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ABSTRACT

Li-lon batteries are currently used in hybrid and electric
vehicles. Battery life and performance requires temperature
control in narrow range. One of the method considered is use of
specially designed heat pipe. The study includes a heat pipe
between two battery simulators. The heat pipe was cooled by
air flow of 3 I/s and with temperature range of from 9°C to
40°C.

We have compared the measured surface temperature
distributions to those which were received from computer
simulation in order to obtain effective thermal conductivity of
the heat pipe and its thermal performance. This effective
thermal conductivity increases, as the inlet air temperature
increases and reaches the value of 2500 W/(mxK).

INTRODUCTION

Nowadays, Li-lon batteries are widely used as power
sources for various devices. But theese batteris have tight
restrictions on the working temperature, especially for charging
mode. The most efficient charging regime of Li-lon batteries
ocuurs in rather narrow temperature ragnge of 30 — 35 °C and
volume temperature gradient of several degrees of Celsium [1].
For the temperatures above 40°C the battery life decreases,
while below 10°C the battery performance degrades and
working efficiency substantially decreases.

The heat generation in the Li-ion battery cell depends on
the charge/discharge current, which increases with
battery use time. We chose the value of the maximum heat
generation of 15 watts per each Li-ion battery cell, based on the
available calculations and the experimental results [2,3].

Tthe efficiency of Li-lon battery cooling process using the
heat pipe has been investigated. Cooling efficiency for such
system depends on the thermal conditivity of the heat pipe, inlet
air temperature and flow rate. The operational performance of
cooling system for the temperature range from 9 to 40°C and

working regime of heat pipe for these temperatures have been
studied.

EXPERIMENTAL SETUP

The experimental setup for studies of cooling system
performance includes measurement chamber, power source
for battery imitators, air station, airflow rate and temperature
measurement system and surface temperature measurement
system. The entire setup is schematically shown on the
Fig. 1.
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Fig. 1. Block diagram of the experimental setup for the
measurement chamber with heat pipe.

Instead of the Li-lon batteries we have used two battery
power cells imitators with thermal properties equivalent to
the real ones, which were developed earlier [4]. The overall
dimension of the cells were 200x150x12 mm.

To study the cooling process measurement chamber for
two power cells and a heat pipe was constructed. The gap
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between the cells was 3 mm. The heat power of each power cell
imitator was 7.5 W.

The flat heat pipe size is 220x200x3 mm. It was placed
between the power cells. To improve the thermal contact
between power cell and heat pipe we used the heat-conducting
paste with thermal conductivity of 1 W/ (mxK). The “hot end”
of the heat pipe with the radiator is placed in the airflow
channel.

The air station provides the inlet airflow rates up to 80
m?*/h, with the temperatures ranging from -20 °C to +50°C. The
measuring system was based on the NI6225 PC-card and
LabView software. It was monitoring the surface temperature
of the imitators. The surface temperature distribution was
(mapped) obtained using temperature sensors TMP36. Each
simulator surface holds 20 such sensors.

The heat pipe, imitators and air channel were heat-
insulated from the environment. The air flow, with stabilized
temperature, passes through the radiator ribs or fins in the upper
part of the heat pipe and removes heat. For the airflow rate of 3
I/s the pressure drop in the air channel DP (air) was 28 Pa for
all inlet air temperatures. The design of the measurement
chamber is shown on the figure 2.
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Fig. 2. Measurement chamber with heat pipe.

The heat pipe is based on thermo-siphon principle. It
consists of 16 thin heat pipes, which are joined in one
condensation/evaporation module. Each pipe is made of
stainless steel and has diameter of 4 mm with 0.3 mm wall
thickness. As the gap between the simulators is 3mm we have
to pre-press these cylindrical pipes so they fit inside the
channel, and due to the elliptical pipe deformation width
becomes 5 mm.

The pipe has inner layer made from stainless steel mesh
with mesh size of 0.12mmx0.14mm. This layer provides
separation of the vapor and liquid flows and ensures perfect
wetting of the side wall. Figure 3 shows the actual heat pipe
design.

Fig. 3. The actual heat pipe photo.

EXPERIMENTAL RESULTS

Using our experimental setup we have studied the
cooling process for inlet air temperature range from 9°C to
40°C. In all cases the airflow rate was 3 I/s. The heat pipe
used butane as working liquid. The main subject of our
interest was surface temperature distribution for the power
cell imitators. This distribution provides information about
average battery temperature regimes and temperature
gradients. The measured surface temperature distributions for
inlet air temperatures 20°C and 30°C are shown on the
Figure 4. Table 1 contains minimal, maximal and average
surface temperatures for the different air velocities.
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Fig. 4. The temperature distribution of one simulator
surface, at 3 I/sec air flow rate. Inlet air temperature:
a)—20°C, b)-30.0 °C.

Table 1. The measurement minimum, maximum and
average temperatures for two surfaces of the imitators.

T(air), °C | T(min), °C | T(max), °C T(avg), °C
1 2 1 2 1 2
9.0 192192 (211 211 | 203 | 203

20.0 28.7| 284|317 | 317 | 305 | 305
30.2 37.8|37.6 |40.1 | 403 | 39.2 | 39.2
38.6 46.9| 46.9 | 48.2 | 48.2 | 476 | 47.6

There are a number of ways to quantitatively estimate
cooling efficiency. In our paper we adopt Q/ITD as such
parameter. This parameter is defined as;

Where Q is heat power, Tavg— average surface temperature,

Tiet — inlet air temperature. The denominator in (1) is often

called ITD -Inlet Temperature Difference. Using the
experimental data from table 1 we obtain cooling efficiency of
the heat pipe (see Fig. 5).
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Fig. 5. The cooling efficiency for heat pipe.

