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THERMAL BEHAVIOR OF NICKEL/METAL HYDRIDE BATTERY
DURING CHARGING AND DISCHARGING

K. Yang*, D. H Li S. Chenand F. Wu

School of Chemical Engineering and Environment, Beijing Institute of Technology, Beijing 100081, China

This work discusses thermal behavior of Ni/MH battery with experimental methods. The present work not only provides a new way
to get more exactly parameters and thermal model, but also concentrates on thermal behavior in discharging period. With heat gen-
eration rate gained by experiments with microcalorimeter, heat transport equations are set up and solved. The solutions are com-
pared with experiment results and used to understand the reactions inside the battery. Experiments with microcalorimeter provide

more reliable data to create precise thermal model.
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Introduction

Development of electric vehicles (EV) and hybrid elec-
tric vehicles (HEV) boosts battery technology research.
The battery with high specific energy, high rate capabil-
ity, long cycle life, and low environmental impact as
power storage device is a general research subject. At
present, Ni/MH battery is a popular choice for EV and
HEV power storage device. As volume and mass in a
vehicle are rather limited, the battery system has to be
smaller in order to take up less space. Battery failure
could also result from excessive temperature rise and
steeper temperature gradient within a battery. In order to
avoid potential problems caused by temperature rise, in-
formation about heat generation is required.

Thermal model for the battery could help to
analyze the impact on performance owing to need of a
thermal management for the battery [1-3]. Several
methods were used to simulate the battery behavior
like computational fluid dynamics (CFD) and finite
element methods (FEM) [4]. Bernardi [5] had setup a
general energy balance for battery systems with as-
sumption of uniform heat generation. After that Chen
and Evans [6, 7] developed several two-dimensional
and three-dimensional thermal models, and presented
some calculation methods for model parameters.
Shi [8] studied rapid charging of spirally cylindrical
nickel/metal hydride battery with thermal model.
Wu [9] validated the cooling effect of auxiliary cool-
ing device with thermal model and showed the state
of charge, open circuit voltage, internal resistance,
power and available energy changed with battery
temperature rise. Sato [10, 11] examined many ways
of heat generation for electric vehicle battery and
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found that the battery’s temperature rise was usually
caused by heat generation due to electrochemical re-
actions and Joules effect. The mathematical simula-
tion of heat transport in the battery had high effi-
ciency and fairly low cost compared to laboratory
experiments, moreover, the agreement between theor-
etical and experimental values was good in many
earlier works.

Many papers concentrated on thermal behavior
in charging period. Although heat generation in dis-
charging period is not as serious as that in charging
period, we should know about the period clearly to
prevent potential problems. In this work, we will fo-
cus on heat generation not only in charging period but
also in discharging period and develop a model to
discuss the results.

Experiments

The experiment uses cylindrical Ni/MH battery with
spirally design, rating capacity of 8 Ah and actual ca-
pacity of 7.5 Ah after cycles. The battery includes
electrodes, electrolyte and separator and is assumed
to be axial symmetric. Some details are in Table 1.
The tested battery is installed in a special device,
which protects the battery from short circuit. During
the experiment, a microcalorimeter with a quartz fre-
quency thermometer is used to measure the heat ca-
pacity and quantity of heat. The whole device is in the
microcalorimeter, as shown in Fig. 1. In discharging
experiments, the Ni/MH battery is charged in 1C (C is
abbreviation for capacity) rate to 100 and 90% (State
of Charge, SOC for short) of its capacity first, and
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Table 1 Some parameters of tested battery
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Parameters Values

r, radius/m 0.01609

h, height/m 0.0605

R, resistance/mQ) 3.0

M, mass/kg 0.18909

V, volume/m® 0.000049205

Anode Cathode

T

Thermometer

Water

S

Fig. 1 Experiment device system

then the battery is discharged in 10C, 15C and 20C
rate. In charging experiments, the Ni/MH battery is
charged to fixed SOC (State of Charge) in 1C rate
first: 0, 30, 50, 70, 90, 100%. Then the battery is
charged in 1C, 3C and 5C rate to 150% of its actual
capacity. The discharging and charging process is
controlled by an Arbin instrument, and data are saved
by the program on a PC.

