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A hybrid power composed of fuel cell and batteries has become the good strategy for HEV. On the contrary, the produced
heat of batteries can affect to the total performance of HEV significantly. In this study, simulation methods with optimization
were developed for obtaining the high performance cooling system of batteries. At first, a numerical method for obtaining
the temperature distribution of batteries was developed by using CFD. In the following step, several parameters were
investigated for selecting design variables with the important effect on the performance of the cooling system of batteries.
Finally, an optimization method based on DOE and RSM was obtained through a real optimal design. There was 21.1%
reduction on the view of the root mean square temperature between batteries as shown in the optimization result. The
developed analysis with optimization can be used to improve the performance of the cooling system of batteries, and these
works have made the theoretical basis for simulation and optimization of the cooling system of batteries.

NOMENCLATURE

¢ = coefficient of the response surface
x = design variable

1. Introduction

With the heightened concern for energy consumption and
environment conservation, the interest on fuel cell HEV (hybrid
electric vehicle) has been greatly increased.

Recently, a hybrid power composed of fuel cell and batteries
has become the good strategy for HEV. On the contrary, the
produced heat of batteries can affect to the total performance of
HEV significantly."* So, the cooling system of batteries should be
designed well for adjusting the temperature distribution of
batteries.”®

Air cooling type or water cooling type can be used for
designing the cooling system of batteries. Air cooling type has the
merits of low cost, easy application and etc. The drawback of air
cooling type is difficult to control the temperature distribution of
batteries. The temperature distribution can be controlled by
adjusting the parameters of the cooling system of batteries.
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Many researchers have studied the effects of the parameters on
the flow distribution for controlling the temperature distribution.
Bajura and Jones have studied the characteristics of the flow
distribution which has constructed a basis for designing a cooling
system of batteries.” Choi has researched the effect of area ratio on
the flow distribution using numerical methods when cooling the
electronics devices.'” Jones and Lior has studied the effect of the
uniformity of the channel flow on the performance of the solar
energy collector.'” Tonomura has researched the geometry effect of
the micro devices on the flow distribution."> Hu has studied the
temperature distribution of batteries using CFD (computational
fluid dynamics), and recommended a new cooling strategy for
batteries.'”> On the contrary, the previous studies described above
have not recommended an efficient optimization method for
obtaining the high performance cooling system of batteries.

In this study, a general air cooling type cooling system for
batteries was researched for obtaining the optimal performance of
the cooling system for batteries. At first, an analysis model for
calculating the temperature distribution of the cooling system for
batteries was constructed using CFD. In the following step, several
design variables were investigated for choosing the important
parameters for optimization using the developed model. Finally, the
cooling system for batteries was optimized using DOE (design of

experiments) and RSM (response surface method).
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2. Parameter Study Using CFD

In order to estimate the performance of the cooling system of
batteries, a numerical simulation model was set up using a
commercial CFD code — FLUENT which is based on one of the
most popular numerical methods.'*'® Also, parameter studies were
carried out for choosing some important design variables of the
cooling system of batteries for optimization. The candidated
parameters included the operating condition, the material of the
component and the geometry parameters of the cooling system of
batteries. The outputs for investigation were the mean temperature
of batteries and the root mean square temperature between batteries.
The mean temperature of batteries is the total average temperature
about the average values of every batteries, and the root mean
square temperature is the root mean square calculated under the
condition of setting the temperature of each battery as the average
value. In a word, the mean temperature and the root mean square
temperature express the levels of the temperature rise and the

uniformity of temperature distribution.

2.1 Numerical Model and Analysis Conditions

For developing an analysis model of obtaining the temperature
distribution of batteries, a general air cooling type cooling system
of batteries was selected.

Fig. 1 shows the shape of a baseline cooling system for batteries,
and Fig. 2 shows batteries and the cartridges. 1, 2 and 3 express the
case, the inlets and the outlets of the cooling system respectively.
Also, 4 and 5 express batteries and the cartridges respectively.

