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Abstract— Aiming at the problems of complex internal flow fields and the
significant impact of clearance height on performance in Organic Rankine
Cycle (ORC) waste heat recovery systems, this paper conducted a 3D
steady-state numerical simulation study. Selecting the key working phase
where the intake valve is fully open, a refined 3D model covering the intake
port and the internal fluid domain of the cylinder was established, and
ANSYS Fluent software was used for flow field analysis. The research
results show that the computational model constructed in this paper has
good convergence; after 5500 iterations, the energy residual reached the
1077 level, and the residual curves of various physical quantities tended
to be stable. This paper reveals the flow loss mechanism of the key phase
of the expander, verifies the effectiveness of steady-state numerical
simulation in evaluating the in-cylinder flow field characteristics, and
provides theoretical support for further optimizing the intake structure and
clearance height.

I INTRODUCTION

Driven by the deep adjustment of global energy

structure and the

ecological environment, Energy saving and emission
reduction has become the core orientation of industrial

increasingly severe protection of

vehicles, Become the automotive industry transformation
and upgrading, help to achieve the goal of the key carrier
and core development direction [1-2] .With the continuous
expansion of market demand and the acceleration of
technology iteration, electric vehicles are evolving rapidly
in the direction of high endurance, high power and high fast

development and technological innovation in the
world.China has clearly put forward the " 3060 " dual- charging rate. As the core power source of electric vehicle,
carbon strategic objectives, green and low-carbon the energy density and fast charging power of power battery

development to the national top design level, We will
promote all-round transformation and upgrading in the

areas of energy production,

energy electric vehicles with low energy consumption, zero

emissions, high intelligence and other
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consumption
transportation.In this strategic context, China's electric
vehicle industry is showing explosive growth trend, New

significant
advantages, and gradually replace the traditional fuel

continue to rise.High energy density and high rate charge-
discharge technology can significantly improve the overall
performance of the vehicle, It also leads to a sharp increase
in the heat production rate and total heat production under
extreme operating conditions, and the thermal management
system is facing unprecedented technical challenges.
Studies have shown that the operating temperature of power
Li-ion battery pack directly determines its electrochemical

and
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performance, charge-discharge efficiency, cycle life and
operation safety. The optimum operating temperature range
is 20 °C ~ 45 °C [3-5], and the temperature difference in
the battery module should not be greater than 5 °C [6].
Efficient and reliable thermal management system has
become the core technical support to ensure the safe, stable
and long-life operation of electric vehicles [7].

The core of thermal management of Li-ion battery pack
is to control the cell temperature, reduce the module
temperature difference and eliminate the local overheating.
The heat dissipation effect directly determines the reliability
of the battery system.At present, the main cooling methods
include air cooling [8], liquid cooling [9], phase change
material cooling [10-11], heat pipe cooling [12], Each has
its advantages and disadvantages.The air cooling system has
simple structure and low cost, and is widely used in the early
low power vehicles, but it has low heat transfer coefficient
and limited heat dissipation capacity. It is difficult to adapt
high power battery, and the temperature is out of control
under high rate condition.

Phase change materials can achieve efficient and
uniform temperature cooling passively, with small
temperature fluctuations, but they have low thermal
conductivity, are prone to softening and leakage, are
expensive, and have low space utilization, limiting large-
scale applications.Heat pipe cooling has low thermal
resistance, fast response, and good temperature uniformity,
which can quickly dissipate local heat. However, it has a
complex structure, inflexible layout, high cost, and is
difficult to adapt to compact power battery packs.Overall,
liquid cold plate systems have high heat dissipation
efficiency, flexible layout, strong adaptability, and can
precisely control temperature and temperature difference.
They have become the mainstream design solution for high-
power battery thermal management and are also the core
focus of this study.

