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Abstract: The pumped two-phase cooling method is a practical way to dissipate heat from the battery
module. The operating parameters of the cooling system should be investigated thoroughly to
improve the performance of the battery thermal management system (BTMS). However, the previous
BTMS designs only explored the thermal performance and ignored the electrical performance in the
battery module. This study designed a pumped two-phase cooling BTMS with the refrigerant of
R1233zd. An electrothermal coupled model was established for a series-connected battery module
to predict thermal and electrical behavior. The results showed that the pumped two-phase cooling
system could obtain excellent cooling performance with low system pressure under 2C discharging
condition. The average temperature of the module and the temperature difference among cells could
be maintained under 40 °C and 5 K under a 2C discharging rate. A lower saturation temperature,
higher mass flux, and higher subcooling degree could enhance heat dissipation for the cooling system
based on R1233zd. An increase in the saturation temperature and a decrease in the subcooling degree
could enhance the temperature uniformity within the module. The battery consistency was mainly
dominated by the temperature difference and deteriorated with a lower average temperature in the
pack. The research outcome of this paper can guide the design and optimization of the pumped
two-phase cooling BTMS.

Keywords: battery thermal management; pumped two-phase cooling; electrothermal model;
electrical-thermal performance

1. Introduction

To reduce the emissions of greenhouse gases, the development of electric vehicles
(EVs) has received increasing attention. The battery is one of the core segments of electric
vehicles, and its performance has a direct impact on its safety, comfort, and economy.
Lithium-ion batteries with strong power density, high energy density, high power density,
and low self-discharge rate are widely applied in electric vehicles. Some new technologies,
such as porous media [1,2], have been applied in lithium-ion batteries to obtain better
performance. Despite all this, the performance of the lithium-ion cells may still be strongly
restricted by the operating temperature. The operating temperature should be kept in the
range of 25~40 °C to lengthen the cycle life and avoid thermal runaway [3]. Meanwhile,
the temperature deviation within the battery pack can reduce the performance of the pack
and accelerate the aging speed, which should be controlled within 5 °C [4,5]. Therefore,
effective thermal management of the battery pack is essential to achieve high performance
and long cycle life for lithium-ion batteries.

The battery thermal management methods can be divided into air cooling [6], lig-
uid cooling [7], and phase-change cooling [8] by the cooling medium. Air cooling has
advantages of complexity, cost, and weight. However, the poor thermal conductivity and
small heat capacity of the air makes it only proper for HEVs with small-capacity battery
packs, such as the Honda Insight and Toyota Prius [9]. The liquid cooling method has
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been widely used in EVs due to its high cooling performance. However, the structure
of a liquid cooling system is more complex, and the additional components make the
cooling system more weight [10,11]. Additionally, the potential leakage problem should be
avoided [12]. The phase change cooling method has gained more importance due to its
excellent performance. The cell heat generation is absorbed by the phase change process,
including the solid-liquid process and liquid-vapor process. The solid-liquid BTMSs
have advantages in terms of lightness, high efficiency, and simplicity [13]. However, to
address the problem of latent heat recovery, the heat conductivity of phase change materials
needs to be enhanced urgently [14,15]. The liquid—vapor BTMSs can achieve better cooling
performance compared to traditional liquid cooling under the same condition [16]. Among
them, the direct evaporative cooling method and the pumped two-phase cooling method
are the two representative methods of the liquid-vapor BTMSs [17,18].

The direct evaporative cooling BTMS contains an evaporator in the battery pack,
which can be integrated with the air conditioning system of EVs directly. The evaporation
process of the refrigerant is applied to absorb the battery heat generation. However, the
operating pressure is up to 0.5 MPa of the direct evaporative cooling system, which has
higher requirements for the pressure resistance and tightness performance of the pipe
system [19]. In addition, the temperature uniformity may be deteriorated due to the
superheat of the refrigerant at the end of the channel [16]. The pumped two-phase cooling
BTMS is comprised of two circulation systems, including the pumped two-phase cooling
BTMS and the air conditioning system. The chiller is used to exchange heat between the
air conditioning system and the battery cooling system. Refrigerants with boiling point
above 273.15 K under 1 atm, such as R1233zd and HFE-7000, are selected as a coolant in
BTMS. So, the attractive advantages of pumped two-phase cooling BTMS include lower
operating pressure and power consumption. The instable flow of the coolant can be
prevented by controlling the pump speed. Additionally, the dryness of the refrigerant
could be maintained at an optimum range even under high heat flux, which guarantees the
temperature uniformity of the pack [20].

