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Thermal management system for air-cooled battery packs with 
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H I G H L I G H T S  

• P3D thermal model is documented for a cell and validated through experiments. 
• Results of cell and module level simulations and experiments are documented. 
• The cooling performance can be improved by inserting spoilers. 
• Staggered layouts yield better thermal performance relative to inline arrangements. 
• Parasitic power consumption and cooling performance of designs are documented.  

A R T I C L E  I N F O   

Keywords: 
Battery thermal management system 
P3D model 
Temperature uniformity 
Forced air convection 
Cylindrical lithium-ion battery 
Winglets 

A B S T R A C T   

Lithium-ion battery packs are preferred in electrical vehicles (EVs) due to their efficient and stable character
istics. Battery thermal management systems (BTMS) have vital importance in EVs to keep batteries in the desired 
temperature range to maximize performance and lifetime. BTMS with air cooling is simpler and lighter relative to 
competing methods; however, low thermal conductivity and heat capacity of air necessitate thermal performance 
and pressure drop adjustments. This work offers a novel design method for cylindrical cells by evaluating the 
effect of various baffles (cylindrical, triangular, diamond and winglet) on the cooling performance and pressure 
drop of an air-cooled battery module with 12 21700 cylindrical cells. Thermal characteristics are simulated by 
the electrochemical-thermal battery model, the P3D multiscale model (modelling parameters for a commercial 
21700 cell are documented) in COMSOL Multiphysics 5.5 and their accuracy is validated by experiments. As a 
result, baffles reduce the maximum temperature and temperature difference by 5% (1.8 ◦C) and 40% (1.7 ◦C), 
respectively, consuming 3.5 times more power than the base design. Delta winglets offer the optimum solution, 
reducing the maximum temperature and temperature difference by 2% (0.6 ◦C) and 15% (0.7 ◦C), respectively, 
with a 44% (0.12 W) rise in parasitic power consumption.   

1. Introduction 

Recently, due to climate change, electrical and hybrid vehicles (EVs 
and HEVs) have gained tremendous importance in recent years, as they 
are the cleanest options in terms of global warming emissions [1,2]. In 
addition, many vehicle manufacturers have announced that they will 
not produce internal combustion engine vehicles soon (i.e., 2030). 
Therefore, the importance of EVs and HEVs has increased exponentially, 
which has paved the road for the basis for numerous academic studies on 
the efficiency and sustainability of electric vehicles. Since the efficiency, 
cost and lifespan of EVs are affected greatly from the batteries [3], the 
literature has many studies on improving the performance, longevity 

and safety of cells and battery packs. In addition, EVs require batteries 
that do not suffer from memory effect as regenerative braking causes 
sporadically changing charge/discharge cycles while driving. Briefly, 
EVs and HEVs require batteries with low self-discharge rates and high 
energy density that are not suffering from the memory effect. Hence, the 
prominence of lithium-ion batteries is self-evident compared to other 
types of batteries [4]. 

However, the internal structure of lithium-ion batteries is affected by 
side reactions and these reactions depend on temperature [5]. Due to 
side reactions, irreversible and critical phenomena such as dendrite 
growth, available capacity retention, accelerated aging effects and 
thermal runaway (TR) may occur [6]. Internal changes or external im
provements can slow down these side reactions. As for the internal 
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alterations, manufacturers can use more reliable and less pollutant 
materials to increase thermal and electrochemical stability of cells or 
adopt some additives to improve these features of battery materials. 
Since electrolytes predominantly participate in chemical reactions, their 
interactions between cathode and anode materials are as important as 
the ionic conductivity and stability of the material. Electrolytes that are 
less prone to catching fire, not creating lithium plating and forming 
stable solid/cathode electrolyte interface (SEI/CEI) layers are the goals 
of safe battery operation [7]. Highly-saturated electrolytes can inhibit 
the reactions between organic materials and electrodes which improves 
stability [8]. Self-healing materials can extend the lifecycle and enhance 
the ability to survive the mechanical damage of a battery [9]. Also, the 
performance of solid electrolytes, which is a promising option for safe 
batteries, can be increased by distinct additives [10]. Another method 
for mitigating TR is improving thermal and chemical stability of cathode 
materials, as they release a significant amount of oxygen in case of 
decomposition [11]. In addition, nickel-rich cathode compositions are 
important as they contribute to the commercialization of lithium metal 
batteries and offer a cleaner and cheaper alternative for cobalt 

compounds [12]. Ultimately, the chemical and physical properties of 
anode materials also affect battery safety. Alongside the flammability of 
carbon compounds in the anode, it affects safety by having unstable 
thermal characteristics and a weak SEI layer. Stable carbon structures 
[13], coatings and electrolyte additives creating robust SEI films are 
studied to overcome such bottlenecks [14]. 

