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With the growing interest on electric vehicles comes the question of the thermal management of their
battery pack. In this work, we propose a thermally efficient solution consisting in inserting between the
cells a liquid cooling system based on constructal canopy-to-canopy architectures. In such systems, the
cooling fluid is driven from a trunk channel to perpendicular branches that make the tree canopy. An
opposite tree collects the liquid in such a way that the two trees match canopy-to-canopy.

The configuration of the cooling solution is predicted following the constructal methodology, leading
to the choice of the hydraulic diameter ratios. We show that such configurations allow extracting most of
the non-uniformly generated heat by the battery cell during the discharging phase, while using a small

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Many countries ambition to transition from classical to green
technology vehicles in order to reduce carbon emissions and the
dependence to fossil fuels [1]. In this context, electric vehicles
(EVs) are perceived as a great solution, presenting numerous ad-
vantages such as silent electric motors, ease of maintenance and
repair, while their main disadvantages are the milage range limit,
the time needed for charge and the heat generated. The electro-
chemical reactions occurring within the Li-ion batteries are the
cause of heat production during discharge, and absorb heat dur-
ing the charging phase [2,3]. These processes occur within a con-
strained space leading to temperature increases in the battery pack
that can irreversibly damage the battery cells. The heat generated
by electrochemical reactions, joule heating, and side reactions de-
pend on many factors, such as the current capacity rate (C-rate),
the battery nominal capacity, the operating temperature, the bat-
tery layer purity, the tab location, the battery shape, aspect ratio
and serial-parallel configurations. Furthermore, the generated heat
within the cell is heterogeneous, leading to non-uniform temper-
ature distributions and hot spot formation on the battery surface.
As a result, the battery capacity fades, and the battery layers may
experience degradation and even thermal runaway [4,5]. The latter
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is a key issue as it may cause chain electrochemical reactions, ex-
plosion, and fire within the EV battery pack. Fig. 1 shows the main
stages of progression of thermal control deficiencies and their as-
sociated risks.

Thermal control, termed as battery thermal management sys-
tem (BTMS), has emerged [2,6] in the recent past to keep the bat-
tery cell and battery pack temperature in an optimal range which
is ideally between 20°C and 35°C [7]. Many scientific papers were
recently published with thermal management solutions based on
air [6,8,9], liquid [10,11], two-phase flow [12], phase change ma-
terial (PCM) [13-15], heat pipe [16-18], thermo-electric [19,20], or
nano-fluid based thermal management systems [21,22]. Today, al-
most all the EV industry prefers liquid cooling [23,24] with high
conductive plate/frame for thermal control. Among the existing so-
lutions, cooling systems at the scale of the battery pack consist
in a water jacket combined to a high thermally conductive inter-
face material. Other configurations consist in using high thermally
conductive plates inserted between the battery cells with liquid
coolant circulation. At a different scale, a heat pump system can be
installed within the vehicle. In such case, heat is being removed by
evaporating the liquid refrigerant. This way, the system also con-
tributes to the vehicle cabin thermal comfort.

Ethylene-glycol supplemented water mixtures are the most
common liquid coolants as the batteries must also be able to ac-
commodate cold climatic conditions. Because the thermo-physical
properties of the ethylene-glycol-water mixture depend on the
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Nomenclature

a cooling channel thickness (m)

b cooling channel width (m)

Cp Specific heat capacity [J kg'! K]

C C-rate value

d wall thickness of cooling system [m]
Dy, Hydraulic diameter [m]

DOD depth of discharge

f Friction factor

g gravitational acceleration [m s72]

H battery and cooling system height [m]
k thermal conductivity [W m™! K]

L length [m]

m Mass flow rate [kg s!]

n number of branches in the canopy
Nu Nusselt number

P pressure [Pa]

q heat transfer rate[W]

Pr Prandtl number

Ra Rayleigh number

Re Reynolds number

S distance between the branches [m]
Sv Svelteness number

t time [s]

T temperature [K]

U average velocity [m s!]

v velocity vector [m s™]

7 fluid volume [m3]

w battery and cooling system width [m]
1% pumping power [W]

Greek letters

A Lagrange multiplier

u dynamic viscosity [Pa.s]
v kinematic viscosity [m?2 s7!]
0 density [kg m~3]

0] aggregate function
Subscripts

b battery cell

br branch

in inlet region

init initial value

out outlet region

path flow path

ref reference

mass fraction of the various components, they can be varied de-
pending on the application strategy and technical conditions [25].