The channel form of liquid cooling directly determines
fluid flow, pressure loss, and heat transfer uniformity. The
serpentine channel [13] is one of the two most
representative structures in engineering. The serpentine
channel has a compact structure and sufficient heat transfer,
making it suitable for space-constrained scenarios.Existing
studies mostly focus on reducing the maximum battery
temperature and improving heat dissipation efficiency,
taking the reduction in maximum temperature as the core
evaluation index for heat dissipation performance.There are
also methods to improve the thermal performance of power
batteries by adding fins in the channels and changing the
channel distribution [14]; however, in practical
applications, the uniformity of the flow channel temperature
and the ability to suppress local hotspots are equally critical.
Local overheating can accelerate battery aging and trigger
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thermal runaway, and evaluating performance solely based
on temperature reduction has obvious limitations.Although
traditional serpentine channels provide sufficient heat
exchange, the fluid temperature rises significantly along the
path, resulting in large temperature differences at the end
and poor temperature uniformity, making it difficult to meet
the high consistency and high safety thermal management
requirements of power batteries.

To address the technical issues of poor temperature
uniformity and localized overheating in traditional
serpentine channels, and to overcome the limitations of
synergistically optimizing heat dissipation efficiency and
temperature uniformity, this paper takes the traditional
serpentine channel and its improved cross-counter flow
channel as research objects, and uses numerical thermal
simulation methods to investigate the differences in
temperature fields, flow characteristics, and heat transfer
performance of the two channels under different coolant
inlet velocities.Focus on analyzing the advantages of cross-
counter flow channels in improving temperature uniformity
and suppressing local overheating, and clarify their
technical superiority and engineering value.The research
results can provide a reliable theoretical basis for the
optimal design, performance evaluation, and engineering
selection of liquid cooling channels in power batteries under
low flow conditions, and have important theoretical and
engineering significance for promoting the development of
thermal management technology for power batteries.

1L CONSTRUCTION OF A PHYSICAL
MODEL BASED ON A SERPENTINE
CROSS-FLOW CHANNEL
ARCHITECTURE

The power lithium-ion battery pack is composed of five
layers of cells. The battery used in this experiment has a
volume of 734.4 cm?, a coolant density of 1000 p/(kg/m?), a
specific heat capacity of 4182 cp/J/(kg-K), a thermal
conductivity of 0.538 A/W/(m-K), and dimensions of 118
mm x 63 mm x 10 mm. The structure is shown in Figure 1.
The liquid cooling plates with a cross-counter flow channel
are placed on both sides of each cell layer, and the thickness
of the liquid cooling plates is 4 mm.The coolant flows in
from the inlet, absorbs heat through a simulated cross-
counter flow channel, and then converges at the outlet to
flow out.The runner is a square runner, with inlet and outlet
dimensions of 6mm X 2mm.
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Fig.1: Schematic diagram of cross-counter flow channel
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Fig.2: Plan schematic diagram of cross-counter flow
channel geometry

II1. NUMERICAL MODELS
3.1 Heat Transfer Model

This experiment assumes that the specific heat capacity
and thermal conductivity of the battery do not change with
temperature; the battery is composed of isotropic and
uniformly distributed materials. The heat conduction
governing equation for a square lithium-ion battery is:

%t 2T

a6
- /1 -
dy? 4, dz2

0T
panaE:/lxﬁ+Ay +q 1)

Here, p,, Cpa, and q are the battery's average density,
specific heat capacity, and heat generation rate,
respectively; T is the battery's thermodynamic temperature;
Ax»> Ay, and A, represent the thermal conductivities along the
X-axis, y-axis, and z-axis, respectively.

The expression for heat generation rate q[15] is as
follows:

_I _ _qpdlel _ 1 _ 740
q =1y~ Uy) ITdTV—V[IRt TdT] )
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v, I, Uy and U, represent the volume of the single cell,
the charging and discharging current, the battery open
circuit voltage and the battery end voltage dUOdT are the
voltage temperature coefficients, respectively. T is the
initial temperature of the battery; Rt is the total resistance of
the battery.

The cold plate heat transfer control equation is:
a2T a?t  d?T | 9°T
psCoa = ks (5 + 53+ 57) 3

In the formula, ks, T and p, are the heat transfer
coefficient, thermodynamic temperature and density of the
cold plate, respectively. C, and T are cold plate density and
time, respectively.