Results and discussion
Results

Charge

Heat generation rates are shown in Fig. 2.

The two curves of SOC 100% and SOC 90% in
each figure are quite similar. Therefore, test result of
SOC 90% is chosen for curve fitting to get a function
that describes the charging process. For curve of
SOC 90%, the quartz frequency thermometer shows
the surface temperature rises after 1C, 3C and 5C rate
charging are 2.289, 2.093 and 1.956°C.
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Fig. 2 Heat generation rate of charging battery
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Curve of SOC 90% is divided into normal sec-
tion and overcharging section for curve fitting to get
the expression. In normal charging section, heat gen-
eration rate is slowly increasing. According to
[8, 10, 11], the increase is caused by reaction heat and
joule heat. In some cases, heat generation rate could
be assumed constant, because the slope is small. In
overcharging section, recombination whereby the
generated oxygen and hydrogen return to water con-
tributes to QO [11]. The heat generation rate in over-
charging period is considerable and keeps increasing.

The expressions of QO are:

For 1C

B 125747+0000158¢ 0<1<320 0
1150979-28884099743" 320<¢<2160
For 3C
0= 4.66553+0.00253¢ 0<1<102 @)
5109361-563209982" 102<¢<720
For 5C
_ 1141174001303t 0<2<67 3)
810951-012909¢ 67<tr<432

Expressions of SOC 100% can be attained by
curve of SOC 90% through linear transform:

360
o0 =logre ————
rate
in which
rate=1, 3, 5 4)

where 7900, denotes charging time of the battery in
SOC 100%, teg9, denotes charging time of the battery
in SOC 90%.

According to reaction kinetics, reaction rate dif-
ferential equation of first order reaction is:

_de_
dt

where ¢ denotes concentration of reactant.

For a reaction with reaction AH,

_dd(AHe)_, d(AHC)

ke (5)

6
dr dt de (©)
d
R’ ™
dr
and integral form is:
O=A-Ae™ ®)

where 4 is a constant.
In overcharging period, expressions of Q for 1C
and 3C rate charging can be written as:
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For 1C @=1150979-28884099743"

9
=1150979—1 1.50979¢ ~*-002573308(t-310) ©)
= — t
For 3¢ ©€=5109361-563209982 (10)

=51.09361-51.09361¢ ~0.001801621(t-99)

The equations above are similar with theoretical
equation. Therefore, it is reasonable to believe that
the overcharge reaction of 1C and 3C rate charge is a
first order reaction or pseudo first order reaction.

Because diffusion is the rate-determining step
under high rate charging and the heat conductivity is
limited inside the battery. Therefore, heat generation
rate may not help to determine the reaction order of
5C rate higher rate charging.

Discharge

Heat generation rates in discharging experiments are
shown in Fig. 3.
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Fig. 3 Heat generation rate of discharging battery

The two curves of SOC 100% and SOC 90% in
each figure are also similar. Curve of SOC 100% is
chosen for curve fitting to get a function that de-
scribes the discharging process.

For curve of SOC 100%, the quartz frequency
thermometer shows the surface temperature rises after
10C, 15C and 20C rate discharging are 0.887, 0.603,
and 0.673°C.

During discharging period joule heat should play
an important role and remain constant according to
theoretical analysis, but heat generation rates keep in-
creasing. This may be caused by increased internal re-
sistance which also makes voltage down.