We propose in this work an approach to battery thermal man-
agement through the lenses of constructal design. The methodol-
ogy is derived from the constructal law which expresses the natu-
ral tendency of flow systems of morphing in time to facilitate the
access to the currents flowing through them [26,27]. The change
in configuration happens in the pursuit of decreasing the thermo-
dynamics imperfections inherent to any kind of flow systems [28-
30]. Examples can be found in biological systems as in the den-
dritic vasculature of blood flow in a liver [31], or in engineering
problems. In the latter, advances have been proposed in the design
of earth-air heat exchangers by configuring the underground net-
work to use the working fluid with higher efficiency [32-34] while
accounting for both latent and sensible heat exchanges [35,36]. En-
ergy storage is also a domain in which the morphing of the flow
architecture allows to improve the heat exchanges. This is typically
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the case for latent thermal energy storage where the heat trans-
fer mechanisms - convection and conduction - dictate the system
configuration [37,38]. Thermochemical energy storage offers design
opportunities by allocating the reacting salt volume in such a way
that the chemical reaction advancement is enhanced, together with
the heat released/stored while the overall pressure losses are de-
creased [39,40]. The common lesson learned from these examples
from the thermo-fluid domain is that bold changes in the flow con-
figuration are key for efficiency improvements. Canopy-to-canopy
architectures are a vivid illustration of such changes. Departing
from classical configurations based on fluid flowing through ser-
pentine pathways, a canopy-to-canopy design consists in a sin-
gle stream flowing through two tree trunks in parallel connected
through their canopy [41]. The choice in diameter ratios of the con-
necting tubes allows decreasing the overall pressure losses, while
the changes in the aspect ratio of the ensemble lead to improve
the thermal exchanges [42-44].

This paper aims at testing canopy-to-canopy based systems
for cooling the cells of battery packs used in electrical vehicles.
The design of such constructal architectures is first explained.
Then a numerical model expressing the heat generated during a
battery cell discharge is developed and validated as it is during
the discharging phase that the battery cell experiences the highest
thermal stresses. The model is completed with the description
of the cooling fluid transient behavior. The canopy-to-canopy
configurations modeling shed lights on the thermal efficiency of
the systems.

2. Canopy-to-canopy Design

A typical battery pack is presented in Fig. 2. The thermal man-
agement strategy pursued here consists in inserting very thin
cooling elements between the cells. Each cooling element is a
high thermal conductivity metallic envelop (typically made of alu-
minum) through which the coolant flows at a controlled mass flow
rate following designed channels. The cooling elements are con-
nected to a plenum providing the inlet fluid, and another plenum
on the opposite side of the battery pack collects the now heated
fluid. The alternation of cells and cooling elements allows select-
ing a control volume made of one cell and one cooling element,
assuming that the battery pack contains enough cells to neglect
the edge effects.

The simplest cooling element to investigate is shown in Figs. 3 a
and c. The fluid enters from the top left side, near the two tabs,
and exits oppositely, through the bottom right outlet. Next, we rely
on previous work [42-45] to design canopy-to-canopy configura-
tions, an example of which is provided in Figs. 3b and d. Depart-
ing from the reference case of Fig. 3a, a canopy-to-canopy design
is made of one inlet channel to which parallel and perpendicular
channels are connected, as the trunk of a tree with the branches of
its canopy. Symmetrically, the parallel branches are connected to
an outlet channel, which itself is parallel to the initial inlet duct.
The inlet and outlet channels have the same length and cross sec-
tion. The parallel branches of the canopy have identical length and
cross section. The thickness of the cooling element, regardless its
configuration, remains constant as the spacing between the cells is
not a degree of freedom.

When moving from the reference case to canopy-to-canopy
designs, the fluid volume is decreased by 28%. Then, from one
canopy-to-canopy configuration to another one, the fluid volume
remains fixed.

