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To ensure that a lithium battery can operate in the appropriate temperature
range, the 18650-type lithium battery (cylindrical battery with diameter of 18 mm
and height of 65 mm) was selected as the research object, and the thermal model
of single battery was established. Compared with reference values, the data cor-
relate well and the accuracy of the model is validated. The liquid-cooling model
of a honeycomb lithium battery module was established based on a thermal mod-
el of a single battery. By using numerical simulation, the coolant flow rate, cool-
ant temperature and central angle of coolant channel are set as variables to ana-
lyze the heat transfer characteristics of the battery module at different ambient
temperature. The results show that increasing the flow rate and the central angle
of the coolant channel can improve the temperature homogeneity. Compared with
the flow rate, the central angle has a greater effect on the heat transfer charac-
teristics. The coolant temperature has a significant effect on the temperature dis-
tribution of the battery module. However, the temperature homogeneity is deteri-
orated.
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Introduction

Due to relatively economical and effective mining, transportation and storage, fos-
sil energy is the main energy in China, and coal is the cheapest and largest source of energy
in China [1]. Recently, global warming, environmental pollution and the energy crisis have
become increasingly prominent. To reduce fossil energy consumption, most countries are
leaning towards the development of electric vehicles [2]. Many nations have taken steps to
ban the sale of passenger vehiceles powered by fossil fuels. Lithium batteries have received
wide attention because of their high energy density, long service life and low self-discharge
rate [3] which made it the mainstream power supply in electric vehicle [4]. However, the
performance of lithium batteries is closely related to the operating temperature. During
discharging and charging, a large amount of heat is generated because of the internal re-
sistance effect and the polarisation reaction in the battery [5]. Heat accumulation will cause
the battery’s temperature to rise and the temperature difference to increase, causing capacity
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decay, and thermal runaway of the battery. Furthermore, adverse operating conditions,
such as rapid charging, undesirable climate and battery ageing, can also cause excessive
heat production. According to existing research, the appropriate operating temperature
range of a lithium battery is between 298 K and 313 K, and the appropriate internal tem-
perature difference is less than 5 K [6, 7]. Excessive or low temperatures will have a
greater impact on its performance, lifecycle, and safety [3]. Lithium batteries must be
connected in series or in parallel to form battery modules. The performance degradation
of single batteries will inevitably affect the performance of the entire battery pack [8].
Therefore, it is critical to develop a cooling system with excellent performance and capa-
ble of analysing its heat transfer characteristics for the safe, reliable and efficient opera-
tion of electric vehicles [9].

Existing battery thermal management system technology includes air [10], liquid
[11], phase change [12], heat pipe [13], and mixed cooling [14]. Air cooling is considered the
simplest and cheapest method, but due to its low thermal conductivity and low heat capacity,
it still has limitations in some extreme conditions [15]. Phase change materials absorb or re-
lease a large amount of heat when phase change occurs. Under severe conditions, they have
better temperature control than air forced convection [16-19]. However, phase change materi-
als have poor thermal conductivity in single phase. The cooling efficiency of heat pipe is high,
but the effect on temperature homogeneity is general. At the same time, the complex heat pipe
structure cannot match the battery well, and the volume of the whole battery system will be
increased. In addition, heat pipe cooling also has the disadvantages of high manufacturing
cost, complex installation and reduced heat transfer performance after long-term use. Mixed
cooling can effectively overcome the shortcomings of single heat management technology
and achieve better heat management effect, but the mixed way increases the quality and struc-
ture of heat management system. It is necessary to formulate the corresponding thermal man-
agement strategy according to the specifications and operating environment of the battery
pack and in combination with economic benefits. Because of the excellent cooling effect of
liquid media, liquid cooling has better heat transfer performance than other methods, and can
keep the temperature within an appropriate range while maintaining a smaller temperature
difference [20, 21].