In addition to the material research, improved operating conditions 
significantly affect health, safety and longevity of batteries. The tem
perature range between 20 ◦C and 40 ◦C is a safe operating zone for 
lithium-ion batteries [15]. Additionally, uniform temperature distribu
tion in a battery pack is another objective that needs attention because 
of the aging characteristics of batteries heavily depend on temperature 
[16]. Briefly, over-charge and over-discharge may lead to dendrite 
growth and anode current collector dissociation [17]. Hence, all the 
cells in a pack must operate in a temperature range that does not exceed 
5 ◦C to avoid over-charging or over-discharging [16–18]. 

For these reasons, under an operation where batteries are stacked 
together to work under aggressive charge/discharge cycles, EVs and 
HEVs require thermal management (BTMS) and battery management 

Nomenclature 

A polynomial coefficients 
as effective surface area [m− 1] 
c lithium concentration [mol m− 3] 
dcan thickness of battery casing [mm] 
Cμ turbulence model constant 
Cε1 turbulence model constant 
Cε2 turbulence model constant 
Cp specific heat capacity [J kg− 1 K− 1] 
D diffusion coefficient [m2 s− 1] 
Dhydraulic hydraulic diameter [m] 
Eeq equivalent potential [V] 
f friction factor 
f± molar salt activity coefficient 
F Faraday constant [C mol− 1] 
h convective heat transfer coefficient [W m− 2 K− 1] and 

battery height [m] 
i0 reference exchange current density [A m− 2] 
i current density [A m− 2] 
Iapp applied current to battery [A m− 2] 
jLi+ reaction current density [A m− 2] 
k thermal conductivity [W m− 1 K− 1 ] or turbulent kinetic 

energy [m2 s− 2] 
lT turbulent length scale [m] 
LT characteristic length [m] 
L battery layer length [μm] 
Nbatt number of batteries 
N number of data points 
Nu Nusselt number 
Pout and Pinoutlet and inlet pressure [Pa]Pk outlet and inlet pressure 

[Pa]Pkproduction number 
Pfan fan power consumption [W] 
PVol volumetric power efficiency [W l− 1] 
Q heat generation rate [W m− 3] 
r radius [m] or [μm] in electrochemical model 
rp particle radius [μm] 
R universal gas constant [J mol− 1 K− 1] 
Re Reynolds number 
SoC state of charge 
Sx and SLbattery distance in flow direction [mm]Sy and STbattery 

distance in transverse direction [mm]t0+ battery distance 

in flow direction [mm]Sy and STbattery distance in 
transverse direction [mm]t0

+transference number 
T temperature [◦C] 
U0 inlet velocity [m/s] 
x coordinate and cathode SoC 
y anode SoC 

Greek letters 
α transfer coefficient 
β Bruggemann tortuosity coefficient 
δ cell-to-cell distance [mm] 
δ mean absolute error between simulation and experiment 
Δ nabla operator 
ΔT temperature difference [◦C] 
ε volume fraction rate and turbulence dissipation rate [m2 

s− 3] 
η overpotential [V] 
κ ionic conductivity [S m− 1] 
μ kinematic viscosity [m2 s− 1] 
ρ density [kg m− 3] 
σ electronic conductivity [S m− 1] 
σk turbulent flow constant 
σε turbulent flow constant 
Φ potential [V] 

Subscripts and Superscripts 
amb ambient conditions 
batt battery 
eff effective 
in inlet 
irr irreversible 
l liquid state 
neg negative electrode 
ohm ohmic 
out outlet 
pos positive electrode 
rev reversible 
s solid state 
sep separator 
tang tangential 
tot total 
T turbulence  
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(BMS) systems to ensure safety and increase efficiency in vehicles. 
Briefly, battery management strategies involve the state of health/ 
charge estimations [19–21] and adaptive control systems [22,23]. 
BTMSs deal with cell placements, cooling strategies and cooling opti
mizations. Pesaran et al. [3] studied the possible cooling methods for EV 
applications by evaluating their properties and limitations. BTMSs can 
be classified based on their cooling techniques, namely passive and 
active cooling. Air cooling, liquid cooling and immersion cooling are 
active, and heat pipes, PCM and natural convection are passive methods. 
There are also various hybrid systems which combine active and passive 
methods. 

The active methods intrinsically are the most effective ones. For 
example, air cooling offers lightweight and straightforward designs. 
Without extra channels or jackets, as required in liquid cooling, the 
maintenance and manufacturing costs of air-cooled BTMS are relatively 
low [24]. However, because of the lower heat capacity and thermal 
conductivity of air, the cooling performance of these systems is not 
efficient for high C-rates. Hence, air cooling applications are favorable 
for EVs with short-range and low power output [25]. 