The fluid volume is given by Eq. (1) in the reference case and
Eq. (2) for the canopy-to-canopy configurations.

Vies = a[2 binS + HW] (1)

Vf = a[2bin (W +S) + nbyHiy] (2)
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Fig. 1. Main risks associated with the lack of thermal control of Li-ion batteries.

busbars

coolant

elemental
control

‘A
manifold volume
S~
liquid
tabs cooling
plates

Li-ion
cells

coolant
out

Fig. 2. Battery pack with liquid-cooled BTMS.

where, a is the cooling channel thickness, b;, is the inlet width
(identical to the outlet width), by, is the branch width, S is the
distance in between the branches, W is the cooling system width,
and n is the number of branches. The Li-ion battery cell dimen-
sions (W = 0.107 m and H = 0.102 m) are constant and correspond
to the battery cell tested to validate own approach. We have:

W =2d +nby, + (n—1)S (3)

H = 2b;, + Hy, (4)

where, d is the aluminum frame wall thickness and H is the total
height of the cooling system (see Fig. 3).

The configuration of a canopy-to-canopy architecture starts
with the search for the hydraulic diameter ratio leading to mini-
mum pressure losses. This is based on the assumption that local
losses are negligible [41,42], and can be assessed through a non-
dimensional parameter, the Svelteness number [46], defined as the
ratio of the external and internal length scales of the flow system.
We have [43,46]:

H/W
— i (5)
vy/

where L,y is the flow path length which is equivalent to the total
length of the canopy-to-canopy flow channels. As shown in [46],

Sv= Lpath

Sv > 10 ensures that the pressure losses are essentially linear and
local losses can be discarded.

The hydraulic diameter of the trunk channels of cross section
a x by, is 2a, as a <« b;,. Without knowing a priori if the same as-
sumption can be made on the branches of the canopy, the branch
hydraulic diameter was kept as 2aby,/(a + by,). The general expres-
sion of the pressure losses is given by [47],

AP= f,‘;{ (5 7) (6)

where L is the channel length, D, is the hydraulic diameter and U
is the average velocity. The friction factor f is 24/Rep;, in the case
a2+b2br 24
(a+by,)? Repn
distribution of the inlet mass flow rate m from trunk to branches
separated by a distance S is uniform and equal to m /n, we have
from inlet to outlet:

2 [+ 505 n(@ )
- a3 bin + bg
"

of a trunk, and for the branches. Considering that the

AP

(7)

The hydraulic diameter ratio leading to minimum pressure
losses while maintaining V; the total fluid volume and a constant
(Eqg. 2) was obtained by means of the method of the Lagrange mul-
tipliers. An aggregate function ® = AP+ A V; was first construc-
tal, where A is the Lagrange multiplier. Then the values of A for
which the derivatives 0®/db;, and d®/dby, are null were deter-
mined, leading to a relationship between b;, and b, expressed by:

1/2
n S . b}
bin=|5 e (24200 5t (8)
|:2 W+S) < i-1 (32 +1b;,)
The numerical values of b;, and by, were obtained for a given
fluid volume and a given dimension by means of a code written in

Wolfram Mathematica. They are given in Table 1 for n = 3,5,6,7,10
and 20 branches.

3. Model and Validation

The temperature field in the cooling system and at the bat-
tery cell surface, and the coolant velocity field were determined by
solving the conservation equations of mass, momentum, and en-
ergy in transient regime with the appropriate initial and boundary
conditions. In the incompressible cooling fluid, we have:

VV =0 (9)
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Fig. 3. Cooling systems for (a) and (d) reference case, (b) and (e) canopy-to-canopy design, and (c) its cross section.