In the formula, ks, T, and p, represent the heat transfer
coefficient of the cold plate, thermodynamic temperature,
and density, respectively; C, and t represent the density of

the cold plate and time, respectively.
3.2 Governing Equations
Continuity Equation:
V-9, =0 &y
Momentum Equation:
259+ (@, V), = —ZV-P V- (V) (5)
Energy Equation:
KD 4 V- (pTee) = V- (VT (6

Where: p, is the density of the coolant; ¥, and u, are
the velocity vectors of the coolant; C, is the specific heat
capacity of the coolant; Tc is the temperature of the coolant;
ke is the thermal conductivity of the coolant.

3.3 Temperature Uniformity Coefficient
The calculation formula is as follows:

noep o _p

ATu — 21_1( Lm:lx lmm) (7)

Where: Tjax 18 the maximum temperature under the

given operating condition, T, is the minimum

temperature under the given operating condition, and n is
the number of samples.

3.4 Simulation Condition Settings

The flow rates for this experiment were set at 0.3 m/s,
0.4 m/s, 0.5 m/s, 0.6 m/s, and 0.7 m/s, respectively. The
channel outlet is a pressure outlet, with the coolant inlet
temperature and ambient temperature both at 293.15 K, and
the outlet return temperature equal to the ambient
temperature. The flow rate is the flow velocity multiplied
by 0.24 square centimeters, and the heat source power is
300,000 watts per cubic meter. The inlet temperature is
10°C.
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3.5 Grid Independence Test

Mesh independence verification was conducted in the
numerical simulation calculations. The maximum and
minimum temperatures of the lithium battery pack during
the mesh verification are shown in Figure 4.

Fig.3: Grid distribution of cross-counter flow channel

For the two types of flow channels, a working condition
of 0.3 m/s was used, and calculations were performed with
mesh counts of 99,855, 199,710, 399,420, and 798,840
elements, respectively. As shown in Figure 1, after the mesh
count reached 399,420, further increasing the number of
mesh elements caused almost no change in the maximum
and minimum temperatures of the lithium battery pack.
Therefore, a mesh count of 399,420 elements was used for
the calculations.
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Fig.4: Grid independence test

Iv. SIMULATION RESULTS ANALYSIS
4.1 Simulation Results of the Two Flow Channels

This study conducts flow field—temperature field
coupled simulations on both traditional serpentine flow
channels and cross-counter flow channels, and analyzes the
simulation results. Figures 5 and 6 show the temperature
cloud maps of the two liquid cooling plates under a flow
condition of 0.3 m/s.
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Fig.5: Temperature distribution of conventional
serpentine flow channel

As shown in Figure 5, the temperature distribution cloud
map of the traditional serpentine flow channel under the
condition of 0.3 m/s is illustrated. The flow channel has a
long flow path, resulting in significant differences in fluid
residence time and heat transfer intensity across various
sections. When the fluid first enters, its temperature is 283
K, and the heat transfer efficiency is high; however, by the
time the fluid reaches the end, it has absorbed a large
amount of heat, causing a substantial decline in the heat
transfer capability at the channel's end. At this location, the
battery temperature rises to 310 K, forming a 'heat transfer
dead zone' and becoming a local hot spot.

224 3 T

Fig.6: Temperature distribution diagram of cross-counter
flow channel

As shown in Figure 6, the temperature distribution cloud
map of the cross-counter flow channel under the operating
condition of 0.3 m/s indicates that the cross-structure design
divides the fluid into two sub channels, shortening the
length of a single flow path and reducing the residence time
of the fluid in the heat exchange area. The counter flow
arrangement reduces the heat exchange temperature
difference between the hot and cold fluids to 21 K, while
the maximum temperature of the battery decreases to 304
K, maintaining a high degree of temperature uniformity
throughout the channel, suppressing local overheating, and
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thereby ensuring the consistency of the temperature
distribution.