The width, the length and the depth of a battery were 100mm,
200mm and Smm respectively, and 40 batteries had been divided
into 4 columns as shown in Fig. 1. There were 10 batteries in a
column, and the distance between batteries was Smm. Also, there
was a cartridge between the columns, and the length, the width and
the height of a cartridge was 200mm, 10mm and 95mm respectively.
The length, the width and the depth of the cooling system were
440mm, 220mm and 105mm respectively. The length and the width
of the 2 inlets were 440mm and 10mm as shown in Fig. 1, and the
diameters of the 2 outlets were 90mm. The distance between the
centers of the 2 outlets was 220mm.

The material properties of batteries and the cartridges were as
shown in Table 1. The operating conditions were as follows: The
mass flow rate of one inlet and the temperature of cooling air were
0.015kg/s and 300K; The generated heat flux of a battery was
assumed as 30000W/m”.

In order to analysis the cooling system of batteries, heat
conduction and heat convection should be solved. In this study, the
steady simulations were carried out using a commercial CFD code.
The standard k-¢ turbulence model was used for the simulation of
heat convection, and 3 dimensional heat conduction was included.

The model was composed of 40 volumes of batteries, 3 volumes
of the cartridges and a fluid volume. The source terms of the
volumes of batteries were the generated heat flux given above. The
boundary conditions of the inlets were mass flow inlets with a given
value above, and the boundary conditions of the outlets were

Fig. 2 Batteries and cartridges

Table 1 Material properties

ltem Density | Thermal Conductivity | Specific Heat
(kg/m”) (W/m.K) (J/kg.K)
Battery 2414 2.2 1011
Cartridge(ABS) | 1014 0.25 1206

Table 2 Temperature variation with different heat flux of battery
30000W/m’

Heat Flux 20000W/m’ , 40000W/m’
(Baseline)
Mean
Temperature(K) 304.3 306.4 308.5
Root Mean
Square(K) 0.51 0.76 1.02

outflow conditions. The boundary condition of the cooling system’s
case was wall boundary condition with heat transfer coefficient of
convection (3W/m>K). For simulation, about 300000 unstructured
grids were used.

2.2 Parameter Study

In order to choose several important design variables for
optimizing the cooling system of batteries, some parameters were
investigated.

At first, the heat flux of battery was changed for researching the
effect on the performance of the cooling system for batteries. Table
2 shows the results of the selected 3 cases. The mean temperature
was increased with increasing the heat flux of battery, and the root
mean square temperature between batteries was also increased with
increasing the heat flux as shown in Table 2.

In the following step, the material of the cartridge and the
cartridge width were studied for improving the performance of the
cooling system for batteries. Table 3 shows the results of the
selected 3 different cases. The cases made of Al and Fe were better
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Table 3 Temperature variation with different material of cartridge

Table 7 Lower and upper bounds for each design variable

Material ABS(Baseline) Al Fe Design Variables Maximum | Minimum
Mean Temperature(K) 306.4 305.6 | 305.5 x1(Cartridge Width) 12mm 8mm
Root Mean Square(K) 0.76 0.55 0.55 x,(Distance between Batteries) 5.5mm 4.5mm
x;(Distance from the wall face to outlets) | 12mm 8mm
Table 4 Temperature variation with different cartridge width
Width Smm 10mm(Baseline) | 12mm Table 8 Analysis results of the selected experimental points
Mean Temperature(K) | 307.2 306.4 306.3 No. | v | x| x Mean Root Mean Square
1 2 3
Root Mean Square(K) 1.01 0.76 0.77 Temperature(K) Temperature(K)
1 0 0 0 306.4 0.76
. . . . 2 0 1 0 306.8 1.60
Table 5 Temperature variation with different distance between 3 1 0 ] 3063 0.75
batteries 4 100 306.3 0.77
Distance 4.5mm | 5.0mm(Baseline) | 5.5mm 5 1 0 1 306.5 0.86
Mean Temperature(K) | 306.7 306.4 306.8 6 | -1 10 ] 0 307.2 1.01
Root Mean Square(K) | 0.63 0.76 1.60 710 |10 306.7 0.63
8 1 -1 0 306.6 0.64
9 1 1 1 306.6 1.49
Table 6 Temperature variation with different distance from the wall 10 | 1 1 306.7 1.55
face to outlets 1o [-1]1 306.7 0.66
Distance 8mm | 10mm(Baseline) | 12mm 12 -1 ]-17]-1 306.7 0.66
Mean Temperature(K) | 306.4 306.4 306.6 1310 | -1 |-l 306.6 0.68
Root Mean Square(K) 0.77 0.76 0.87 14 1 1 -1 306.4 1.27
15 | -1 | -1 1 306.9 0.67