There have been some studies about the pumped two-phase cooling BTMS. Wang
et al. [20] directly immersed the cells in refrigerant HFE-7000 and developed a novel direct
flow boiling system. It was discovered that the temperature rise in the battery pack was
dictated by the forced convection heat transfer. Additionally, the saturated boiling of
the coolant and the local disturbance around cells enhanced the temperature uniformity
effectively. The temperature difference among cells was kept within 3.71 K under 5C
discharge. However, there were problems with this novelty method, such as higher cost
and volume. Another widely cooling structure was through the cold plate contacting with
the cell to remove heat. Choi et al. [21] proposed a cooling system using HFE-7000 as
the coolant for a fuel cell application. It was demonstrated that the heat flux and vapor
quality dominated the boiling heat transfer performance of the HFE-7000, but it was less
sensitive to mass flux. Fang et al. [22] designed a pumped two-phase cooling system
using the newly developed refrigerant R1233zd. The results showed that the average
temperature of the dummy battery was significantly affected by the mass flux and vapor
quality. An optimum value of vapor quality could be found to obtain the maximum cooling
amount. The start-up and transient thermal performance of the pumped two-phase cooling
system were investigated experimentally with different operating parameters in Ref. [23].
Experimental results showed that the transient performance could be adjusted by the flow
rate and heat flux. The electrical performance during the boiling heat transfer process
was seldom discussed in research. However, the above studies focus only on the thermal
performance of the cooling system, and the thermal effects during the boiling heat transfer
process on the electrical performance of the module were seldom discussed in research
either. An et al. [18] utilized the phase change of the NOVEC-7000 in the mini-channel cold
plate to absorb heat. The thermal performance and electrochemical performance of the
battery pack were evaluated experimentally under various mass flow rates and discharge
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rates. It was shown that the temperature uniformity and voltage distribution within the
pack could be controlled in a desired range.

In summary, the pumped two-phase cooling BTMS is demonstrated to have excel-
lent thermal performance. However, the existing discussions are mainly focused on the
feasibility of its application. The research on the design and operation parameters of the
pumped two-phase cooling BTMS is not adequate. It is important to discuss the operation
parameters comprehensively, including mass flux, saturation temperature and subcooling
degree. In addition, the above-mentioned works are mainly concentrated on the thermal
performance of the BTMSs. The thermal effect on the electrical performance of the battery
module in the pumped two-phase cooling system is still unknown, which has a significant
influence on the aging rates of the pack. Meanwhile, a more accurate electrothermal cou-
pled model for the pack with a two-phase cooling system is still lacking, which is important
for the optimum design of the pack.

In this paper, a pumped two-phase cooling BTMS is designed with the refrigerant
R1233zd. A comprehensive model for a 16 serially connected module is established compris-
ing the electrical model and the fluid-solid coupling heat transfer model of the two-phase
cooling BTMS. Thus, the temperature and voltage distribution in the module can be cap-
tured. The impacts of mass flux, saturation temperature and subcooling degree of the
refrigerant on the thermal performance and electrical performance within a module are
discussed in detail.

2. Model Development

A commonly used prismatic lithium-ion cell of 50 Ah is utilized in this research with
NCM/ Graphite electrodes, as shown in Figure 1a. The basic parameters of this battery are
given in Table 1.
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Figure 1. Prismatic lithium-ion battery. (a) Front view; (b) temperature monitoring points [24].

Table 1. Basic parameters of the battery.

Parameters Value

Rated capacity 50 Ah

Rated voltage 3.65V

Positive electrode LiNig 6Cop,Mng 0,
Negative electrode Graphite

Cut-off voltage at charge 425V

Cut-off voltage at discharge 275V

2.1. Electrothermal Model for Battery

An accurate electrical model and thermal model should be established for the cell
to describe the dynamic electric and thermal behavior under different conditions. There
are two main categories for battery electrical models. One is the electrochemical model,
in which the electrochemical process inside the battery is described by a series of partial
differential equations. The electrochemical models could provide more accurate simulation
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results [25]. The other is the equivalent circuit model (ECM), which is established by simple
electrical components [26]. The equivalent circuit models only need a few parameters and
provide adequate accuracy. In this study, a second-order ECM has been established to
define the prismatic battery. The model equation can be expressed as:

U, = Upcy — Uy — Uz — IRy 1)
. Uq I

—_— - 2

U, R.C, + 9 )
. U, I

U, = — — 3

2 R, + & 3)

where U, is the open circuit voltage of the cells, which is related to the state of charge
(SOC). Uy and U, are the terminal voltages of R1Cy and RyC», respectively. Ry is the internal
ohmic resistance. Ry and C; are the electrochemical polarization resistance and capacitance,
respectively. R, and C, are the concentration polarization resistance and capacitance,
respectively. R, R, Rp, C1, and C; are extracted from the HPPC tests under different SOC
and temperature levels, which are realized into the equivalent circuit model as Look-Up
Tables (LUTs).