Chen et al. [15] found that the indirect liquid cooling system has the lowest tempera-
ture rise and is more practical than direct liquid cooling by comparing the cooling modes of
different Li-ion battery packs. Jin et al. [22] used a liquid-cooling plate with oblique ribs in
the micro-channel. The resulting fluid self-disturbance enhances the heat transfer capacity of
the cooling plate. Researches [23-25] investigated the influence of the number of channels,
flow direction, flow velocity, and ambient temperature on the thermal behavior of battery
packs through numerical simulation for three micro-channel liquid-cooling schemes. Basu et
al. [26] simulated the micro-channel liquid-cooling method of an 18650 nickel-cobalt-
aluminum ternary lithium battery pack and verified the effectiveness of its cooling scheme.
Zhao et al. [27] established a thermal model of 71 18650-type lithium batteries to simulate
and study the effect of the discharge rate, cooling fluid flow rate and the contact area between
the battery and outer wall of the liquid-cooling channel on the thermal behavior of the battery
pack. Most of the aforementioned studies focus on the research of plate liquid cooling battery
module, but the cooling effect is not very ideal due to the limited contact area with the battery.
An et al. [28] used ethylene glycol as a cooling liquid and analysed its effect on the maximum
temperature and temperature difference of the honeycomb battery pack. However, the ar-
rangement of the coolant channel results in a small contact area with the battery, and the heat
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exchange effect is not ideal. Feng et al. [29] proposed a honeycomb liquid-cooled battery
module and studied the charging and discharging temperature changes of the battery pack at
different ambient temperatures through experiments. Because of the single-inlet-outlet struc-
ture, as the coolant flows, its heat exchange effect weakens. It takes a long time for the tem-
perature of the battery module to reach a stable and appropriate range.

In this study, a honeycomb liquid-cooled lithium battery module is proposed. Select
18650-type lithium battery as the research object because 18650-type lithium batteries are the
mainstream power battery of electric vehicles and the selected 18650-type lithium batteries
are the same as those in [30]. The coolant mini-channel is indirectly and closely surround
each battery, which increases the contact area between the liquid cooling channel and batter-
ies. Meanwhile each battery exchanges heat with the coolant separately, avoiding the situation
that the cooling effect of a single-inlet-outlet structure decreases with the flow of coolant,
shorten the time required for cooling or heating. In addition, the whole module is simple and
compact. Based on the thermal model of single lithium battery, a 3-D transient model of hon-
eycomb liquid-cooled battery module is established, and the heat transfer behavior under
different central angle of channel, coolant flow rates, and temperatures of the battery module
at different ambient temperature are researched. The study can provide guidance for thermal
management for large capacity cylindrical batteries.

Model establishment and validation

Geometric model

The total number of lithium batteries is 36 (6x6), all of which are 18650-type cylin-
drical lithium batteries. Batteries are placed in cylindrical holes. The whole battery module is
171 mm long, 171 mm wide, and 65 mm high. Figures 1 and 2 shows the battery module and
a channel-battery unit.
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Figure 2. Channel-battery unit

Each liquid-cooling channel is made up of two annular cylinders (135°) with a width
of 3 mm, an interval of 1 mm between batteries and cooling channels. The cooling channel’s
height equals the battery’s height, and 36 channels surround each battery. The flow direction
of coolant in the two flow channels is opposite. Figures 3 and 4 show the inlet of cooling
fluid.
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Figure 3. The inlet of cooling fluid Figure 4. The inlet of another cooling fluid
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Mathematical model

Thermodynamic model

The total heat production, Q, inside the battery comprises four parts: reaction heat,
Q, polarised heat, Q,, Ohmic heat, Q;, and decomposition heat, Qs [31]. The heat production
of each heat-producing reaction varies at different operating temperatures. When the battery is
in the normal operating temperature range, the battery’s decomposition heat is negligible.
However, if the battery temperature exceeds 353.15 K, the decomposition heat will increase
dramatically, leading to battery failure, even an explosion. Therefore, to simplify calculation
of the battery’s normal operation, the battery’s total heat production can be expressed:

Q=Q +Q,+Q, M)

The internal resistance Joule heat during battery charging and discharging is an irre-
versible reaction heat. The internal resistance mainly consists of Ohmic internal resistance and
polarized internal resistance. The heat production formula is:

Q+Q,=1(U,-U)=1*(R;+R,) )

where Q; [J] is the Ohmic heat, Q, [J] — the polarised heat, | [A] — the operating current, the
nominal current of the battery is 3.4 A, U, [V] — the battery open-circuit voltage, U [V] — the
operating voltage, R; [©2] — the Ohmic internal resistance, and R, [Q] — the polarized internal
resistance.

According to the theory of chemical thermodynamics and the theory of external
work, the reaction heat is:

ou,

oT ®)

Q =-IT
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where Q, [J] is the reaction heat, | [A] — the same as in eq. (2), T [K] — the battery’s tempera-
ture, U, [V] — the same as in eq. (2), and aU,/aT [VK™] — the entropy-thermal coefficient of
the battery.