Air-cooled BTMS literature focuses on optimizing parameters to 
enhance cooling performance and temperature uniformity. Varying flow 
characteristics, altering manifold design and re-organizing cells are 
some methods available in the literature. With the consideration of low 
thermal conductivity and heat capacity of air, cooling design optimi
zations by varying airflow characteristics is a mandatory option as it 
compensates these downsides. However, these alterations may have side 
effects, such as pressure drop, power consumption and noise [26]. 
Sabbah et al. [27] compared the phase change material (PCM) and the 
air cooling for a pack and found that air cooling in the laminar region is 
inadequate when the ambient temperature is 45 ◦C. Mahamud et al. [28] 
adopted a novel airflow strategy and it decreased the temperature 
gradient by 72% and the contribution of cell arrangements to the cooling 
was 10%. Saw et al. [15] experimentally and numerically investigated 
the cooling performance of a battery pack. They reduced the maximum 
temperature and temperature difference by 37% and 66%, increasing 
the fan power by 0.6 W. Chen et al. [29] compared the cooling perfor
mance of air cooling, fins, cold plate and direct liquid cooling by 
comparing battery temperature and pressure drop data. Their results 
show that air cooling consumes more power than others to provide an 
equal heat rejection for the considered cases. Yu et al. [30] experi
mentally optimized the axial air cooling method for a battery pack with 
66 cylindrical cells by varying the flow rate. The literature shows that 
alongside the power consumption, cooling performance limits the op
timum flow rate as its effectiveness gradually decreases. 

Altering manifold design is an option in favor of achieving uniform 
air distribution among cells, as equally distributed air to each cell is 
another objective for air-cooled BTMSs [24]. In addition, repositioning 
of inlet and outlet significantly affects cooling performance [31]. Using 
numerical methods, Xie et al. [32] employed an orthogonal array testing 
technique to understand the effect of inlet/outlet widths and angles. The 
best design yielded 13% lower maximum temperature and 30% more 
uniform temperature gradient than the base design. Shahid et al. [33] 
extended the inlet to provide extra air to the hotspots by changing air 
direction with inserted planes. This yielded 8% better cooling with 25% 
more uniform temperature distribution than their base design. Na et al. 
[34] decreased the temperature gradient by 47% and the maximum 
temperature by 2.7 ◦C with a configuration of two inlets on opposite 
sides. Jiaqiang et al. [35] reduced 26% of the maximum temperature by 
changing inlet and outlet positions and inserting baffles. Jilte et al. [36] 
improved the cooling performance of a pack by locating each module in 
a confined air channel, which reduced the maximum temperature by 
around 18%. Zhou et al. [37] introduced a design where air was injected 
into the battery pack through perforated pipes and it yielded the desired 
performance even at 5C discharge rate. 

Cell arrangements are necessary for acquiring volumetric power ef
ficiency and cooling improvements. Furthermore, the pressure drop is 

another variable that needs attention while changing cell layouts. Goc
men et al. [38] optimized the mass flow rates in between batteries by 
varying cell positions based on constructal theory [39] and it reduced 
the maximum temperature and temperature gradient by 60% and 97%, 
respectively. Yang et al. [40] compared the cooling performances of 
staggered and inline layouts and they documented that inline alignment 
yields better performance in terms of temperature gradient. In contrast, 
the staggered design reduces the maximum temperature the most. Lu 
et al. [41] investigated the effect of various flow rates and cell distances 
on the thermal performance of a battery pack with 252 cells. While the 
former reduced the maximum temperature by 26%, the latter decreased 
it by 35%. Yang et al. [42] designed a system which acquired a 47% 
more homogenous temperature gradient and 16% lower maximum 
temperature with a loss of 27% space efficiency and this design 
consumed 95% less parasitic power. Han et al. [26] numerically inves
tigated required volume flow rate of a battery pack for various scenarios 
and they documented the effect of winglet parameters on the cooling of 
prismatic cells. As a result, they explained the limitations of air-cooling 
systems and the effectiveness of winglet vortex generators. 

In conclusion, in air-cooled BTMS literature, many studies focus on 
cooling improvements by optimizing cell arrangements, flow charac
teristics and manifold designs. However, as interpreted from those 
studies, the effect of these alterations is limited by power consumption 
and space efficiency. In addition, as a result of these applications, un
used air regions can still be seen, causing some cold air to leave the 
chamber without absorbing heat. Also, there is a scarcity of studies 
investigating the effectiveness of baffle structures, which is a universal 
application in heat exchangers. Therefore, flow-disturbing structures 
can significantly improve the cooling performance when combined with 
other techniques. This paper analyses the effect of several flow- 
disturbing structures (cylindrical/triangular/diamond shaped spoilers 
and vortex generators) on the cooling performance of a module con
sisting of 12 cylindrical lithium-ion cells. Initially, a module consisting 
of 6 cells in a 2P3S connection was simulated by utilizing a P3D 
electrochemical-thermal model of lithium-ion cells. Then, an experi
ment was conducted to validate the accuracy of the battery module 
simulation. Finally, the thermal effectiveness of several design layouts 
was assessed with a 3D CFD simulation of a battery module with 12 cells 
connected in a 6S2P arrangement. In conclusion, thermal performance 
of several distinct approaches has been compared via numerical simu
lations, where the maximum temperature, temperature uniformity and 
pressure drop data are documented. 