4.1.1 Analysis of Temperature Uniformity

The temperature difference is an important indicator for
measuring the temperature uniformity of a liquid cooling
plate, and the temperature uniformity of the liquid cooling
plate, along with its resistance to local overheating, are key
metrics that determine its thermal performance ceiling,
system reliability, and device lifespan. The better the
temperature uniformity and the weaker the local
overheating, the higher the overall heat dissipation
efficiency, the lower the thermal resistance, and the more
stable the system. The temperature differences of the two

types of channels at different flow rates are shown in Figure
7.

Fig. 7 shows the temperature difference R of the
traditional serpentine and cross counter flow channels with
flow velocity v. It can be seen that as the flow rate increases
from 0.2m/s to 0.7m/s, the temperature difference of the two
runners is downward.

(1) The serpentine flow channel Ry ¢ decreased from
27.0 K to 24.3 K, a decrease of approximately 9.9%;

(2) The cross-counter flow channel Ry ¢ decreased from
19.8 K to 16.8 K, a decrease of approximately 15.2%.
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Fig.7: Temperature range of the two flow channels

This indicates that an increase in flow velocity can
improve overall temperature uniformity. The cross-counter
flow channel shows a more significant response to changes
in flow velocity, suggesting that its flow field and
temperature field achieve better synergistic optimization.
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Fig.8: Difference in temperature range between the two

flow channels

Figure 8 shows the variation of the difference ARt =
Rrs — Rrk in the maximum temperature difference
between the two types of flow channels with flow rate. It
can be seen that ARy remains basically stable between 7.1
and 7.2 K. This indicates that the temperature uniformity of
the cross-counter flow channel is superior to that of the
traditional serpentine channel at different flow rates.

4.1.2 Analysis of Temperature Uniformity Coefficient

The temperature uniformity coefficient is an important
reference for assessing the temperature uniformity of the
liquid cooling plate. As shown in Figure 9, the highest
temperatures of the two flow channels under various
operating conditions were obtained through simulation, and
Figure 10 presents the results calculated using the
temperature uniformity formula:
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Fig.9: Line graph of maximum temperature for the two
flow channels
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Fig. 10: Temperature uniformity coefficient of the two flow
channels

The temperature uniformity coefficient ATu of the
cross-counter flow channel stabilizes in the range of 0.935
to 0.942, compared to 0.909 to 0.918 for the traditional
serpentine channel, with an average increase of 0.025.
Therefore, it can be considered that the cross-counter flow
channel has better temperature uniformity compared to the
traditional serpentine channel.

4.1.3 Performance Comparison of the Two Flow Channels

Temperature difference is a key indicator for evaluating
the uniformity of the surface temperature distribution of a
liquid-cooled plate, as it directly reflects its thermal
management capability. The figure below shows a bar
comparison of the temperature differences in cross-counter
flow channels.

[ ] Serpentine flow channel Ry
[ Cross — counter flow channel Rt

) w 'S
=] S S
T T

Temperature range Rr(K)

—_
o
T

0.3 0.4 0.5 0.6 0.7
Flow velocity(m - s~ 1)

Fig.11: Bar chart of temperature range for the two flow
channels

As shown in Figure 11, under all flow rate conditions,
the temperature difference Ry of the cross-counter flow
channel is significantly lower than the R s of the serpentine
channel. Taking a flow rate of 0.3 m/s as an example, Ry
is 7.2 K lower than Ry g, with a reduction of 26.7%; even
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when the flow rate increases to 0.7 m/s, Rt ¢ remains 7.5 K
lower than Ry, a decrease of 30.9%. This result indicates
that the local overheating problem significantly enhances
temperature uniformity and resistance to local overheating.

4.2 Analysis of Pressure Drop Characteristics

4.2.1 Analysis of the Static Pressure Contour of Two Types
of Liquid Cooling Plates

The static pressure contour map can visually display the
distribution of static pressure inside the liquid-cooled plate
flow channel, clearly reflecting the pressure level and
attenuation trend through color changes.It can not only
qualitatively judge the overall pressure drop, but also
accurately identify the sources of resistance along the way
and local resistance. It is an important basis for analyzing
the pressure drop characteristics of liquid cooling plate,
optimizing the channel structure, and improving the heat
dissipation and flow performance.