The expressions of the curves are gained by lin-
ear fitting. Expressions of Q are:

Table 2 Values of parameters in thermal model

For 10C 0=2.55303+0.09929¢ (11)
For 15C: 0=0.83639+0.2585¢ (12)
For 20C: 0=3.96375+0.40097¢ (13)

Thermal model

Two-dimensional model is developed to analyze the
thermal behavior. The battery is assumed to be axial
symmetric, so the heat transport equation is:

MC M:Vla(krr‘ﬂjwa(kza;}g (14)
zZ

ot ror or 0z
IC: T'(7,2,0)=T, (15)
BC: —kra—T =h(T| -T,),
or |, =Ry
—kza—T =n(T o -T.), (16)
2=0H

C, is average heat capacity, which is measured
by microcalorimeter before discharging and assumed
constant; k; (k,) is thermal conductivity of the battery
in r-direction (z-direction); T denotes initial tempera-
ture of the battery before the experiment; /# denotes
heat transfer coefficient. Values are shown in Table 2.

T., is ambient temperature, it was increasing dur-
ing discharging process, the value is estimated by:

* Charge
For IC T, =2405542289—'— (17)
2160
For 3C T, 2405542093 (18)
720
For 5C T, =24055+1956—— (19)
432
+ Discharge
For 10C T, =13.4+0887—— (20)
2688
For 15C T, =13.4+0603—— 1)
1728

Parameters Values

Heat capacity, C,/J kg ' °C™" 301.206
Thermal conductivity in r-direction, ,/J stmtec! 0.74 [8]
Thermal conductivity in z-direction, k,/J s m™ °C™' 0.85 [8]
Surface area, A/m’ 0.00769

Initial temperature, 7y/°C

13.44 (discharge), 24.055 (charge)
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For20C T, :13.44—0.673~L (22)
144
According to Newton’s law of cooling:
O=hAAT (23)

AT denotes temperature difference between bat-
tery wall and ambient temperature.

The experiment shows that AT is smaller than
1°C, so we assume it to be constant for simplicity,
1°C. Heat transfer coefficient is expressed by:

_9
CAAT @4)

Discussion

Charge

Solutions of equations for different rate charging at
SOC 90% are shown in Fig 4, two-dimensional tem-
perature profile in the r-direction and z-direction at
the end of 1C, 3C and 5C rate charging. The results
are compared in Table 3.

The inside temperatures of 3C and 5C rate
charge are much higher than that of 1C rate charge, up
to 75.81 and 85.44°C. The steep temperature gradient
may be caused by low heat transfer coefficient of ma-
terials inside the battery, which is harmful to the bat-

Temperature/*C Temperature/*C Temperature/*C
max:30.82 max:75.81 max:85.44
0.06- ' 0.06- I 0.06
0- I 0- | o |
-0.015 0 0.015 0.015 0 0015 -0.015 0 0.015
r/m min:26.34 r/m min:26.12 rm  min:25.98
1C rate 3C rate 5C rate

Fig. 4 Temperature distribution by calculation in tested bat-
tery after charging (red area has higher temperature
than blue area)

Table 3 Comparison of experiment and calculation

tery and would affect the battery performance. After
1C rate charge the inside temperature is 30.823°C, the
battery is under good working condition.

Surface temperature rises of SOC 90% by calcu-
lation are 2.286, 2.061 and 1.925°C. Comparing with
the results of experiment, the calculated results match
the experimental results very well.

The temperature distribution is non-uniform be-
cause the poor conductivity in r-direction limits the
heat transfer during charging process. It is difficult to
greatly improve the heat conductivity of the battery
because it is related to materials inside the battery in-
cluding electrodes, separators and so on. Therefore,
high rate charge should be avoided in actual use. It
may cause some damage to the battery.

Discharge

Solutions of equations for different rate discharging
at SOC 100% are shown in Fig. 5, two-dimensional
temperature profile in the r-direction and z-direction
at the end of 10C, 15C and 20C rate discharging. The
results are compared in Table 4.