2. Model and method 

This study aims to acquire a reliable simulation for a battery module 
including a dozen cells to enhance the cooling performance. For this 
purpose, experiments are conducted to validate the cell and module 
level simulations. In the experiments, six cells connected with 2P3S 
layout are placed in a plexiglass shell with airflow supplied by an AC fan. 
The simulations comprise 3D turbulent airflow and heat transfer 
coupled with a 1D electrochemical-thermal battery model. While a 
stationary solver is used for uncovering the flow field, heat transfer and 
battery models are solved by a time-dependent solver in COMSOL 
Multiphysics 5.5. Inlet velocity and temperature are 1.6 m/s and 20 ◦C 
and the initial temperature of each component are equal to the inlet 
temperature, i.e. 20 ◦C. The cell is a commercially available 21700 cy
lindrical lithium-ion cell (capacity = 4200 mAh, maximum voltage =
4.2V and minimum voltage = 2.5V) [43]. The cell dimensions are given 
in Table 1 with descriptions. 

Battery cells are placed in staggered and inline alignments with 7 and 
15 mm cell-to-cell distances. Furthermore, distinct types of baffles (cy
lindrical, diamond, triangle and winglet) are located in between the cells 
for inline design, detailed in the flow-disturbing structures section. The 
design layouts of inline and staggered designs are illustrated in Fig. 1 
(a–b). 
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2.1. Battery thermal model 

Designing an accurate heat generation model for a cell is vital for 
BTMS studies. Therefore, an electrochemical-thermal coupled model is 
used to uncover heat generation characteristics during discharge. 
Simplified models such as mapped heat release and equivalent circuit 
model yield an acceptable accuracy for the end of discharge with low 
accuracy in heat generation calculation during discharge. The electro
chemical model of the cell comprises mass conservation, charge balance, 
heat generation and electrochemical kinetics equations, which were 
defined by Fuller, Doyle and Newman [44]. 

This model solves the electrochemical part of the cell in a 1D domain 
where ion flux occurs in the x-direction, whose equations and boundary 
conditions are explained in Appendix A. Battery thermal model is 
created by adopting the P3D method. In the P3D model, internal 
structure of the cell is treated as a single material, the thermodynamic 
properties of which are calculated by averaging all properties of cell 
materials as in Equations (6), (7), (14) and (15). In addition, heat gen
eration is calculated as the average heat rate of active layers (anode, 
separator and cathode) of the cell, which is applied in the 3D model. 
Then, the volumetric average temperature of the 3D model is used as the 
temperature of the 1D model. The cell involves graphite anode, NCA 
cathode and LiPF6 in 3:7 EC/EMC as electrolyte. Aluminum and copper 
are the materials of positive and negative current collectors, respec
tively. All the material properties are given in Appendix A. 

2.2. Governing equations 

The flow is designated as incompressible turbulent since the Rey

nolds number exceeded 4000 in the inlet region (Re =

ρairU0Dhydraulic/μair). The previous studies in the literature used k-ε tur
bulent model and it showed good compatibility with simulations and 
experiments [35,40,42]. Hence, k-ε turbulent model is adopted in this 
study. The governing equations for fluid flow are [45]: 

ρ(∇ • U)ε=∇ •

[(

μ+
μT

σε

)

∇ε
]

+Cε1
ε
k
Pk − Cε2ρ ε2

k
(1)  

ρ(∇ • U)k=∇ •

[(

μ+
μT

σk

)

∇k
]

+Pk − ρε (2)  

ε and k are the dissipation rate and turbulent kinetic energy, respec
tively. The turbulent viscosity (μT) is calculated as in Equation (3) and 
the turbulence production (Pk) is calculated by Equation (4). 

μT = ρCμ
k2

ε (3)  

Pk = μT

[

∇U :
(
∇U +(∇U)

T)
−

2
3
(∇ • U)

2
]

−
2
3

ρk∇ • U (4) 

The boundary conditions (BCs) and initial conditions (ICs) of the 
problem are as follows:  

• Inlet: The air enters to the flow domain with: U0 = 1.66 m/s and 
Tin = 20 ◦C.  

• Outlet: The temperature gradient in the flow direction and pressure 
are zero at the outlet surface.  

• Walls: No-slip boundary condition imposed to all walls and top and 
bottom walls are adiabatic.  

• Initial conditions: The temperature of the entire system is 20 ◦C at 
the initial time step.  

• Symmetry: Symmetry boundary conditions were attained to the side 
surfaces, as shown in Fig. 1. 

The model constants for turbulent flow are given in Table 2. 
The energy balance of a cell is described as follows: 

Table 1 
Structural properties of the cell.  