Assume that the heat generation inside the cell is uniform and the heat generation in
the tab is ignored. The temperature distribution in the cell follows the energy conversation
laws, and is given by [27]:

dT ’T  0°T 0°T
PeeiCpeett gy = Kin(53 + 55) + Kth(W) + el (4)

where p; is the volume-average density, Cp . is the volume-average specific heat
capacity, T is temperature, Kj, is the in-plane thermal conductivity of the prismatic battery,
Ky, is the through-plane thermal conductivity of the prismatic battery, and qcell is the
volume-average heat generation rate of the battery. To reduce the complexity of the model,
the specific heat capacity C, . and density p.; are assumed to be invariable [28]. The
battery thermal capacity pceiiCp cerr is calculated by the volume of each part, as follows [29]:

Zpicp iVi
Cpeell = ——<,— &)
Pcell p,cell Z Vz

where V; is the volume of each part in the cell. Considering the layered structure of
prismatic cells, the thermal conductivity of the battery in in-plane and through-plane

directions can be expressed as:
YKL

Ky, =
n =51 ©)
LLi

Ky, = 7

" EL/K; 7
The reduced heat generation formula proposed by Bernardi [30] is used for the battery:

atl
Geell = I(UL - uoczz) + ITcellFow 8)
cell

where [ is the operating current of the battery, Uy, and U}, are the open circuit voltage
and the terminal voltage of the battery, and T is the volumetric temperature of the
battery. dU,,/dT is the entropy coefficient, which is relevant to SOC [31]. In Equation (8),
I(Up, — Upey) is the irreversible heat, and ITdU,c, /dT is the reversible heat.

The operating temperature affects the output electrical behavior by changing the
electrical components parameters in ECM. The change in electrical components parameters
affects the heat generation of the battery in turn, and then changes the battery temperature.
In this study, the equivalent circuit model couples with the thermal model by the parameters
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heat generation rate g and temperature T to obtain a more accurate electric and thermal
behavior of the battery.

2.2. Electrothermal Model for Battery Pack

To satisfy the desired driving power and range, the battery pack for electrical vehicles
always consists of large amounts of cells connected by series and parallel. As discussed in
previous research, the performance of a single battery cannot represent the performance
of the module or pack [4,32]. The small deviation of the internal structure of cells and
the inconsistency of the operation condition inside the pack lead to the temperature non-
uniformity within the pack. The non-uniform temperature in the pack may result in
inconsistency in the aging rate, capacity, and electrical performance. Therefore, further
research on the electrothermal coupling effect of the battery module is helpful to utilize it
more effectively.

In this paper, a model of the battery module coupling the electrothermal model of
cells, the fluid-solid coupling heat transfer model and the series-connected electrical model
is established. Compared with previous works, the proposed model has the following
advantages. Firstly, the model integrates a dynamic heat generation model for the cell
level, instead of a constant heat source. Thus, the effects of realistic operating conditions
on the performance of the module can be simulated. Secondly, the model integrates an
electrical circuit model for the module level. Thus, the battery inconsistency caused by
non-uniform temperature distribution within the module could be captured. The evolution
of voltage distribution improves the prediction accuracy of the battery temperature in turn.
The sub-models in different scales and domains and their parameters transfer relationship
are shown in Figure 2; the detailed descriptions can be found below.

pack level cell level

q(®)
Thermal model ¢————————— equivalent circuit model

—_—
cell 1 () cell 1

Electrical model
for battery pack

q(t)
Thermal model «—————— equivalent circuit model

I
I
I
I
I
I
I
I
l

cell 2 —_—> cell 2 }
I
I
I
I
I
I
I
I
I
I
I

T(t)

Thermal model
for battery pack

q(t)
Thermal model ¢—————— equivalent circuit model
celln —_—> celln

| T(®)h

—— e e — — g

Figure 2. The coupling relationship of the electrothermal model for the battery pack.

2.2.1. Electrical Model for Battery Module

Assuming that all cells have the same internal structure and the connecting resistances
between cells are ignored, an electrical model for the battery module including 16 cells
connected in series has been built in the ANSYS Twinbuilder environment. The electrical
model for the battery module is established by the ECM model of the single cell directly
connected in series. Thus, the voltage distribution within the module could be captured by
the electrical model.

For the series-connected battery module, the discharge voltage and current distribution
for the module satisfy Equation (9).

Vout:V1+V2+...+Vn (9)
Lyp=h=hL=...=1,

As discussed above, there are deviations in operation conditions among cells. The
temperature distributions in the battery pack are inconsistent, which means that the oper-
ating temperatures of each cell are different. However, the electrical parameters of cells
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depend on the operating temperature. For series-connected battery packs, the cells operate
at the same current, but different voltages resulted from the non-uniform temperature
distribution.

2.2.2. Thermal Model for Battery Module

As shown in Figure 3a, a common thermal management system structure for the bat-
tery pack is applied in this paper, in which the cold plate is underneath the battery module.
Thin thermal pads are inserted between cells to improve the temperature uniformity in
the module. The thermal pad is also set between the cold plate and the battery module to
reduce the temperature difference. As shown in Figure 3b, the thickness of the cold plate is
15 mm, and an S-shaped flow channel with an inner diameter of 6 mm.