In this study, use the experimental validated rate of heat generation during discharg-
ing established by [30]:

q= \/Lb{' [R;(T,SOC)+R, (T,SOC)]+T 6@‘# (T,SOC)} (4)

where g [Wm ] is the single battery’s heat generation rate, | [A] — the same as in eq. (2), Vs
[m®] — the battery volume, T [K] — the same as in eq. (3), U, [V] — the same as in eq. (2),
au, /T [VK™] — the same as in eq. (3), SOC — the state of charge, and Rj [Q] and R, [Q?] are
the same as in eq. (2).

If the discharge rate is 1 C, the conversion between the SOC and the discharge time
can be calculated by [30]:

T
3600

SOC =1-

®)

where SOC is the state of charge and 7 [s] — the discharge time.

The R; (T, SOC) and R, (T, SOC) are functions of independent variable as tempera-
ture and SOC. The entropy-thermal coefficient of the battery is a function of independent
variable as SOC. Using the experimental
i T data in [30], the previous functions can be
‘ obtained by MATLARB fitting. Then import
the functions into COMSOL to establish the
model of a single battery’s heat generation
rate. Figure 5 shows the three-dimensional
surface of the heat generation function.

Because batteries are an opaque sys-
tem, only consider the heat conduction. For
the convenience of calculation, it is assumed
that the distribution of active material and
heat generation is homogeneous, and the
material properties are isotropic for the cy-
g : lindrical lithium battery [32, 33]. The Fouri-

> er equation of batteries’ heat conduction
during charging and discharging in cylindri-
cal co-ordinate system can be described:

Figure 5. Heat generation function
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where p [kgm ] is the average battery density, Co [Jkg 'K™] — the average specific heat ca-
pacity of the battery, t [K] — the temperature of each microelement, 7 [s] — the same as in eq.
(5), A, Ay and 4, [Wm K ™] — the coefficient of the battery’s heat conduction in cylindrical
co-ordinate system, and q [Wm *] — the same as in eq. (4).
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Determining physical properties

The material of the battery module’s main part is aluminum. The cooling fluid is
liquid water. The average battery density, specific heat capacity and heat conduction coeffi-
cient of the battery can be calculated using:

2V

p= Sv (M
C,= Zp‘g\"/" (8)
YD LY 0

ZZAFE

where p [kgm ] |s the same as in eq. (6), o [kgm °] — the density of each layer of material in
the battery, V; [m®] — the volume of each layer of material in the battery, Cp [Jkg K] - the
same as in eq. (6), Cp; [Jkg | 1K ] — the specific heat capacity of each layer of material in the
battery, Ar, 44 and A, [Wm~ 'K — the same as in eq. (6), A; [m?] — the section area of each
layer, L; [m] — the thickness of each layer, and 4 [Wm ‘K] — the coefficient of heat conduc-
tion of each layer.

Table 1 shows the single battery’s [30] and materials’ physical properties. The phys-
ical function of liquid water comes from COMSOL materials’ database.

Table 1. Physical properties of single battery and materials

Parameter ATWm K™ p[kgm™] C, [Jkg 'K
Lithium battery | 1,=1,=29.853 1, =1.473 2776.288 1075.94
Aluminum 238 2700 900
Liquid water Varies with temperature Varies with temperature Varies with temperature

Initial and boundary conditions

The entire battery module’s initial temperature is the same as the ambient tempera-
ture. Coolant flows in at a constant flow rate, pressures flow out at a constant pressure, and
the walls are assumed to be non-slippery. The relative pressure at the coolant outlet is set to
zero. The central angles of coolant channel are 135°, 155°, and 175°, respectively. Coolant
flow rates are 0.6 m/s, 1.2 m/s, 1.8 m/s, and 2.4 m/s to ensure that the Reynolds number is
greater than the laminar critical Reynolds number of forced convection in the tube.

The Reynolds number can be calculated by:

Re = u (10)
14
Where u [ms ] is the coolant’s flow rate, | [m] — the channel’s characteristic length, and v
[m%s '] — the coolant’s kinematic viscosity. Correspondlng to dlfferent central angles of chan-
nel, the characteristic lengths of the channel are 5.42:10°%, 5.47-10°%, and 5.53-10 m, respec-
tively.