than the baseline case made of ABS, and the case made of Al was
the same level with the case made of Fe as shown in Table 3. Table
4 shows the results of the 3 cases having different cartridge width.
The case having the cartridge width of 12mm was the same level
with the baseline case, and the baseline case was better than the
case having the cartridge width of 8mm on the view of the

performance of the cooling system for batteries as shown in Table 4.

Finally, the distance between batteries and the distance between
the wall face to the outlets and batteries were investigated for
obtaining better performance of the cooling system of batteries.
Table 5 shows the analysis results with different distance between
batteries. The 3 cases were the same level on the view of the mean
temperature of batteries, but the case having the distance between
batteries of 4.5mm was the best one of the selected cases on the
view of the root mean square temperature between batteries. Table 6
shows the numerical results with different distance between the
wall face to the outlets and batteries. Larger distance between the
wall face to the outlets and batteries means that batteries and the
cartridges were near to the outlets. The investigated cases were the
same level on the view of the mean temperature of batteries. The
case having the distance between the wall and batteries of §mm was
nearly the same with the baseline, and the baseline was better than
the case having the distance between the wall and batteries of
12mm on the view of the root mean square temperature between
batteries as shown in Table 6.

3. Construction of Response Surface

If the optimal design is carried out based on trial and error, the
optimization time would be very long. Many optimization problems
can not be easily solved specially for that the analysis is performed
based on CFD. In this study, the RSM (response surface method)
was used to reduce the optimization time.

3.1 Concepts of DOE and RSM

The RSM is a widely used tool in the quality engineering
field.'"'® The RSM comprises regression surface fitting to obtain
approximated responses, DOE to obtain minimum variances of the
responses, and optimizations using the approximated responses. For
most of the response surfaces, the functions for the approximations
are polynomials because of their simplicity, although the functions
are not limited to the polynomials. In this study, the response
surface was composed of the quadratic polynomials in Eq. (1) to set
up a smooth curved surface:

C,(x)=c+ Zk:cixi + icﬁxiz + iiciixixj (M
i=1 i=1 i=l j=2
where C,(x) is the objective function, ¢; is the coefficient to be
defined, and K is the number of design variables. When the
response model is defined as a quadratic polynomial, the number of
coefficients ¢; can be calculated using (k + 1)(k + 2)/2.

The adjusted coefficient of the multiple determination (Rzadj) is
used to judge the goodness of the approximation of the response
surface. The Rzadj has a maximum value of 1 and a minimum value
0. The value is closer to 1 for a good response surface.

For problems that have complicated constraints or when the
design space is not rectangular, the conventional DOE methods
such as the orthotropic designs can not be applied, and the
computer-aided DOE methods are the only candidates. D-optimal
design is one of those popular computer-aided DOE methods. In
this study, the D-optimal design was used in the process of

choosing experimental points for setting up the response surface.

3.2 Response Surface

In this study, the design variables were the cartridge width, the
distance between batteries and the distance between the wall face to
the outlets and batteries. Table 7 shows the lower and upper
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Table 9 Coefficients for the constructed response surface

Table 10 Optimal results using RSM

Item Coefficient for Root Mean Square Temperature Item Baseline | Optimum
Cy 0.843618E+00 x1(Cartridge Width) 10.00mm | 10.58mm
C, -0.995553E-01 x,(Distance between Batteries) 5.00mm | 4.56mm
C, 0.458646E-+00 x;(Distance from the wall face to outlets) | 10.00mm | 10.28mm
C; 0.778110E-01 Root Mean Square Temperature 0.76K 0.60K
Cr 0.220223E-01
Cy 0.246568E+00 Table 11 Verification of data from response surface
Css 0.214647E-01 Data from Data from
Cr -0.100721E+00 ftem response surface | analysis
Ci; -0.413516E-01 x1(Cartridge Width) 10.58mm 10.58mm
C23 0.963516E-01 x»(Distance between Batteries) 4.56mm 4.56mm