Parameter Value [m] 

Radius of the cell (rbatt) 1.05× 10− 2 

Radius of mandrel (rmand) 3× 10− 3 

Height of the cell (hbatt) 7× 10− 2 

Cell casing thickness (dcan) 2.5× 10− 4  

Fig. 1. Illustration of the module with 12 cells from the (a) top view and (b) 3D view. (c–d) Images of the distancing and how the cells are located in the simulation 
and experiment. 
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ρbattCpbatt
∂T
∂t

=∇(k∇T) + Qtot (5) 

The parameter k is the thermal conductivity of the cell material (cf. 
Eq. (14) and (15)), where ∇T describes the temperature difference be
tween the cell surface and the ambient. Moreover, ρbatt and Cpbatt are the 
bulk properties of active material, which are calculated as follows: 

Cpbatt =

∑

i
LiCpi

Lbatt
(6)  

ρbatt =

∑

i
Liρi

Lbatt
(7) 

The subscript i changes for current collectors, anode/cathode and 
separator. There are distinct sources of internal heat generation of a cell, 
which can be divided in parts as in Eq. (8): 

Qtot =Qrev + Qirr + Qohm (8) 

Reversible heat generation (Qrev) stems from the potential change of 
electrode with temperature, also called entropic heat generation. Irre
versible heat generation (Qirr) occurs due to the over-potential demand 
of chemical reactions. Ohmic heat (Qohm) is generated due to the po
tential differences between solid and electrolyte domains. All heat 
generation terms are described in the following equations: 

Qrev = jLi+T
∂Eeq

∂T
(9)  

Qirr = jLi+( φs − φl − Eeq
)

(10)  

Qohm = il

(
∂φl

∂x

)

+ is

(
∂φe

∂x

)

(11)  

il =

(

κeff ∂Φl

∂x
+

2RTκeff

F
(
t0
+ − 1

)
(

1+
d ln f±
d ln cl

)
∂ln cl

∂x

)

(12)  

is = σeff
s

∂Φs

∂x
(13)  

where is and il correspond to current density in solid and liquid phases, 
respectively. In addition, the thermal conductivity of the jelly roll (the 
active part that generates heat) is calculated as in Equations (14) and 
(15): 

kr =
Lbatt
∑

i

Li
ki

(14)  

kz = kθ =

∑

i
Liki

Lbatt
(15) 

The heat generation term is corrected as in Equation (16) before 
attaining it to the model. On the right-hand side of Equation (16), the 
first term describes the average heat generation of the anode, separator 
and cathode. Therefore, the second term represents the fraction of heat- 
generating layers and total cell length. The third term expresses the ratio 
between the jelly roll and the total cell volume. 

Qtot,3D =Qtot,1D
Lneg + Lsep + Lpos

Lbatt + LAl,cc + LCu,cc

[
(rbatt − dcan)

2
− r2

mand

]
[hbatt − 2dcan]

[r2
batt − r2

mand]hbatt

(16)  

2.3. Experimental setup 

Two experiments are documented in this study to validate numerical 
simulations. Initially, a single cell was discharged with 0.1C, 1C, 3C and 
5C by an electronic load (BK Precision 8614), where the cell was in 
natural convection condition with an ambient temperature of 20 ± 1 ◦C. 
Temperature (by K-type thermocouples) and voltage data were collected 
with a data logger (Hioki HiLOGGER LR8431). With the data of the 
single-cell experiment, a 1D electrochemical-thermal model of a cylin
drical li-ion cell with NCA cathode, graphite anode and liquid electrolyte 
(Molicel 21700 INR P42A) was created by adopting some parameters 
from the literature and curve fitting several parameters based on the 
single-cell discharge data acquired from experiments. 

Another experiment was carried out to validate the module level 
cooling simulation. First, a module was manufactured from plexiglass 
and three layers of honeycomb structures were placed to mimic the air 
manifold characteristics in the application. In the experiment, 120 mm 
× 120 mm AC fan supplied air to the 120 mm × 70 mm module. The 
experimental setup is shown in Fig. 2. 

In Fig. 1(c–d), the distancing and how the batteries are located 
during the experiments can be seen. For experiments and the simulation, 
the distances between batteries are ST = SL = 10 mm. During the ex
periments, batteries were discharged with 3C for 1086 s, where the cut- 
off voltage is in accord with the supplier data, 2.5 V. The pack voltage 
and a single cell voltage were measured and recorded during the 
experiment. Temperature values were measured from the middle surface 
of batteries with K-type thermocouples. In addition, the inlet air tem
perature was also measured during the experiments and it was 20 ±
0.5 ◦C. 

2.4. Numerical simulations 

All numerical solutions were simulated by COMSOL Multiphysics 
5.5. The convergence criterion of turbulent flow is 10− 4 and those of 
battery simulation and heat transfer are 10− 5 and 10− 6, respectively. 
During the pack level simulations, turbulent flow and heat transfer 
modules are coupled with 1D lithium-ion battery module in COMSOL 
Multiphysics 5.5. Electrochemical and thermal models were simulated 
in a time-dependent manner, whereas fluid flow was solved as a steady- 
state due to time-independent characteristics of the fluid flow in the 
considered conditions [46]. 