The coefﬂment of natural heat convection between battery module and environment

is set to be 9 W/m?K.
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Model validation and mesh independence validation

To further validate the accuracy of the single battery’s thermodynamic model, using
the experimental validated values from [30] as a Benchmark and selecting the same initial
values and boundary conditions. Figure 6 shows the comparison of the highest temperature of

a single battery under different ambient temper-
20| g oenvale 18 . atures and discharge rates.

£ 4— Simulation value 2C = The ambient temperatures are 298.15 K
P and 308.15 K. The discharge rates are 1 C and 2
3 e C. The error between the simulation value and
3 sl . . Benchmark value is less than 5%, basically
2 / proving the single battery model’s accuracy. It
g 3 can be seen that the discharge rate has a signifi-
£ oL cant effect on the heat generation characteristics
£ » of lithium batteries, and the increase in the dis-
* s0f . charge rate will increase the heat generation and

: : temperature rise of the battery.

2% 0 - s Furthermore, the choice of mesh number
Ambient temperature [K] - . . -
Figure 6. Comparison of simulation and and time step might affect the simulation results.

Benchmark values Figures 7 and 8 show the mesh number and
time step independence validation of the battery
module. The ambient temperature is 298.15 K, the discharge rate is 2 C, the coolant flow rate
is 0.6 m/s, and the coolant temperature is 298.15 K.
From figs. 7 and 8, the maximum error is less than 3%. Therefore, to save compu-
ting resources, choose 1 s for the time step and 500,000 for the mesh number.
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Figure 7. Mesh independence validation Figure 8. Time step independence validation

Discussion on heat transfer characteristics of
the battery module

Cooling characteristics of the battery module at
an appropriate ambient temperature

The ambient and coolant temperature are both 298.15 K and the discharge rate is 2 C.
The central angle is 135°. Figure 9 shows the number of each battery. Figures 10-12 show the
battery module’s maximum temperature, Tmax, Maximum temperature difference, Tgis.m, and
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maximum temperature difference of each battery, Tgis.p, at different coolant flow rates. Figure
13 shows the temperature distribution of the battery module at the end of discharge.
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Figure 10. The Tay at different flow rates Figure 11. The Tis.m at different flow rates

From figs. 10 and 11, during the entire discharge process, Tpax can always be main-
tained in an appropriate temperature range. And Tgif.m does not exceed 0.3 K, indicates that
the temperature distribution of the battery module is homogeneous.
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Figure 12. The Ty, at different flow rates Figure 13. Temperature distribution

(t= 1800 s) (t=1800s, 0.6 m/s)
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From fig. 12, Tgiss.p is less than 0.27 K, indicates that the temperature distribution of
each battery is homogeneous. Due to the one-to-one heat exchange between the batteries and
the coolant channels, Tgi.m IS approximately equal to Tgisp. From fig. 13, it can be seen more
directly that the temperature distribution of the battery module is homogeneous. This is also
due to the one-to-one heat exchange between the batteries and the coolant channels, and the
battery does not interfere with each other, which improves the heat exchange.

Cooling characteristics of the battery module at high temperature

Figure 14 shows the temperature distribution at the end of discharge. The ambient
temperature is 313.15 K, the coolant temperature is 293.15 K, the coolant flow rate is 0.6 m/s,

the central angle is 135°, and the discharge is 2 C.

0
Figure 14. Temperature distribution (t = 1800 s)
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The influence of coolant flow rate on cooling characteristics

The ambient temperature is 313.15 K, and the coolant temperature is 293.15 K. The
discharge rate is 2 C. The central angle is 135°. Figures 15 and 16 show T and Tgisr.m at
different coolant flow rates.
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Figure 15. The Ty at different flow rates

From fig. 15, when the coolant flow rate is constant, Tr.x presents a trend of rising-
falling-stable. Because in the first 2 s of the discharge, the heat generation at the axial position

24

—06ms

24 >
21 ] e 1.2 MS
21 — 1.8 ms

e 2.4 M5~

Tait-m (K]
®

18

0 5 10 15 20 25 30 35 40 45 50 55

w
\c:wm(or\)uw

0 ==
L 1 I L 1 I I I

0 200 400 600 800 1000 1200 1400 1600 1800
Time [s]
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of the battery is greater than the heat exchange, resulting in an increase in Tyax. Then as the coolant
flows, the heat generated by batteries is taken away in time, Tyax decreases rapidly, and after about
20 seconds, it basically remains stable. For the same reason, Tism also has the same trend.