Table 1 Table 2

Characteristics of the canopy-to-canopy designs. Material properties used in the simulations [51].
Flow Architectures ~ V; (m3) a(m) b; (m) by (m)  Sv Materials pkg/m®) ¢, (J/kgK)  k (W/mK)  u (Pas)
3-branches 7.64 x x 106 0.001 00169 0.0156  22.21 Coolant 1073 3474 0.41 0.002605
5-branches 7.64 x 1076 0.001 0.0164  0.0120 28.04 Aluminum Frame (1) 2719 871 202 —
6-branches 7.64 x 1076 0.001 0.0154  0.0105 31.84 Battery cell (2) 2092 678 18.2 -
7-branches 7.64 x 1076 0.001 0.0144  0.0093 35.93 Positive tab (3) 2719 871 202 -
10-branches 7.64 x 1076 0.001 0.0120 0.0069  48.78 Negative tab (4) 8978 381 387.6 -
20-branches 7.64 x 1076 0.001  0.0077 0.0036  94.41

DV
Prpe = ~VP+uV3¥V +g (10)

(11)

where V is the velocity vector, D/Dt stands for the material deriva-
tive, and the subscript f is for fluid. p is the density, P is the pres-
sure, u is the dynamic viscosity, g is the gravitational acceleration,
cp is the heat capacity at constant pressure, T is the temperature,
and k is the thermal conductivity. Note that the flow remains lam-
inar.

The energy equation is also written in the metallic frame with
the corresponding material properties. In the case of the battery
cell, the energy equation requires an additional term due to the
exothermic/endothermic processes occurring during the cell dis-
charge/charge. The heat equation is also solved in the positive and
negative tabs, keeping in mind that there is no heat generated in
the tabs.

oT
PiCia— =

DT
,Of Cp‘fﬁ = kaZT

kiV2T +q] (12)

where the subscript i =1 for the metallic frame, 2 for the battery
cell, 3 for the positive tab, and 4 for the negative tab (see Table 2).
The volumetric generated heat q; is null except for i = 2 (battery
cell).

The generated heat is obtained by modeling the battery cell
behavior through a Multi-Scale Multi-Domain approach [48,49],
accounting for the thermal and electrical fields. In this approach,
the heat generated by the electrochemical reactions within the cell
is obtained by solving the conservation of electric charge for the
positive and negative electrodes in combination with an equivalent
electric circuit made of three resistances and two capacitances as
in Chen and Rincon-Mora’s work [50]. The main factors contribut-
ing to the generated heat are Joule heating and the heat generated
while the cell open circuit voltage fluctuates with temperature for
each value of the battery cell state of charge. The latter generated
heat is usually termed as reversible heating [3]. The battery cell
has the geometrical and electrochemical characteristics of a Kokam
battery cell (nominal voltage 3.7 V, capacity 7.5 Ah, discharge at
5 C rate).

When modeling a cell within a battery pack, we assumed that
all the walls of the battery cell are adiabatic except for the one in
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Fig. 4. Experimental set-up of the Li-ion battery cell tested in a chamber at con-
trolled temperature.

contact with the cooling system. In such case, we account for heat
flux continuity. The fluid enters the cooling system at fixed tem-
perature T;, and mass flow rate m. It exits at atmospheric pressure.
A no-slip boundary condition is applied everywhere in the cooling
device. The metallic envelop that contains the liquid is adiabatic
in its top, bottom and lateral faces, together with the vertical face
opposite to the battery cell (see Fig. 3). As mentioned already, heat
continuity is written with the cell assuming perfect thermal con-
tact. The material properties are provided in Table 2. The fluid is a
mixture of water and ethylene-glycol, classically used in batteries
for cooling [51]. The simulations were conducted with T;, = 20°C
and m= 0.3 to 1 g/s, ensuring to a Reynolds number ranging be-
tween 15 and 60, depending on the inlet cross section. We con-
sidered that the flow regime was fully developed, as the entrance
length is less than 1 mm. Initially, the entire system was at a tem-
perature Tjy;; = 20°C, while the fluid was motionless.

A mesh sensivity analysis was conducted, leading to 1.2 x 106
nodes. The mesh size was varied between 1.4 x 10° and 2.6 x 106
for the entire three-dimensional domain. The criteria chosen were
on the maximum battery cell temperature and coolant outlet tem-
perature values. The numerical model was based on the SIMPLE
algorithm. The time step was determined after several trials in the
search for a compromise with the needed computational time. The
time step used in all the investigated models was 1 s, with at least
20 iterations for each time step. The convergence criteria were
1076 for the conservation equations.