As shown in Figure 12, the static pressure contour of the
traditional serpentine channel shows a uniform gradient
attenuation along the static pressure, and the color smoothly
transitions from the dark red at the inlet to the dark blue at
the outlet. This shows that the pressure drop mainly comes
from the friction loss along the way, while the local loss at
the U-bend is relatively small. The advantages of this design
are uniform flow field and stable flow distribution, but the
disadvantages are high total pressure drop.

I—w v oo

Fig.12: Static pressure contour of cross-counter flow
channel

Figure 13 depicts the static pressure contour map of the
cross-counter flow channel. Its total pressure drop
(approximately 2.4x10° Pa) is notably lower than that of the
traditional serpentine channel, directly reducing the driving
power requirement of the circulating pump. By repeatedly
changing the fluid flow direction within a limited space, the
cross-counter flow channel achieves higher space
utilization, making the overall structure of the liquid-cooled
plate more compact within the same plate size. It is suitable
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for integration scenarios with limited space and exhibits
strong heat transfer performance.

[ vem

Fig.13: Static pressure contour of serpentine flow channel

4.2.2 Comprehensive comparison of pressure drop between
two kinds of liquid cooling plates

In the liquid-cooled plate channel system, the pressure
drop is positively correlated with the flow resistance. The
pressure drop is the core physical parameter for quantifying
the magnitude of flow resistance within the channel, and its
value equals the total pressure difference between the
channel inlet and outlet. Therefore, a comparative analysis
of the pressure drop characteristics of serpentine channels
and cross-counter flow channels under different flow rates
is conducted.
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Fig.14: Line graph of pressure drop for the two flow
channels

As shown in Figure 14, the pressure drop of cross
counter current channel and traditional serpentine channel
increases with the increase of flow rate, and the traditional
serpentine channel has a faster lifting speed. When the flow
rate is 0.3m/s, the pressure drop of serpentine channel and
cross counter current channel is about 0.9kPa and 1.3kPa
respectively; When the flow rate increases to 0.7m/s, the
pressure drop increases to about 4.9kPa and 6.9kPa,
respectively. The pressure drop in the cross counter current
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channel is about 41% higher than that in the traditional
serpentine channel.
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Fig.15: Bar chart of pressure drop for the two flow
channels

As shown in Figure 15, the pressure drop of the cross
counter current channel is higher than that of the serpentine
channel in the speed range, so it can be concluded that the
cross counter current channel has lower flow resistance,
which can effectively reduce the driving power demand of
the circulating pump, and reduce the system energy
consumption and operation cost.

V. CONCLUSION

For the cross counter flow channel cold plate proposed
in this study, the influence of channel velocity on pressure
loss and cooling effect was studied:

(1) In terms of pressure drop characteristics, the growth
rate of pressure drop in the serpentine channel is
significantly faster than that in the cross counter current
channel, and in the five groups of flow rates, the pressure
drop in the serpentine counter current channel is higher than
that in the cross counter current channel, with an average
increase of 42.6%. Therefore, it can be seen that the flow
resistance of cross counter current channel is significantly
less than that of traditional serpentine channel.

(2) In terms of temperature uniformity, the temperature
range of the cross counter current channel is significantly
lower than that of the traditional serpentine channel under
all flow rates. Taking the flow rate of 0.1m/s as an example,
RT and s are 7.2K lower than Ry and C, with a decrease of
26.7%. Even at the flow rate of 0.7m/s, Ry and s are 7.5K
lower than Ry and C, with a decrease of 30.9%, indicating
that the cross counter current channel is superior to the
traditional serpentine channel in temperature uniformity and
local hot spot resistance.

In general, the cross counter current channel shows
lower flow resistance in pressure drop characteristics, and
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has more obvious advantages in temperature uniformity,
which can effectively suppress the temperature difference
inside the battery pack and improve the reliability and safety
of the cooling system.
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