From figs. 15 and 16, as the coolant flow rate increases, Tmax and Tgisr.m gradually
decreases, but the change is not obvious. The flow rate increased from 0.6 m/s to 2.4 m/s, the
maximum reduction values of Ty and Tgifm are 0.8543 K and 0.8536 K, respectively. It
indicates that increasing the coolant flow rate has limited improvement on the cooling effect.
This is because when the flow state of coolant is turbulent, the change of thickness of laminar
sub-layer caused by the increase of flow rate is small and the improvement of the heat ex-
change is not significantly.

The influence of coolant temperature on cooling characteristics

The ambient temperature is 313.15 K, and the coolant flow rate is 0.6 m/s. The dis-
charge rate is 2 C. The central angle is 135°. Figures 17 and 18 show T ax and Tgis.m at differ-
ent coolant temperatures.
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Figure 17. The T, at different Figure 18. The Ty, at different
coolant temperatures coolant temperatures

From figs. 17 and 18, when the coolant temperature is constant, Tyax and Tgis.,m both
presents a trend of rising-falling-stable. Because the heat exchange at the position of the bat-
tery near the coolant channel is stronger than the heat generation, and the heat generation at
the position of the battery axis is greater than the heat exchange, Tmax and Tgis.m increases
rapidly in the first 2 seconds of discharge. As the coolant flows, Ty and Tgis.m gradually
decrease. After about 20 seconds, the heat exchange and heat generation of the battery reach a
dynamic balance, Tmax and Tgis.m are basically stable. Meanwhile, the lower coolant tempera-
ture, the lower Tnax When it is stable, but the higher T in the first 10 seconds. This is be-
cause the lower coolant temperature, the greater the temperature difference and enhances heat
exchange.

The influence of central angles of coolant channel on cooling characteristics

The ambient temperature is 313.15 K, and the coolant flow rate is 0.6 m/s. The dis-
charge rate is 2 C. The coolant temperature is 293.15 K. Figures 19 and 20 show T, and
Tairr.m at different central angles of coolant channel.

Similar to figs. 15 and 16, as the center angle of the coolant channel increases, Tmax
and Tgifr.m gradually decrease. The central angle increased from 135° to 175°, the maximum
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reduction values of T and Tgisr.m are 1.595 K and 1.586 K. Compare with increasing the
coolant flow rate, increasing the center angle has a more obvious effect on Tpax and Tgifr.m.
This is because when the flow rate is constant, increasing the center angle increases the heat
exchange area between the coolant channel and the battery, and enhances heat exchange.

315.15 [ 24
— 135° 22 o
31515 22 136
31315 155° 20 155°
1315 o L f
I3 313.15 — 475 < 20 18 175°
§ 315 134945} £
E 2 < 18F 16 H
~ E E |
309.15 || [309.15 = 6l 14

30515
| |303.15
303.15 | |s01.15}
| 290.15

29715
299.15 || | 59515 F

12
10 §

305.15

301.15

ye——

297.15 || | 29315

295.15

8
6
8 4
6 2
- B /ﬁ
2
0

293.15 = L L 1 : | L . 1
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Time [s] Time [s]

Figure 19. The T, at different central angles Figure 20. The Ty at different central angles

Heating characteristics of the battery module at low temperature

According to the previous analysis in section Cooling characteristics of the battery
module at high temperature, the heat exchange at the position of the battery near the coolant
channel is greater than the heat exchange at the position of the battery axis. Therefore, the
minimum temperature of the battery module, Tyn, is selected as an index for analysing the
heating characteristics of the battery module in this section. Figure 21 shows the temperature
distribution at the end of discharge. The ambient temperature is 253.15 K, the coolant temper-
ature is 303.15 K, the coolant flow rate is 0.6 m/s, the central angle is 135°, and the discharge
is2C.