Battery

Cold Plate

()

©

Figure 3. (a) Structure of the battery module with thermal management; (b) structure of the cold

plate; (c) display of the grids.

e Solid domain

Equation (4) for a single cell can also be utilized to calculate the temperature dis-
tribution in the module. The thermal balance equations for the other solid domains are
established by the same theory, including cold plates and thermal pads. The differences
are that the equations do not consider the heat source term and the anisotropy of thermal
conductivity. For example, the conversation equation in the cold plate can be expressed as
Equation (10).

0Ty , T T T

(pCP)ch = kcp(@ + W + @) (10)

The boundary conditions at the battery and cold plate interfaces and the wall of the
S-shaped channel follows Newton's cooling law as defined in Equation (11).

_ki"g% = _kcr’g% (11)
—kepIL = h(To — Ty)

where k;,, kcp represent the thermal conductivity of the battery and the cold plate, respec-
tively. h is the convective heat transfer coefficient. T, T; are the temperature of the solid
wall and fluid domain, respectively. The specific properties of solid domains in battery
module are listed in Table 2.
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Table 2. Structure and material parameters.

Parameter Cell Cold Plate Thermal Pad
Density (kg/m?) 2373 2689 3100
Specific heat capacity
1120 951 930
(J/(kg-K))
Thermal conductivity _ i _
(W/(m-K)) Kin =40.8; Ky, =1.17 237.5 5
Specifications 148 mm X 98 mm x 26 mm 296 mm x 208 mm x 15mm 296 mm X 208 mm x 2 mm

e Liquid domain

In this study, the R1233zd is selected as the coolant of the BTMS. Its saturation tem-
perature is 17.9 °C under 101.325 kPa. The molecular weight is 130.5 g/mol. Assume that
the material parameters of the refrigerant only dominated by the temperature, as shown in
Table 3, which can be retrieved by software REFPROP 9.0 [33].

Table 3. R1233zd properties.

Liquid Phase Vapor Phase
Density (Kg-m~2) 3 x 107°T8 — 2.7 x 1072T% + 6.56T + 998.94 2 x 107°T3 — 1.44 x 107272 + 3.56T — 299.84
Specific heat capacity (J/Kg-°C) 4 % 107*T3 — 3.78 x 1072T2 + 109.89T — 9480.6 5x 107°T3 — 3.69 x 1072T2 + 11.154T — 501.85
Thermal Conductivity (W/m-°C)  —3 x 1079T% +3 x 10°T? — 1.4 x 1073T 4 0.2828 1x 107778 — 8 x 1077T? + 3 x 10~*T — 0.0306
Viscosity (Kg/m-s) ~7x10710T% + 7 x 107772 — 2 x 10~*T + 0.0265 3x107BT% -3 x 107072 +1x 1077T— 8 x 10~°

In this research, the transient VOF model in ANSYS FLUENT is applied to solve
the complex heat and mass transfer process during phase change. Assume the flow of
R1233zd is incompressible, so the density is invariable. The sum of volume friction for the
two-phase in per unit volume constantly is 1 [34]. Tracking of the interface between phases
is determined by the continuity equation:

Liquid phase:
on — 1 . .
aitf—i_v. (zxfuf) :EZ(mgf_mf(%') (12)
Vapor phase: ) )
© — . .
a—tg +V. (ocgug) = @Z(mfg — mgf) (13)

where «, ;, p and m represent the volume fraction, velocity vector, density, and mass
transfer rate, respectively. The indexes f and g represent liquid phase and vapor phase,
respectively. 7o ¢ and 115, represent the mass transfer during phase change.

The momentum and energy equations are given by:

%(pﬁ) V- (oui)=-VP+V- {y<vﬁ+vfﬂ +F (14)

and
O EY+ V- (BE+P) =V - [k vT)] + 5 15
(PE)+ V- (#(pE+P) = V- ks VT) | +5, (15)

where E (J/kg) is energy per mass; y1, p and ks are dynamic viscosity, density, and effective
thermal conductivity. The properties of fluid are calculated by:

=) wig; (16)

where ¢ is the property being determined by the volume fraction of per phase in the control
volume. Implicit body force formulation is used to describe the detachment of vapor and
replenishment of liquid into the near-wall region. The Continuum Surface Force (CSF)
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method proposed by Brackbill is used to model the surface tension force 1_-3 with wall
adhesion [35].

The source term Sj, in the energy equation, which describes the extra energy involved
in phase change, can be expressed as:

Sy = ithyg (17)

where hyo (J/kg) is the latent heat.

Using an applicable phase change model is crucial for capturing the heat and mass
transfer in phase change accurately. In this research, the Lee model is selected for solving
the mass transfer rates of R1233zd, which is given by:

. Tf - Tsat) .