The single-cell simulation is used to validate the battery thermal 
model which includes a cylindrical cell with busbars. While solving the 
single-cell model, 6 W

m2K heat transfer coefficient is attained to the cell 
surface, which is an approximated value for natural convection [47]. 
The time step is taken as 1 s while solving heat transfer and battery 
models with a segregated solver, which solves the battery equations 
given in Appendix A firstly and energy equations secondly. 

The experimental setup and the numerical simulations have the same 
dimensions. Six cells are in the middle of the cooling channel which is 
120 mm in width and 70 mm in height. The inlet and outlet ports of the 
model are extended by 20 mm and 150 mm, respectively, to acquire 
developed flow characteristics during the solution. Lastly, all heat 
transfer enhancements are performed on a module level simulation 
consisting of 12 cells connected in a 2P6S arrangement. These en
hancements involve changing cell-to-cell distances and the addition of 
spoilers. 

For the spoilers, cylindrical structures with various dimensions are 
inserted between half of the cells in the module. Cylindrical spoilers 
were chosen as they mildly change the flow direction like the staggered 

Table 2 
Model constants of the turbulent flow model.  

Constant Value 

Cμ 0.09 
Cε1 1.44 
Cε2 1.92 
σε 1.3 
σk 1.0 
U0 1.66 m/s 
p0 0  
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design. However, unlike staggered designs, cylindrical spoilers were 
thinner than the cells and placed in an anti-symmetrical pattern to focus 
on improving airflow near the hot spots. Then, diamond and triangle- 
shaped spoilers that fit into the largest cylinder are inserted to find 
out how unused air regions can be diminished. Delta winglets are used 
since they were the most effective ones in the literature [48]. In addi
tion, the centroid of cylindrical, triangular and diamond-shaped spoilers 
is located equidistantly from adjacent cells, but winglet positions are 
adapted from Lemouedda’s study [49]. In Fig. 3, spoiler shapes and their 
locations are illustrated. To save computational cost, symmetry 
boundary conditions were employed. These simulations conducted for 
several alignments, spacings and flow-disturbing structures, results of 
which are documented in the results section. 

All designs illustrated above involve 12 cells in total and the inlet 
velocity of air was 1.66 m/s. The volumetric power densities were 
calculated to compare the efficiency of each design, calculated as in 
Equation (17), where Nbatt represents the number of batteries. In addi
tion, the heat transfer performance coefficient, adopted from Ghobadi’s 
study [50], was used to have a clear understanding of the heat transfer 
enhancement and pressure drop variation of each design, which is given 

in Equation (18): 

PVol =
12 × 4.2

Sy×hbatt × (Nbatt − 1) × Sx
(17)  

Nub/Nu
(

fb
/

f
)1/3 (18)  

3. Results and discussion 

Simulation results and validation processes are documented in this 
section. In addition, the cooling performance of various designs for 
lithium-ion battery modules with 12 cells is documented and compared. 
The module discharge rate is 3C and design improvements were made by 
changing cell-to-cell distances and inserting spoilers. To understand the 
effect of spoilers on thermal efficiency, first, the module level simula
tions were conducted for several cell distances without baffles. Then, 
several cylindrical structures with 6 mm diameter were inserted be
tween the cells, especially near those with relatively higher average 
temperatures. There are several sizes of cylindrical baffles and the most 

Fig. 2. (a) Computer for data interpretation, (b) power supply (GW Instek PSH 2018a), (c) electric load (BK Precision 8614), (d) the module with fan, (e) data 
acquisition centre (Hioki HiLOGGER LR8431), (f) the module side view without connections. 

Fig. 3. The illustration of (a) cylindrical spoilers and (b) winglets in 3D view. Placements of (c) diamond, (d) triangular, (e) cylindrical and (f) winglet type spoilers 
from top view. (g) Dimensions of winglet structure. 
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effective one is the spoiler with a 15 mm diameter. Therefore, escribed 
circle diameters of triangular and diamond-shaped spoilers were set to 
15 mm as well. Furthermore, winglets are symmetrically located on the 
top and bottom walls and their lengths and angles were varied to find the 
best option. The range for angles were 15◦–75◦ and winglet lengths were 
varied between 10 mm and 35 mm. 

3.1. Experimental and numerical validation 

As expressed in Appendix A, several battery parameters were curve 
fitted in order to supply the required data to the battery model. For this 
reason, a single-cell experiment and its simulation were used to validate 
the battery thermal model. The single-cell model was simulated with 
COMSOL Multiphysics 5.5 and subjected to a mesh refinement study 
between 10 × 103 and 300 × 103 elements. However, since there was no 
significant dependency on a mesh structure, a mesh structure with 
48000 elements was used. 

The cell was discharged with 0.1C, 1C, 3C and 5C in numerical 
simulations as well as experiments. In numerical studies, average surface 
temperature of the cell was compared with the average temperature of 
three distinct points in experiments (top, middle and bottom). Fig. 4 
documents the temperature and voltage curves of various C-rates for 
both numerical simulations and experiments. It can be seen from the 
figure that the discrepancies between simulation and experiments in
crease as the discharge rate increases. While the maximum temperature 
and voltage differences between the simulation and experiment are 
3.14 ◦C and 0.25 V for the 3C discharge rate, they become 5.6 ◦C and 0.6 
V for 5C. 