The slight dependency of the cooling efficiency on the
inlet air temperature is connected with the changes of vapor
pressure and velocity inside the heat pipe.

NUMERICAL SIMULATION AND ANALYSIS

Numerical simulation of the cooling system included
two stages. During the first stage we have simulated
evaporation and convection in the single tube out of the 16
tubes forming the heat pipe. Our aim was to analyze vapor
flow inside the heat pipe, namely, pressure and velocity
distribution. On the next stage we considered the entire
cooling system, but we neglected the details of heat transfer
inside the heat pipe. This stage helps us to estimate the
effective thermal conductivity by comparing results with the
experimental results. All simulations were performed using
SolidWorks 2011 software with SolidWorks Flow Simulation
module.

The model for single tube was rectangular
parallelepiped with full length of 170 mm and 2mmx4mm
cross section. It consisted of evaporation area (1,=150 mm)
and adiabatic area (1,=20 mm). Our software does not
directly support simulation of evaporation process. Thus we
manually set the boundary conditions for the evaporation
area as inlet mass flow. The corresponding mass flow rate is
defined by the heat power applied to the pipe and by
evaporation heat of the working liquid. In our case we have
heat power of 0.93 W, and for butane we obtain the required
mass flow rate of 0.24-10° kg/s. As we have to consider the
evaporation process at the working temperature 20°C, we
have specified the butane pressure of 200 kPa.

During the simulation we have used meshes containing
48384, 176640 and 573120 cells to decrease the uncertainties
due to discretization. The control parameter was average
vapor velocity on the outlet. According to the procedure
described in [5] the grid convergence index (GCI) was
3.65%.

Figure 6 contains pressure and vapor velocity
distributions in the heat pipe. One can see that flow velocity
is rather low and so the corresponding pressure drop due to
hydrodynamic drag is low and does not have a substantial
effect on the heat transfer.

Considering the working characteristics of the heat pipe
using thermo-siphon principle one also must estimate the
entrainment limit [5]. This limit is caused by the condenser
flooding. The corresponding relation for heat transfer limit is
given by

Qmax = KU (pv)0-5[g (pl _pv)cl ]0.25! (2)

Wherep,, p, are vapor and liquid densities

correspondingly, o, is surface tension, g is free fall

acceleration, Ku is Kutateladze number. Kutateladze number
we calculated using the following relation from [5]

Ku=0.16{—exp|-(d, /1, Xp, /p, " | ®



Where d., |, are vapor channel diameter and length. For
current heat pipe, formula gives the heat transfer limit of
1.189 W while the required heat power is 0.93 W.
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Fig. 6. Pressure distribution (a) and velocity of
butane vapors (b) in the heat pipe at 20 °C

During the second stage we have developed the 3D model
of the cooling system (Fig. 7).

Fig. 7. CAD model for the cooling heat pipe

It consisted of two heater plates with thermal properties
similar to those of real imitators, 16 rectangular pipes with
fixed thermal conductivity and radiator. During calculations
we varied thermal conductivity of the heat pipes in order to
fit the calculated surface temperature distribution to the
experimental. This fitting process was repeated for inlet
temperatures. The thermal conductivities results are shown in
the table 2 and figure 8.

Table 2. Surface temperatures and heat pipe thermal
conductivity (numerical simulation).

T(air), °C |K, W/(mK)| T(min),°C| T(max),°C |T(avg),°C
9.0 1100 17.1 21.8 20.3
20.1 1450 27.6 31.9 30.4
30.2 2400 37.0 40.5 39.2
38.6 2600 454 48.8 47.6
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Fig. 8. Thermal conductivity heat pipe.

Another point of our interest was air cooling efficiency.
To estimate this parameter we have calculated the radiator
temperatures (Table 3). Using these results we have estimated
the cooling efficiencies and thermal conduction along the
cooling system for the following components: imitator-
airflow, radiator-airflow, and imitator-radiator (thermal
conduction). For cooling efficiency we used Q/ITD
parameter defined according to (1), and thermal conduction
was defined as

Q

=<, (4
q AT (4)

Where AT is temperature drop between imitator and
radiator. The results are shown on the figure 9.

Table 3. Radiator temperatures (numerical simulation).

T(air),°C | T(min),°C| T(max),°C| T(avg),°C
134 17.1 154
9.0
20.1 24.6 28.0 26.6
30.2 34.8 37.8 36.6
38.6 43.4 46.3 45.1
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Fig.9. Dependence of cooling efficiency and
thermal conduction coming from inlet air
temperature for some chosen heat pipe areas.

Results of the calculations (Fig. 9) show that the cooling
efficiency for the radiator, cooled by inlet air is constant, while
thermal conduction of heat pipe increases with the inlet air
temperature increase.

CONCLUSIONS AND DISCUSSIONS

We have shown that flat multi-sectional heat pipe provides
efficient cooling of the Li-lon battery. The achieved values of
Q/IDT are 1.4 — 1.7 for inlet air temperatures from 9 °C to
40°C, battery working temperature within 20 °C — 47°C range
and temperature gradient is about 3°C. The effective thermal
conductivity is 1100-2600 W/(m K).

According to the simulation results the highest thermal
resistance transition appears at the radiator ribs area cooled by
airflow. The further improvement of the cooling efficiency
requires the more efficient radiators for heat pipe.
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