x3(Distance from the wall 10.28mm 10.28mm
boundaries of the design variables. For improving the reliability of face to outlets)
’ Root Mean Square Temperature 0.62K 0.60K

the response surface, 15 experimental points were selected using the
D-optimal DOE method as shown in Table 8; this is 1.5 times the
number of the unknown coefficients. The values of -1, 0 and 1 in
the column 2, 3 and 4 of Table 8 mean the minimum, middle and
maximum values of each design variable. Only the root mean
square temperature between batteries was constructed as a response
surface because the design variables affect to the mean temperature
of batteries a little as shown in Table 8. The calculated unknown
coefficients for the root mean square temperature between batteries
are listed in Table 9 which are the constants for the unknown
coefficient expressed in Eq. (1). As an evaluation standard for the
reliability of the response, the value of Rzud,- in the constructed
response surface was larger than 0.97.

4. Optimal Design Using RSM

Not only the temperature rise of batteries but also the
temperature difference between batteries should be considered for
improving the total performance of HEV. In this work, the optimal
design was achieved to decrease the root mean square temperature
between batteries using the constructed response surface under the
condition of neglecting the effect of the mean temperature of
batteries because the design variables affect to the mean
temperature of batteries a little as shown in Table 8. The constraint
was that the design variables should be satisfied their lower and
upper boundaries shown in Table 7 respectively. In this study, the
SQP (sequential quadratic programming) optimization algorithm
was used in DOT (design optimization tools) software.'”

Table 10 shows the comparison of the baseline case and the
optimum case using the constructed response surface of the root
mean square temperature between batteries. To confirm the data
from the constructed response surface, an analysis of the optimal
case should be carried out.”” Table 11 shows the verification of the
data from the response surface. From Table 10 and Table 11, it can
be found out that there was 21.1% reduction on the view of the root
mean square temperature between batteries with 3.3% computational
error.

Unnecessary iterative analysis time can be reduced by using the
response surface method and optimization techniques.

The mean temperature of batteries should be considered as a

constraint by constructing another response surface for the mean

temperature of batteries when the design variables affect to the
mean temperature of batteries significantly.

The developed optimization method can be widely applied to
optimize the with  minimum

cooling system of batteries

computational effort.

5. Conclusions

An analysis model and an optimization method for the cooling
system of batteries were developed for designing the high
performance cooling system of batteries. The detailed descriptions
are as follow: (1) For obtaining the performance of the cooling
system of batteries, a numerical model was constructed based on a
commercial CFD code; (2) Several parameters including the
operating condition, the material of the component and the
geometry of the cooling system were investigated for selecting the
important design parameters used for optimal design of the cooling
system; (3) Using DOE and RSM, an efficient optimization method
was developed for obtaining the high performance cooling system.
The developed simulation and optimization methods will be widely

used for designing the high performance cooling system of batteries.

ACKNOWLEDGEMENTS

Following are the results of a study on the “Development of
Software Platform for Analysis and Optimization of Battery
Cooling System Used for HEV” Project (G20110049), supported by
the Planned Science and Technology Project of Wenzhou City.

REFERENCES

1. Bang, J. H., Kim, H. S., Lee, D. H., and Min, K. D., “Study on
operating characteristics of fuel cell powered electric vehicle
with different air feeding systems,” J. of Mechanical Science
and Technology, Vol. 22, No. 8, pp. 1602-1611, 2008.

2. Pesaran, A. A., “Battery thermal models for hybrid vehicle
simulations,” J. of Power Sources, Vol. 110, No. 2, pp. 377-382,



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 13, No. 9

SEPTEMBER 2012 / 1645

11.

12.

13.

14.

15.

2002.

Sato, N. and Yagi, K., “Thermal behavior analysis of nickel

metal hydride batteries for electric vehicles,” JSAE Review, Vol.

21, No. 2, pp. 205-211, 2000.

Wei, X. Z., Zou, G. N., and Sun, Z. C., “Modelling and
parameter estimation of li-ion battery in a fuel cell vehicle,”
Chinese J. of Power Sources, Vol. 28, No. 10, pp. 605-608,
2004.

