatures and they
become unsafe to operate, thus the cooling system is imperative to the
safe performance of the car. The goal is to determine the airflow required
in the accumulator module in order to limit the maximum temperature of
the batteries.

The cooling of accumulator module is governed by the following equation that drive the
coupled Thermal-Fluid analysis.
Thermal: Fourier’s Heat Diffusion

this simplifies at steady state to [3]:

q - local heat flux density
k - material conductivity

Fluid: Navier-Stokes [4] (conservation of momentum)

u - fluid velocity
p - fluid density
ρ - fluid density
µ - fluid dynamic viscosity

1 - inertial forces
2 - pressure forces

3 - viscous forces
4 - external forces

Calorimeter testing for Cp, result: 1J/gK

T - temperature gradient

However ANSYS is using Reynolds-Averaged Navier-Stokes (RANS) formulation for flow:

U - time-averaged velocity

Continuity equation (conservation of mass)

- turbulent viscosity
Waterloo Hybrid 2016 Vehicle [1]

P - time-averaged pressure

Load testing determine the magnitude of the
effect of temperature to internal resistance.

Thermal conductivity is determined through research, approximately 2
W/mK cross-plane and 20 W/mK in-plane [5]. The anisotropic nature of
thermal conductivity cannot be modelled with ANSYS, so an average
value between the two is chosen.

Real test:
Two 40mm fans placed on the input side of wind tunnel

3 thermocouples: battery temp., inlet temp., outlet temp.

Differential pressure transducer to determine backpressure
The battery temperature is measured on the middle portion of the middle cell in
the stack, closer to the exhaust side of airflow. The test is run by loading the
cells at 60A and logging temperatures vs. time.


Simulation:
The battery box is modelled using SolidWorks to meet all of the rules and
specifications set forth by the Formula Hybrid and Formula SAE Electric
rules [2]. The final design is shown below, with air channels present for
battery cooling.

Geometry Simplification for Coupled Thermal-Fluid Analysis

Cell
Thermal physics region

A very similar approach in terms of boundary conditions and meshing is applied
to model of the test. The airflow used in the simulation is derived from the fan’s
data-sheet used in the real test. Since the pressure transducers give a backpressure reading, the airflow vs. backpressure graph provided in the data-sheet can
be referenced. The simulation was run at several different mesh resolutions,
which all yielded the same results.

Meshing Analysis
To effectively capture turbulent flow, a
very fine mesh is required. The inflation
region is defined at the walls of fluid flow
to better represent the turbulent flow at
the boundary layer.

Airflow

Mesh Specification

Value

Minimum Element Size 3.861E-5
Maximum Element Size .007721

Thermal-fluid physics region

Boundary Condition selection
An inlet and outlet boundary condition are set for the
thermal-fluid region. Both are mass flow conditions and are
the parameters varied in the study.
The internal plane within the cell is selected as the region
where heat flux is being generated.
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Specifications

Value

Battery Layout

Four sub modules. Three cells in parallel, 60 three cell packs in series.

Nominal Voltage

60 * 3.7 V = 222 V

Peak Charged Voltage 60 * 4.2 V = 252 V
Material

5052 Aluminum

Perimeter Thickness

3.2mm bottom x 2.3 mm vertical wall x 2.3 mm cover

Module Dimensions
Fan Configurations

554mm x 435 mm x 209 mm (L x W x H)
Three 40mm fans on intake, three 40mm fans on exhaust per sub module.

The value of the heat flux can be set by determining the
load that the cells will be put under through a typical lap of
the car. Using previously generated lap simulation data, an
RMS value for power of 31.8kW is determined. The
following equation can be used to determine the current
requirements for one cell at this power level:
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A factor of safety of 1.26 can be used to round up to a
current requirement of 60 A. Using an internal resistance of
5 mOhm as provided by the battery data sheet, heat output
of the cell is 18 W. The cell is modeled as two rectangular
prisms with a plane of heat flux sandwiched in between.
Dividing by the twice the area of the internal plane gives a
heat flux of 1017 W/m2 .
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Simulation

Battery Temperature (at specified point)

42 C (Max)

36.5 - 39.9 C Region

Inlet Temp

23.5 C

23.5 C

Exhaust Temp

29.3 C

26.4—29.4 Region

Comparing the simulation results to the real test reveals a max error of 14%
for the battery temperature and 22% for air temperature. The purpose of this
validation was to ensure that the boundary condition and geometry
simplification assumptions made on the large model are safe assumptions.
The error seen here is acceptable and expected. The safety factor used when
determining the load on the batteries is appropriate in this case and should
help mitigate the effect of the error.
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Results
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Isometric view of the battery box design housing 180 LiPo cells

A visualization of the turbulence
at walls of fluid flow.

Maximum Face Size

50 CFM
75 CFM

75 CFM

From the results obtained in the simulation, the recommended airflow to
keep the batteries below 60°C is 75 CFM. Specifying a fan involves further
analysis of pressure drop within the accumulator module, but three powerful
40mm fans on the intake in series with another three 40mm on the exhaust
should be able to satisfy the airflow requirement.
The major recommendation going forward is to conduct further parametric
studies with different airflow paths within the battery box, as a temperature
gradient of roughly 10°C still exists within certain cells. However, it should be
noted that the real gradient of temperature within a cell will be much lower
due to radiation and conduction on the tops and bottoms, which are not
considered in the model. Additionally, geometry simplification may be
lessened to include the effect of pressure drop and flow disturbance from
ducting. Nevertheless, the design as it stands is able to satisfy the
requirement set forth by the problem definition.