Mg = rizxfpr for evaporation (Tf > Tsat) (18)
and

, Tot — T,

titg = rl-txgpg(S”thatg) for condensation (T, < Tat) (19)

where 7; is an empirical coefficient representing mass transfer intensity. The value of r;
has a profound impact on the interface temperature. The appropriate value of r; can be
determined by several calculations [36]. In this research, r; = 1 was selected to make the
interface temperature close to the saturation temperature. The Renormalization Group
(RNG) k — ¢ turbulence model and scalable wall function were applied to account for the
turbulence effects. The governing equations of RNG k — ¢ are expressed as:

ok ok . _7—=—0U; | 9 Ky 9Ky _

o HUjsy = —Hillj5y + ax,( o Bx]-> € 20)
o o %e __ e——0l; 9 Ky o¢ €2

ot T Uy, = —Capliillj5e + 5 (G 55) —Caf — R

where k and ¢ are the turbulent kinetic and the turbulent dissipation rate, respectively.
Ok, 0e, Ce1 and Cgy are the empirical constants. Ky, is the turbulent viscosities of momentum.
The pressure-outlet boundary condition was applied at the outlet of the channel to avoid
any outlet effects.

The finite-volume method is adopted in FLUENT to solve the engineering problem.
The computational domain is meshed into a number of elements. As shown in Figure 3c, a
poly-hexcore grid was applied to mesh the 3D model. The boundary layer grid was used
in the near-wall region of the channel to improve the wall treatment. The size of elements
in a certain domain has a significant impact on the accuracy of calculated results. For
transient simulation, a smaller time step will reduce the simulation efficiency and a larger
time step may cause convergence difficulty. As a result, grid independence and time-step
independence testing should be conducted to choose the appropriate grid size and time
step before computation.

The volume-average temperature of the battery module was utilized to demonstrate
the grid independence and time-step independence. The grid number is 70 w, 100 w,
142 w, 200 w, and 300 w, respectively. The time-step number includes 5, 10, 20, 40, 80,
and 100 steps-s~!. As shown in Figure 4a, the relative deviation of the volume-average
temperature of battery module between 200 w cells and 300 w cells was 0.01 K, which
meant the calculation results were independent of the grid number. As shown in Figure 4b,
the change range of the volume-average temperature of the battery module was rather
small when the time-step number was larger than 20 steps-s—!. With the independence
validations, the time-step number was selected as 20 steps-s~! and the BTM model was
meshed into 200 w to balance the calculation accuracy and efficiency.
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Figure 4. (a) Grid independence validation; (b) time-step independence validation.

3. Model Validation

e  FElectrothermal model

The electrothermal coupled model for a single cell was built in ANSYS environment to
simulate a battery electric and thermal behaviors. The specific parameters of the prismatic
battery are given in Table 2. The electrical and thermal behaviors under 1C discharge at
20 °C ambient temperature in Ref. [24] were used to validate the accuracy of the electrother-
mal coupled model. The average temperature of the battery was calculated by the five
temperature test points shown in Figure 1b. The errors between the simulation and the
experiment for battery voltage and temperature were less than 5%, which indicated the
simulation results were consistent with the experiment results, as shown in Figure 5a,b.

—0O— simulation 4.2 —0— Simul?tion AA
A —O0— Experiment 1 0 —O— Experiment 14
xperiment 28 polNosg o xpe W
30 —A—error D\D\O /AA
~ 38F A A QO\\& /A 15
9) A 7/ 421 . \D\D\é\ ==
g 27 P i % 3.6 \D\D\D:S:O\O, X
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©) (d)
Figure 5. Model verification (a) surface temperature of the cell; (b) terminal voltage of the cell; (c)
wall temperature distribution; (d) pressure drop gradient.

e VOF model

To validate the accuracy of the temperature distribution simulated by the VOF model,
experiment results in Ref. [37] were used in this research. The experiment explored the
subcooled flow boiling of the FC-72 in a rectangular channel. The inlet mass flux of the
refrigerant was 445.75 kg/m?s. The saturation temperature was 333.31 K. The heat flux
was 143 kw/m?2. As shown in Figure 5c, the calculated wall temperature distribution under
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the same condition were compared with the experimental data in Ref. [37]. The maximum
over-prediction was about 7 K compared to the measurements, which showed that the
simulation values were in good agreement with the experimental results.

The pressure gradient of refrigerant HFC-134a in a straight adiabatic circular tube was
studied in the experiment in Ref. [38], and the experimental results were compared with
the simulated pressure drop in this research. The refrigerant mass flux was 301 kg/m?s
and the evaporative temperature of the refrigerant was 5.8 °C. The pressure gradients from
the simulation and experimental results were compared at different vapor quality and
shown to have good agreement in Figure 5d. The numerical method can thus extend to
simulate the temperature distribution within the module and the subcooled flow boiling
performance in the cold plate.