A 303

303.22

>
I x \ =
¥, 0 mm W 303

Figure 21. Temperature distribution (t = 1800 s)

The influence of coolant flow rate on heating characteristics

The ambient temperature is 253.15 K, and the coolant temperature is 303.15 K. The
central angle is 135°. The discharge rate is 2 C. Figures 22 and 23 show T, and Tgisrm at
different coolant flow rates.
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Figure 23. The Tis.m at different flow rates

From figs. 22 and 23, that as the coolant flow rate increases, Tmin gradually increases
and Tgifr.m gradually decreases. The flow rate increased from 0.6 m/s to 2.4 m/s, the maximum
difference of T, and Tgism are 3.815 K and 3.774 K. Compare with the cooling characteris-
tics of the battery module, the coolant flow rate has a more obvious effect on the heating
characteristics of the battery module.

The influence of coolant temperature on heating characteristics

The ambient temperature is 253.15 K, and the coolant flow rate is 0.6 m/s. The dis-
charge rate is 2 C. The central angle is 135°. Figures 24 and 25 show T, and Tis.m at differ-
ent coolant temperatures.

31315 0.
308.15 0
3 50
< 303.15 - 50}
\E 313.15 =
208.15f | 2005 — 313.15K £ — 313.15K
20315l |303.15F — 311.15K 2 a0 f [ 40 — 311.15K
298.15 — 300.15K 50 ——— 309.15K
288.15 [t | ngs 15F 20745K - T —— 307.15K
283.15ff |288.15 305.15K 20 305.15K
288415 ‘ ——— 303.15K
278150 | 578 15 — 303.15K :
27315k |273.15F 20p |10
268.15
268151 | 263.15F | (/] S S
263,15 |258.15 10F L 0 5 10 1520 25 30 35 40 45 50 55
5345
258.15 25345 "5 10 152025 30 35 40 45 50 55
P . ) \ A . L L . 0 T T T T T x T .
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Time [s] Time [s]

Figure 24. The T, at different
coolant temperatures

Figure 25. The T, at different
coolant temperatures

From fig. 24, Tmin presents a trend of rising-stable. As the coolant temperature in-
creases, Tmin also increases.

From fig. 25, Taisem presents a trend of rising-falling-stable. Similar to cooling
characteristics, in the first 2 seconds of the discharge, Tqifr.m rises. This is still caused by the
difference in heat exchange between the position of the battery axis and the position close
to the coolant channel. The difference from the cooling characteristics is that the higher
coolant temperature, the higher Tnax When it is stable, and the higher Tgism in the first 10
seconds.
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The influence of coolant temperature on heating characteristics

The ambient temperature is 253.15 K, and the coolant flow rate is 0.6 m/s. The dis-
charge rate is 2 C. The coolant temperature is 303.15 K. Figures 26 and 27 show T, and Tgift.m
at different central angles of coolant channel.
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Figure 26. The T, at different central angles Figure 27. The Ty at different central angles

From figs. 26 and 27, as the center angle of the coolant channel increases, T, grad-
ually increases and Tgis.m gradually decreases. The central angle increased from 135° to 175°,
the maximum differennce values of Ty, and Tgif.m are 4.715 K and 4.710 K. Compare with
increasing the coolant flow rate, increasing the center angle has a more obvious effect on Tyn
and Tgisr.m. This is similar to the cooling characteristics.

Conclusion

¢ In an appropriate working environment, the coolant temperature is the same as the ambient
temperature, and when the coolant flow rate is 0.6 m/s, the temperature of the battery
module can be maintained within a appropriate temperature range without the need to re-
duce the coolant temperature. When the ambient temperature is 298.15 K, Tyax, Tdiff-m, and
Tair.o are less than 298.45 K, 0.3 K, and 0.27 K respectively, which meets the requirements
of the liquid cooling strategy.

¢ Regarding the cooling characteristics of the battery module, Trax and Tgisr.m are basically
stable after only about 20 seconds. The Ty is close to the coolant temperature, and Tgifm
is less than 0.5 K, which meets the requirements of the liquid cooling strategy.

e Regarding the heating characteristics of the battery module, similar to the cooling charac-
teristics, Tmin and Tgisr.m are basically stable after only about 20 seconds. The Ty, is close
to the coolant temperature, and Tgis.n, is less than 0.5 K, which meets the requirements of
the liquid heating strategy.

e Regardless of heating or cooling, the honeycomb liquid-cooled lithium battery module
proposed in this study not only meets the temperature difference and temperature rise re-
quirements of engineering applications, but also basically guarantees the temperature ho-
mogeneity of each battery.

e The temperature difference has the greatest influence on the heat transfer characteristics of
the battery module, followed by the heat exchange area, and the heat exchange coefficient
has the least influence.
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