Surface temperature of 15C rate discharging is
lower than the others, a possible reason is 15C rate
discharging generates less heat and there is not
enough time for heat to get outside of the battery. Al-
though heat generation in discharging period is not as

Temperature/*C Temperature/*C
max:51.96 max:62.25

0.06 | l

Temperature/*C
max:75.30

zim

-0.015 0 0.015 -0.015 0 0015  -0015 0 0015
r/m min:14.31 r/m min:14.02 /m min:14.09
10C rate 15C rate 20C rate
Fig. 5 Temperature distribution by calculation in tested bat-
tery after discharging (red area has higher temperature
than blue area)

1C 3C 5C
Rate temperature rise/°C - - - ) - -
experiment calculation experiment calculation experiment  calculation
SOC 90% 2.289 2.286 2.093 2.061 1.956 1.925
100% 2.299 2.299 1.907 1.873 1.844 1.794
Table 4 Comparison of experiment and calculation
] 10C 15C 20C
Rate temperature rise/°C
experiment calculation experiment calculation experiment  calculation
SOC 90% 0.508 0.493 0.494 0.480 0.259 0.255
100% 0.887 0.868 0.603 0.584 0.673 0.652
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serious as that in charging period, the internal temper-
ature is also high in high rate discharging. The experi-
mental model shows that highest temperature inside
the battery is 51.97°C after 10C rate discharging,
62.25°C after 15C rate discharging and 75.30°C after
20C rate discharging. As shown in Table 4, the calcu-
lated results are close to the experimental results. If
we consider the internal resistance as a linear function
of time, the model would be more accurate. Reaction
rate in the battery during high rate discharging is de-
termined by diffusion and mass transfer step. Internal
resistance increases as transfer resistance goes up
when discharging continues.

Conclusions

Thermal behavior of Ni/MH battery in charging and
discharging process is studied with microcalorimeter.
During normal charging, heat generation rate is
slowly increasing. In overcharging process, the heat
generation rate increases greatly because of the re-
combination reaction of oxygen and hydrogen. Heat
generation rate is also considerable during high rate
discharging just like that during overcharging. Two-
dimensional model is developed to analyze the ther-
mal behavior. The calculated results match the experi-
mental results very well. The temperature distribution
inside the battery is non-uniform because of the poor
heat conductivity of the materials inside the battery.
Therefore, high rate charging and discharging for a
long time should be avoided.

J. Therm. Anal. Cal., 95, 2009

Acknowledgements

This work is supported by the National Key Basic Research
and  Development  Program  of  China  (Grant
No. 2002CB211800).

References

1 R. Dziembaj and M. Molenda, J. Therm. Anal. Cal.,
88 (2007) 189.

2 M. Molenda, R. Dziembaj, Z. Piwowarska and
M. Drozdek, J. Therm. Anal. Cal., 88 (2007) 503.

3 Q. S. Wang, J. H. Sun, G. Q. Chu, X. L. Yao and
C. H. Chen, J. Therm. Anal. Cal., 89 (2007) 245.

4 B.Y. Liaw, K. P. Bethune and X. G. Yang, J. Power
Sources, 110 (2002) 330.

5 D. Bernadi, E. Pawlikowski and J. Newman,
J. Electrochem. Soc., 132 (1985) 5.

6 Y. F. Chen and J. Evans, Electrochim. Acta,
39 (1994) 517.

7 Y.F. Chen and J. Evans, J. Electrochem. Soc.,
141 (1994) 2947.

8 J. Z. Shi, F. Wu, S. Chen and C. Z. Zhang, J. Power
Sources, 157 (2006) 592.

9 M.S. Wu, Y. H. Hung, Y. Y. Wang and C. C. Wan,
J. Electrochem. Soc., 147 (2000) 930.

10 N. Sato, J. Power Sources, 99 (2001) 70.
11 N. Sato and K. Yagi, JSAE Review, 21 (2000) 205.

DOI: 10.1007/s10973-008-9257-y

459




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA:DRAFT
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (ISO Coated v2 300% \050ECI\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /HUN ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