4. Results and Discussion
4.1. Performance of the Pumped Two-Phase Cooling System

In this section, the saturation temperature, mass flux and subcooling degree were set
as 295.15K, 1238 kg/m?2s and 4 K, respectively to qualitative study the cooling performance
of the pumped two-phase cooling BTMS. The temperature field of the module at 600 s was
shown in Figure 6a. The temperature was increased along the flow direction due to the
decrease in the temperature difference between coolant and battery. This trend could be
reflected in temperature distribution of cold plate, as shown in Figure 6b. Meanwhile, an
obvious temperature gradient could be observed in the height direction. This was unavoid-
able when the cold plate was placed underneath the battery module. The temperature of
R1233zd in the channel was shown in Figure 6¢c. The temperature at the inlet was 291.15 K.
The refrigerant temperature gradually rose when it flowed along the channel, reaching
about 297.4 K at the outlet. As shown in Figure 6d, the vapor volume friction was zero at the
entrance region. The single-phase convection heat transfer dominated the cooling process
in this region. Then, the vapor volume friction was higher than zero when the refrigerant
temperature reached the local saturation temperature, which indicated that the evaporation
process appeared. The nucleate boiling heat transfer dominated the cooling process in this
region. According to Figure 6b, the temperature gradient in the single-phase convection
heat transfer region was significantly higher than that in the nucleate boiling heat transfer
region. This showed the superiority of nucleate boiling in terms of temperature uniformity.
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Figure 6. (a) temperature field of the module; (b) temperature field of cold plate; (c) temperature of
R1233zd; (d) vapor volume fraction in channel.
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4.2. Parametric Study

The cooling performance of the pumped two-phase cooling BTMS can be varied by
controlling the saturation temperature, mass flux, and subcooling degree through the
cooling power of the condenser and pump speed. To improve the performance of the
pumped two-phase cooling BTMS, the effects of saturation temperature, subcooling degree,
and mass flux on the BTMS should be discussed in detail. The simulation conditions were
given in Table 4. Here, the average temperature of the module, the maximum temperature
difference among cells, and the battery consistency were used as analysis indexes to
quantify the cooling performance of the BTMS.

Table 4. Simulation condition of R1233zd property.

Saturation Temperature Subcooling 2 Discharge Ambient
No. X Degree (K) Mass Flux (kg/m”s) Rate (O) Temperature (K)
1 291.15/293.15/295.15/297.15 4 1238 2 313.15
2 291.15 2/3/4/5 1238 2 313.15
3 291.15 4 742.8/990.4/1238/1485.6 2 313.15

4.2.1. Saturation Temperature

The saturation temperature of refrigerant is a function of the saturation pressure, which
can be adjusted by the cooling power of the condenser [16,39]. In this study, the pressure at
the outlet of the S-shaped channel in the cold plate is considered as the saturation pressure
of R1233zd, which is 100.13 kPa corresponding to the saturation temperature of 291.15 K
in the initial setting. The saturation temperature was set to 291.15 K (100.13 kPa), 293.15 K
(107.96 kPa), 295.15 K (116.27 kPa), 297.15 K (125.06 kPa), respectively, to investigate the effect
of the saturation temperature on the performance of the pumped two-phase cooling BTMS.

Figure 7 shows the cooling performance of the pumped two-phase cooling BTMS
according to the saturation temperature. As shown in Figure 7a, the heat dissipation was
enhanced as the saturation temperature decreased. As the saturation temperature of the
R1233zd decreased, the average temperature of the battery module at 600 s dropped from
309.0 K to 305.6 K. Meanwhile, the average temperature of the module dropped much faster
with a lower saturation temperature. The average temperature decrease rate increased from
0.41 K/min to 0.75 K/min, when the evaporating temperature of the R1233zd decreased
from 297.15 K to 291.15 K. These results are consistent with the research studies [27,28,40].
The temperature difference between the module and the refrigerant increased when the
saturation temperature of the R1233zd decreased, which was the intrinsic cause for the
enhancement of cooling capacity.

The temperature non-uniformity of the module was strengthened with the saturation
temperature decreased. Figure 7b shows that the maximum temperature difference of
the module at 600 s increased from 3.01 K to 3.55 K when the evaporating temperature
decreased from 297.15 K to 291.15 K, which showed a different trend to the average
temperature of the module. The temperature difference among cells mainly depends on
the temperature variation of the refrigerant along the flow direction, which is the result
of the combined effects of pressure drop for the flow resistance, the temperature increase
due to the absorption of sensible heat, and the influence of the increase in the dryness
on the cooling capacity. The temperature difference of the refrigerant along the channel
was smaller when the saturation temperature increased, which resulted in more uniform
temperature distribution in the module.
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Figure 7. The effects of saturation temperature (a) Average temperature of the module; (b) Tempera-
ture uniformity of the module; (c) Battery consistency in the module.