The channel dimensions where the cells are located are identical in 
module level simulations and experiments. First, a mesh independency 
test was conducted by varying the mesh sizes to uncover how many 
numbers of mesh elements are required for mesh-independent simula
tion results. The deviation of the results for various mesh element sizes 
are given in Table 3. 

According to the results of grid independency, Table 3, 3.7× 105 

elements were used in simulations, as it yields acceptable relative error 
with the minimum number of mesh elements. The pack was discharged 
with 3C (25.2 A) for 1120 s. Temperature and voltage curves of simu
lations showed a similar trend with experiments with a few fluctuations. 
Fig. 5 demonstrates the pack voltage and surface temperature curves of 
both module level simulation and experiment. Furthermore, the air 
velocity was measured at several points in experiments by a hot wire 
anemometer (Testo 435). Its probe was kept at specific points for 1 min 
to measure time-averaged velocities. The velocity comparisons between 
the simulation and experiment are given in Table 4. 

The results show that the battery model and flow simulation are 

viable for pack simulations. For this reason, the cooling performance of 
battery packs will be investigated and enhanced for the rest of this study. 
In addition, another mesh refinement study was conducted for the 
module with 12 cells and it is tabulated in Table 5. Since its errors were 
acceptable, the mesh structure around 7 × 105 elements was used. 

3.2. Experimental accuracy and reproducibility 

Experiments were conducted to observe how air temperature and 
discharge rate affect the results. Furthermore, 3C discharge case and the 
base case were repeated three times on distinct days to understand the 
experimental accuracy and reproducibility of experiments. Experi
mental and simulated cases are entitled as Ex1-5 and Sim1-3, respec
tively. Ex1 to Ex3 represent the repetition experiments in distinct days 
with 3C at 20 ◦C and Ex4 and Ex5 stand for 3C discharge rate at 25 ◦C 
inlet temperature and 1C discharge rate at 20 ◦C temperature, 
respectively. 

All the cases mentioned above were compared with simulations of 
the same variables. The comparison was made by calculating mean 
absolute errors between simulations and experiments, cf. Equation (19). 
In addition, Ex1-3 were compared with each other. Since six distinct 
temperature data were collected from batteries, the errors associated 
with them were calculated individually. The arithmetic mean of these 
values was used to acquire an overall understanding. 

δ=

∑N

1

|Tsim − Texp|
Texp

× 100

N
(19)a 

Table 6 documents the mean absolute error between experiments 
and simulations. According to the table, the maximum error for 

Fig. 4. The comparison of experimental and simulation temperatures and voltages for the single-cell model.  

Table 3 
Effect of the number of mesh elements on surface temperatures.  

Number of 
elements 

Taverage,1 Taverage,2 Taverage,3 Taverage,4 Taverage,5 Taverage,6 

◦C ◦C ◦C ◦C ◦C ◦C 

158936 37.685 40.875 41.290 37.717 40.801 41.283 
217448 36.881 40.138 40.946 36.906 40.053 40.919 
304627 36.754 40.391 41.021 36.794 40.330 40.994 
371380 37.193 40.237 40.634 37.175 40.245 40.597 
1148084 37.248 40.118 40.516 37.252 40.123 40.492 
Number of 

elements 
ErrorT ErrorT ErrorT ErrorT ErrorT ErrorT 

% % % % % % 
158936 – – – – – – 
217448 2.13 1.80 0.83 2.15 1.83 0.88 
304627 0.344 0.63 0.18 0.30 0.69 0.18 
371380 1.19 0.38 0.94 1.03 0.21 0.96 
1148084 0.148 0.294 0.29 0.20 0.30 0.26  
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experiment-to-experiment comparisons is 7.5%. That is caused by fluc
tuations (2 ◦C) in the ambient conditions where the experiment was 
conducted. Measurement errors also cause this divergence between 
identical experiments. Since this study mainly focuses on thermal 

management improvements, theoretical and experimental values 
following the same trend with an accuracy of >90% are considered to be 
adequate to ensure the reliability of the model. As mentioned in the 
experimental and numerical validation section, the error between the 
simulation and experiment increases as the discharge rate increases. 
Therefore, the error between the experiment and simulation is the 
lowest at 1C, given in Table 6. 

3.3. Cell distances 

Cell-to-cell distances (δcell) were investigated for both staggered and 
inline layouts. As the distance between cells increases, temperature 
uniformity improves, but it does not affect the maximum temperature 
significantly, as shown in Table 7. Even though spacious design contains 
more volume flow rate than congested designs, they cannot provide 
better cooling because of unused air regions. 

The temperature contours are generated from the cross-section plane 

Fig. 5. Voltage (a) and temperature curves of B4(b), B5(c) and B6(d) in module-level simulation(solid) and experiment(dotted).  