The validation of the modeling approach was made by compar-
ing the temperature distribution on the face of the battery to ex-
perimental data. A detailed presentation of the experimental set-
up is provided in Fig 4. The Li-ion battery cell which geometry and
characteristics are identical to the model (Kokam SLPB75106100),
had a nominal voltage of 3.7 V and a capacity of 7.5 Ah. The bat-
tery cell was placed in a thermostatic chamber at 25°C. The cham-
ber was ventilated and the air velocity was measured, allowing cal-
culating the corresponding forced convection coefficient. The dis-
charging rate was 5C (fast discharging conditions).

When the battery cell was fully discharged (2.8 V, cut-off volt-
age), the temperature map on the battery cell surface was captured
with a thermal camera (Testo 885-2) and monitored. The battery
cell was placed in a thermostatic chamber at 25°C. The chamber
was ventilated and the air velocity was measured, allowing cal-
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culating the corresponding forced convection coefficient. The dis-
charging rate was 5 C (fast discharging conditions).

The boundary conditions in the model were adapted to the ex-
perimental case: the faces of the battery cell were submitted to
a constant ambient temperature of 25°C with a forced convec-
tion heat transfer coefficient of 35.6 W/m2K. This value was de-
termined from Nu = 0.664 Re!/?Pr1/2, a correlation in forced con-
vection with Rey = 1.3 x 10% [47]. The Reynolds number was ob-
tained by measuring the average velocity with a digital anemome-
ter located above the battery cell. Fig. 5 shows the experimental
and numerical temperature maps at full discharge. Note the non-
uniform temperature distribution over the cell surface, with tem-
peratures ranging from 47.5°C to 51.3°C. As the accuracy of the
temperature map obtained with the infrared camera is of +2%
reading, we considered that the numerical approach was validated.
Fig. 5 gives also the numerical and experimental voltage change
during the 12 min of the discharge process. The agreement is also
very good.

4. Results and Discussion
4.1. Reference case

We start with a reference case consisting in filling with heat
transfer fluid the entire space delimited by the two aluminum
plates of dimensions HxW. Then we move to canopy-to-canopy
configurations from 3 to 20 branches in the search for a fluid vol-
ume reduction while maintaining the thermal integrity of the cell.
The fluid volume is constant whatever the number of branches
and represents 72% of the reference case. For the sake of concise-
ness, only the 5-branches case will be detailed, the other cases
are given in the Appendix. The fluid enters at a fixed temperature
of Ty, = 20°C. The mass flow rate was decreased to the minimum
value allowing the cell temperature to remain below the critical
temperature of 35°C. The mass flow rate that corresponds to this
threshold is m = 0.3 g/s. The results are presented for this value.
Figure 6a depicts the temperature distribution on the battery cell
surface in the reference case at 5%, 25%, 50%, 75% of the total depth
of discharge (DOD), while Fig. 6b shows the temperature map at
the end of the discharge, and Fig. 6¢ gives the temperature map in
the case of the canopy-to-canopy design made of 5 branches.

As seen in Fig. 5 which is a case without any cooling aid, heat
is being generated in the vicinity of the tabs. Fig. 6 shows that
the coolant circulation contributes to avoiding the peak of temper-
ature while moving the zone of high temperature towards the bot-
tom right of the battery cell surface. A similar result is obtained
with the canopy-to-canopy architecture, even though the volume
of the heat transfer fluid is drastically decreased. Furthermore, the
hot spot zone is also significantly reduced, moving from 66.6% of
the plate temperature above 31.2°C for the reference case (Fig. 6b)
to 40.8% with the canopy-to-canopy cooling system with 5 parallel
branches (Fig. 6¢).