Figure 7c shows the influence of the saturation temperature on the battery consistency.
The normalized battery consistency index P of the module is defined as [41]:

1 1 Y )
P = 7] mn;l(uﬁ —Uupe) (21)
u, =" (22)
€n
ae 1 al e
u, = ﬁn;l Uy (23)

where N is the number of cells in the module, 1, is the operating voltage, ¢, is the rated
voltage, U;, is the normalized voltage given by Equation (21), and U}’ is the average
normalized voltage of the module expressed by Equation (22). The closer the P is to zero,
the better the consistency of the module during the discharge. As presented in Figure 7c, the
battery consistency of the module increased as the saturation temperature of the refrigerant
increased, which showed a similar trend to the temperature difference. The corresponding
temperature difference among the series-connected cells leads to higher internal resistance
of cells with lower temperature. The series-connected cells have same operating currents;
the output voltage of colder cells with higher internal resistance drops more significantly,
resulting in the non-uniformity of terminal voltage in the module. As discussed in previous
research [32], the temperature difference among cells is positively correlated with the
battery inconsistency of the module. It was noteworthy that the change rate of P increased
over time. As discussed in Ref. [42], the battery consistency of the module is dominated by
the temperature difference among cells and the average temperature of the module. The
lower average temperature and worse temperature uniformity of the module over time
aggravates the battery inconsistency of the module. Therefore, the slope of P increased
over time.
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4.2.2. Mass Flux

In a pumped two-phase cooling system, the speed of the mechanical pump could
control the mass flux of the R1233zd entering the cold plate. The mass flux was set to
742.8 kg/m?s, 990.4 kg /m?s, 1238 kg /m?s, and 1485.6 kg/m?s, respectively, to explore its
effects on the performance of the module.

Figure 8a shows the average temperature of the module under different mass flux.
The cooling capacity was improved as the mass flux increased. The average temperature of
the module decreased from 309.2 K to 304.4 K as the mass flux increased from 742.8 kg/m?s
to 1485.6 kg/m?s. Meanwhile, the average temperature of the module dropped much faster
with a higher mass flux. The average temperature decreases rate increased from 0.39 K/min
to 0.87 K/min when the mass flux increased. The cooling performance intensifies with a
higher mass flux due to acceleration of the process of bubbles from generation to departure,
which enhances the boiling heat transfer. However, with the mass flux continuing to
increase, the average temperature of the module decreased more gently, which indicated
that the cooling performance improvement was increasingly minor. Similar phenomenon
could be found in Ref. [28]; the average temperature of the battery pack dropped slightly
after the mass flow rate of the refrigerant reached a certain value. Therefore, the strategy to
improve the cooling amount by increasing the mass flux of the refrigerant was effective only
within a limited range. There exists an ideal mass flux to balance the cooling performance
and energy consumption.

As shown in Figure 8b, there was no linear relationship between temperature uni-
formity and mass flux. The temperature difference increased with the mass flux when it
was lower than 1238 kg/m?s. As shown in Figure 8c, the value of P also increased as the
mass flux increased in this range, indicating that the battery consistency worsened. The
increasing temperature difference resulted in increasing unbalanced discharging. However,
when the mass flux exceeded 1238 kg/m?s, the temperature difference decreased. In this
range, the average temperature of the module reduced slightly with increasing mass flux,
indicating that the improvement in the cooling amount was minor. Further increasing
the mass flux had a more considerable effect on the reduction in the temperature of the
hotter batteries. Meanwhile, the heat generation of colder batteries was higher than that
of the hotter batteries due to the higher internal resistance. Therefore, the temperature
uniformity of the battery module improved. The value of P also decreased in this range,
as shown in Figure 8c, due to the enhancement of the temperature uniformity within the
battery module. In the stage of slight change in the average temperature of the module,
the battery consistency within the battery module was dominated by the temperature
difference among cells as the mass flux continued to increase.

To guarantee the system efficiency, increasing the mass flux was usually not recom-
mended in the pumped two-phase cooling system when reaching the limited improvement
of the cooling amount. However, the temperature uniformity and battery consistency could
be enhanced by increasing the mass flux of the refrigerant in this stage.

4.2.3. Subcooling Degree

The subcooling degree at the inlet of the channel is comprehensively affected by the
cooling power in the condenser and the mass flux of the refrigerant, which affects the
cooling performance of the system by controlling the area of nucleate boiling heat transfer.
In this research, the subcooling degree was set to 2 K, 3 K, 4 K, and 5 K, respectively, to
explore its effects on the performance of the module.