Belt, J. R., Ho, C. D., Miller, T. J., Habib, M. A., and Duong, T.
Q., “The effect of temperature on capacity and power in cycled
lithium ion batteries,” J. of Power Sources, Vol. 142, No. 1-2,
pp- 354-360, 2005.

Sabbah, R., Kizilel, R., Selman, J. R., and Al-Hallaj, S., “Active
(air-cooled) vs. passive (phase change material) thermal
management of high power lithium-ion packs: Limitation of
temperature rise and uniformity of temperature distribution,” J.
of Power Sources, Vol. 182, No. 2, pp. 630-638, 2008.

Mills, A. and Al-Hallaj, S., “Simulation of passive thermal
management system for lithium-ion battery packs,” J. of Power
Sources, Vol. 141, No. 2, pp. 307-315, 2005.

Smith, K. and Wang, C. Y., “Power and thermal characterization
of a lithium-ion battery pack for hybrid electric vehicles,” J. of
Power Sources, Vol. 160, No. 1, pp. 662-673, 2006.

Bajura, R. A. and Jones, E. H. Jr, “Flow distribution
manifolds,” ASME J. of Fluids Engineering, Vol. 98, pp. 656-
666, 1976.

. Choi, S. H., Shin, S., and Cho, Y. 1., “The effect of area ratio on

the flow distribution in liquid cooling module manifolds for
electronic packaging,” Int. Communications of Heat and Mass
Transfer, Vol. 20, No. 2, pp. 221-234, 1993.

Jones, G. F. and Lior, N., “Flow distribution in manifolded solar
collectors with negligible buoyancy effects,” Solar Energy, Vol.
52, No. 3, pp. 289-300, 1994.

Tonomura, O., Tanaka, S., Noda, M., Kano, M., Hasebe, S., and
Hashimoto, I., “CFD-based optimal design of manifold in plate-
fin microdevices,” Chemical Engineering Journal, Vol. 101, No.
1-3, pp. 397-402, 2004.

Hu, M. H,, Qin, D. T,, Shi, W. K., and Yang, Y. L., “A study on
temperature field of Ni2MH batteries for hybrid electric
vehicle,” Automotive Engineering, Vol. 29, No. 1, pp. 37-40,
2007.

Lee, Y. S., Kang, T. J., and Lee, J. K., “A study on heat transfer
through plain woven fabric. An approach through finite
difference method,” J. of the Korean Fiber Society, Vol. 28, No.
9, pp- 707-714, 1991.

Oh, J.E., Lee, C. H., Sim, H. J, Lee, H. J., Kim, S. H., and Lee,
J. Y., “Development of a system for diagnosing faults in rotating
machinery using vibration signals,” Int. J. Precis. Eng. Manuf.,
Vol. 8, No. 3, pp. 54-59, 2007.

16.

17.

18.

19.

20.

Sahin, M. and Wilson, H. J., “A semi-staggered dilation-free
finite volume method for the numerical solution of viscoelastic
fluid flows on all-hexahedral elements,” J. of Non-Newtonian
Fluid Mechanics, Vol. 147, No. 1-2, pp. 79-91, 2007.

Li, Z. Z., Heo, K. S., and Seol, S. Y., “Time-dependent optimal

heater control in thermoforming preheating using dual
optimization steps,” Int. J. Precis. Eng. Manuf., Vol. 9, No. 4,

pp. 51-56, 2008.

Youn, B. D., “An integrated design process for manufacturing
and multidisciplinary design under system uncertainty,” Int. J.
Precis. Eng. Manuf., Vol. 5, No. 4, pp. 61-68, 2004.

Yang, R. T., Liao, H. T., Yang, Y. K., and Lin, S. S., “Modeling
and optimization in precise boring processes for aluminum alloy
6061T6 components,” Int. J. Precis. Eng. Manuf., Vol. 13, No. 1,
pp. 11-16,2012.

Singaravelu, J., Jeyakumar, D., and Nageswara Rao, B.,
“Taguchi’s approach for reliability and safety assessments in the
stage separation process of a multistage launch vehicle,”
Reliability Engineering and System Safety, Vol. 94, No. 10, pp.
1526-1541, 2009.