4.2. The need for the metallic plate

A lighter version of the cooling system could consist in adjust-
ing the metallic frame to correspond exactly to the heat trans-
fer fluid pathway. The results show that initially the temperature
increase is similar in both cases. Yet, the presence of the highly
conductive plate allows maintaining a lower maximum tempera-
ture. This maximum temperature remains quasi constant during
most of the time of discharge. The results, obtained with the same
boundary conditions as previously, are shown in Fig. 7. We gath-
ered in this figure the temperature distribution on the battery cell
surface with or without the metallic plate covering the cell sur-
face, at the end of the discharge. 14.4% of the battery cell sur-
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Fig. 5. Temperature distribution on the surface of the battery cell at the end of discharge (at a rate of 5C), (a) experimental and (b) numerical results. (c) Example of image
for the IR camera. (d) Experimental and numerical voltage as a function of time.
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Fig. 6. Temperature maps on the surface of the battery cell as a function of the depth of discharge (DOD) for (a) the reference case when the DOD goes from 5% to 75%, (b)
the reference case when the DOD is 100%, and (c) for a 5-branches canopy-to-canopy design.

coolant. In Fig. 8 the fluid volume was decreased compared to the
initial canopy-to-canopy coolant volume. The search was continued

face remains above 35°C when the cooling system is without the
aluminum plate. As shown in Fig 7b, the maximum temperature

reached is 36.1°C, which is unacceptable. When the aluminum
plate is present, the battery cell surface attains a maximum tem-
perature of 32.9°C, a value below the threshold of 35°C (Fig. 7a).
In sum, the aluminum plate - or cold plate - is needed, as it con-
tributes efficiently to drive the heat emitted by the battery cell to-
ward the fluid, facilitating the heat extraction.

4.3. Toward lighter structures

The route towards efficient and cheap solutions consists in sev-
eral paths. The objective here is to maintain the battery cell be-
low the threshold temperature value, while decreasing the amount
of fluid and reducing the power of the pump that circulates the

as long as the maximum temperature obtained does not go above
the maximum temperature of the initial configuration (Fig. 8a and
¢). Note that the constructal hydraulic diameter ratio was main-
tained constant. The maximum volume decrease allowing respect-
ing the maximum temperature constraint is 45% (Fig. 8b and d).

4.4. Efficiency

The heat transfer rate generated during the discharge of the
battery cell ¢ is calculated from an energy balance within a con-
trolled volume represented by the cell.

JaT . .
MyCh 5 = MCp s (Tn — Toue) + 4 (13)
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Fig. 7. Temperature distribution on the battery cell surface with a 5-branches
canopy-to-canopy design (a) with aluminum frame and (b) without frame, at the
end of discharge.
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Fig. 9. Heat generation rate and enthalpy flow for 0.3 g/s and 1 g/s.

The term on the left-hand side of the Eq. 13 represents the rate
of heat stored within the battery of mass m;, and heat capacityc,.
Note that T is the average temperature of the entire battery. The
first term on the right-hand side is the heat exchanged with the
ambient. In this work, because the battery cell surface is adiabatic
except on its face in contact with the cooling system, the heat ex-
changed with the environment corresponds to the enthalpy flux
extracted by the fluid in the cooling system.
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The heat generation rate is plotted in Fig. 9 as a function of
time together with the enthalpy flow changes. In addition to the
case with a mass flow rate of 0.3 gfs, the configuration with
m =1 g/s and 2 g/s were also considered. The canopy-to-canopy
design is based on 5 branches. At the start of the discharge pro-
cess, the abrupt voltage change leads to a steep increase in the
heat exchanges, and none of the cooling systems is able to ex-
tract the generated heat entirely. The same situation happens at
the very end of the discharge process. The cooling system with a
mass flow rate of 0.3 g/s has a stronger inertia, and it is only af-
ter 500 s, or 70% of the time of discharge, that the heat extracted
curve matches the heat generated one. This lasts about 14% of the
time of discharge. Increasing the mass flow rate allows to match
the heat generation rate during 70% of the discharge time when
m = 1 g/s. A higher mass flow rate, such as 2 g/s leads to a better
match, and the obtained surface cell temperature reduces around
23.5 °C. Yet, this comes with increasing pumping power.

Next, the energy associated to the heat generation rate was
determined, and the system efficiency ¢ was calculated. Effi-
ciency is defined as the ratio of energy extracted by the cool-
ing system, and energy produced by the battery cell. Plotted in
Fig. 10 is the efficiency as a function of the pumping power re-
quired to push the coolant. In this figure, the pumping power
was non-dimensionalized as W /W We gathered the results
obtained for branches going from 3 to 20 in the canopy-to-
canopy designs, while keeping the fluid volume constant to-
gether with the inlet temperature value and the mass flow rate
of 0.3 gfs.