Figure 9a shows the average temperature of the module under different subcooling
degrees. It can be seen that an increase in the subcooling degree led to better cooling
capacity. The average temperature of the module decreased by 1.67 K as the subcooling
degree increased from 2 K to 5 K. Meanwhile, the average temperature decrease change rate
of the battery module was 0.64 K/min and 0.81 K/min when the subcooling degree was 2 K
and 5 K, respectively, which meant that the cooling capacity increased by nearly 1.3 times.
The heat absorption of the refrigerant is the sum of the sensible heat and latent heat. The
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volume fraction of vapor phase at the outlet of the channel was almost the same as the
subcooling degree increased from 2 K to 5 K, which indicated that the latent heat ingested
by the refrigerant under various subcooling degree in the simulation range was almost the
same. The higher the subcooling degree, the higher the heat of the battery module that can
be absorbed by the sensible heat of the refrigerant, which showed a higher cooling capacity.
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Figure 8. The effects of mass flux. (a) Average temperature of the module; (b) Temperature uniformity
of the module; (c) Battery consistency in the module.
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Figure 9. The effects of subcooling degree. (a) Average temperature of the module; (b) Temperature
uniformity of the module; (c) Battery consistency in the module.

As shown in Figure 9b, the temperature uniformity of the module worsened as the
subcooling degree increased. The temperature difference increased from 3.0 K to 3.7 K as the
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subcooling degree at the inlet of the cold plate increased from 2 K to 5 K. The evaporating
temperature of the refrigerant did not change in this simulation condition, which meant
that the temperature of the refrigerant R1233zd at the outlet of the channel with different
subcooling degree was almost the same. Therefore, the temperature variation in the
R1233zd along the channel increased as the subcooling degree increased. As discussed in
Section 4.1, the increasing temperature difference of the refrigerant along the flow direction
resulted in worse temperature uniformity in the module. The value of P also increased as
the subcooling degree increased due to the deterioration in the temperature uniformity
within the battery module.

5. Conclusions

In this study, an electrothermal coupled model in ANSYS environment was estab-
lished for the battery module with BTMS based on R-1233zd flow boiling. The average
temperature of the module, the maximum temperature difference among cells, and the
battery consistency were used as analysis criteria to evaluate the cooling performance of the
newly proposed BTMS under different saturation temperature, mass flux, and subcooling
degree. Several conclusions can be addressed here:

(1) The pumped two-phase cooling BTMS could obtain excellent cooling performance
with lower system pressure compared with the direct cooling system due to the use
of the low-pressure refrigerant R1233zd. The average temperature of the module and
the temperature difference among cells could be maintained under 40 °C and 5 K
under a 2C discharging rate.

(2) A lower saturation temperature, higher mass flux, and higher subcooling degree of
the refrigerant enhanced the heat transfer between the module and the refrigerant,
thus achieving lower average temperature and a higher temperature decrease rate
in the battery module. An increase in the saturation temperature and decrease in
the subcooling degree could reduce the temperature difference within the module.
However, the mass flux of the refrigerant showed a two-stage effect on the temperature
uniformity in the module. The results shows that the cooling performance of the
BTMS could be improved by controlling the above three operation parameters.

(3) The battery consistency in the module was mainly dominated by the temperature
uniformity in the pack, and showed a positive relationship with it. Meanwhile, the
battery consistency deteriorated with a lower average temperature.

In the future, we propose that the following progresses should be subject to further
research:

(1) The aging model should be integrated into the electrothermal model to further inves-
tigate the effects of operation parameters on the aging performance.

(2) More realistic cyclic conditions should be tested to validate the effectiveness of the
pumped two-phase cooling BTMS.

(3) The optimum design of cooling structure for the pumped two-phase cooling BTMS
should be paid more attention to achieve better cooling performance.
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Nomenclature

Cp Specific heat capacity (J/(kg-K))
E Energy per unit mass (J/kg)

en Rated voltage (V)

-

F Surface tension force (N)

h Convective heat transfer coefficient (W /(m?2-K))

I Current (A)

k Turbulent kinetic energy (m?s~?2)

Ki, In-plane thermal conductivity of the cell (W/(m-K))

K, Through-plane thermal conductivity of the cell (W/(m-K))
Kep Thermal conductivity of cold plate (W /(m-K))

k. ff Effective thermal conductivity of fluid (W/(m-K))

Ky Turbulent viscosities of momentum
m Mass transfer rate

L Length (m)

P Battery consistency

q Heat generation (W)

R Resistance of cell

Sy Extra energy involved in phase change (J)
T Temperature (K)

Tw Temperature of solid wall (K)

T, Temperature of fluid (K)

Upco Open circuit voltage of the cell (V)
ur Terminal voltage of the cell (V)

u Velocity vector

Uy Operating voltage (V)

us, Normalized voltage

use Average normalized voltage

%4 Volume (m?), voltage (V)

Greek letters

« Volume fraction

€ Turbulent dissipation rate (m2s—3)
U Dynamic viscosity (Kg/m?-s)

p Density (kg m~3)

¢ Fluid property

Subscripts and superscript

f Liquid phase

g Vapor phase

i Number of cell parts

n Number of cells

Abbreviation

BTMS  Battery Thermal Management System
CSF Continuum Surface Force

EV Electric Vehicle

ECM  Equivalent Circuit Model
LUT Look-Up Table

RNG Renormalization Group
SOC State Of Charge
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