The temperature distribution on the battery cell surface at the
end of the discharge can be found in the Appendix for all the
different numbers of parallel branches. Fig. 10 gives an overview
of the ability of the cooling system to extract the heat gener-
ated by the battery cell during the discharge process and the
corresponding pumping power required. The thermal efficiency of
the canopy-to-canopy designs is superior to the efficiency of the
reference case. During the discharge process the reference cool-
ing system is able to extract 55% of the generated heat, while
the canopy-to-canopy architectures have a thermal efficiency of
80%. This comes at the price of an increased pumping power as
the non-dimensional pumping power goes from 0.3 in the ref-
erence case to 0.51 for a canopy-to-canopy configuration with 5
branches. Architecture with 3 branches has an equivalent thermal
efficiency as the other canopy-to-canopy architectures but requires
more pumping power to overcome the friction losses (20% as com-
pared to 5 branches). Increasing the number of branches above 7
(while keeping the fluid volume constant) results in a strong in-
crease in pumping with almost no improvement in the thermal
efficiency.
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Fig. 11. Temperature distribution on the 50 V battery pack with 5 branches canopy-
to-canopy architecture.

5. Conclusion

This work documented a solution for the thermal management
of battery cells in electric vehicles based on a constructal canopy-
to-canopy configuration approach. The main findings are as fol-
lows:

- Architectured networks made of canopy-to-canopy trees assem-
bly use less fluid, while being as thermally efficient as a plain
volume cooling system. This remains true even with a mini-
mum mass flow rate.

Such networks can extract most of the heat generated by a bat-
tery cell during discharge and maintain the battery cell temper-
ature below a critical temperature value.

A point of diminishing return exists when increasing the num-
ber of branches in parallel within the canopy, while maintain-
ing the total volume of fluid constant. Above 7 branches in par-
allel, the overall pressure losses generate an increase in pump-

27.5-31.2°C

¥ 4

27.5-31.2°C

21:5:31:22C i

Fig. A1. Temperature maps for the battery cell surface having, (a) 3 branches, (b) 5 branches, (c) 6 branches, (d) 7 branches, (e) 10 branches, and (f) 20 branches canopy-to-
canopy design.
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ing power without leading to additional thermal improvement.
The configuration with 5 branches appears to be the most in-
teresting one with high thermal efficiency and low pumping
power among the canopy-to-canopy architectures.

Finally, Fig. 11 is an illustration of the temperature distribu-
tion that can be obtained at the scale of the battery pack with 5
branches canopy-to-canopy architectures inserted between each of
the 14 battery cells of the pack. The temperature distribution in-
dicates that the maximum temperature attained is 32.9 °C, which
satisfies the maximum temperature criterion.
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APPENDIX: Thermal comparison of various canopy-to-canopy
flow architectures

The canopy-to-canopy cooling systems are made of 3 to 20
branches. In each case, the ratio of hydraulic diameter follows
the methodology developed in Section 2. The total fluid volume
(7640 mm3, Table 1) is identical in each case, together with the
boundary and initial conditions (T;, = 20 °C and m = 0.3 g/s). The
temperature distribution at the surface of the battery cell is re-
ported in Fig. A1, while Fig. A2 gives the temperature distribution
within the fluid domain.
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Fig. A2. Temperature distribution on the canopy-to-canopy flow architectures with (a) 3 branches, (b) 5 branches, (c) 6 branches, (d) 7 branches, (e) 10 branches, and (f) 20

branches.

The results shown in Figs. A1 and A2 correspond to the end
of the discharge process. The temperature distribution at the sur-
face of the battery cell appears to be relatively insensitive to the
number of branches in parallel (Fig. A1). The main difference can
be noticed at the bottom left corner of the cell, which means the
furthest distance of both the inlet (top left corner) and the outlet
(bottom right). In this region the surface of the cell experiencing
the highest temperature values slightly increases with the number
of branches. This comes in conjunction with the fluid temperature
distribution as shown in Fig. A2.
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