Table 4 
Velocity measurements of simulation and experiment.  

Measuring point Simulation (m/s) Experiment (m/s) 

Inlet 1.629 1.65 
Outlet 1.63 1.61 
P1 (Fig. 1(d)) 3.55 3.83 
P2 (Fig. 1(d)) 3.2 3.58  

Table 5 
Grid independence of battery module with 12 cells.  

Number of elements Taverage,1 Taverage,7 Taverage,12 Taverage,outlet 

◦C ◦C ◦C ◦C 

632410 34.190 36.206 38.256 32.502 
704124 34.182 36.411 38.291 32.442 
1021844 34.366 36.283 38.344 32.470 
1337197 34.366 36.283 38.344 32.477 
Number of elements ErrorT ErrorT ErrorT ErrorT 

% % % % 
632410 – – – – 
704124 0.022 0.567 0.092 0.181 
1021844 0.538 0.351 0.138 0.085 
1337197 0 0 0 0.021  

Table 6 
Errors between experiments and simulations.  

Cases Error Cases Error 

δEx1− Ex2 1.3% δEx2− Sim1 6.42% 
δEx1− Ex3 5.9% δEx3− Sim1 3.1% 
δEx2− Ex3 7.45% δEx4− Sim2 2.26% 
δEx1− Sim1 5.3% δEx5− Sim3 1.47%  

Table 7 
Outcomes of various designs.  

Design Pfan (W) Tmax (◦C) ΔTmax (◦C) Power density 

Sx = Sy = 28 mm 0.27 38.3 4.12 281 W/l 
δcell = 7 mm 
Sx = Sy = 36 mm 0.095 38.2 2.54 172 W/l 
δcell = 15 mm 
Staggered 0.23 35.51 2.7 328 W/l 
δcell = 7 mm  

Cylinder D = 6 mm 0.44 38.03 3.8 
Cylinder D = 9 mm 0.54 37.78 3.6 
Cylinder D = 15 mm 0.89 37.14 2.92 
Square 0.82 36.91 2.75 
Triangle 0.98 36.6 2.5 
Winglet 10 mm 0.33 38.2 3.98 
Winglet 15 mm 0.37 37.8 3.6 
Winglet 20 mm 0.39 37.7 3.5 
Winglet 26 mm 0.45 37.8 3.6 
Winglet 35 mm 0.46 38.75 4.53  
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located 35 mm above the battery tabs. It can be interpreted from this 
section that air cooling mechanisms require improvements that increase 
the heat transfer coefficient between the cells and air. Many unused cold 
air regions can be found even in the 7 mm designs. Since this cold air 
leaves the cooling channel without absorbing heat, those designs have 
the potential for cooling improvement by mixing the coolant. 

3.4. Flow-disturbing structures 

Mixing the airflow with spoiler structures is an option for increasing 
the contribution of unused air regions. According to the simulation re
sults, the average temperature of the air after the sixth cell is greater 
than the entrance as expected due to the thermal boundary layer 
thickness increment. The heat transfer can be increased by changing the 
flow characteristics after the sixth cell. For this purpose, cylindrical 
blocks were placed between adjacent cells, as shown in Fig. 3. Based on 
Table 7, since cylindrical spoilers of 15 mm diameter yielded the best 
results regarding the temperature profile, other shapes were fitted inside 

a 15 mm cylinder, as detailed in Fig. 3. 

3.5. The effect of winglets 

Winglet design optimizations were conducted based on the angle of 
attack and winglet height. Since equal sizes of winglets were placed on 
both walls, their height could not exceed 35 mm, which corresponds to 
half of a cell. However, 70 mm winglets were placed on only one side for 
observation. Fig. 6 shows how winglet length and angle of attack affect 
the fan power consumption (calculated by Eq. (19)), maximum tem
perature and temperature gradient. 

Pfan =U0 × hbatt × Sy × (Pin − Pout) (19)b 

The efficiency of various heights was evaluated for the optimum 
angle (45◦). The right-hand side graph in Fig. 6 shows that power con
sumption gradually increases as winglet height increases. Therefore, 
according to the results, the optimum winglet has 20 mm height and 45◦

angle of attack which minimizes the maximum temperature and 

Fig. 6. Maximum temperature and temperature difference and parasitic power consumption changes over the angle of attack and length of delta winglet design.  

Fig. 7. Heat transfer performance coefficients, maximum temperature differences and peak temperature comparisons of all designs.  
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Fig. 8. Temperature (in ◦C) profiles of (a) inline alignment without spoiler (base), (b) winglet (optimum), (c) diamond, (d) triangular and (e) staggered align
ment designs. 
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maximum temperature difference with minimum parasitic power 
consumption. 

3.6. Overall thermal performance 

Each design can be compared clearly by adopting a performance 
parameter used in the heat exchanger literature. Ghobadi et al. [50] 
documents a performance parameter involving the Nusselt number and 
fanning friction factors, given in Equation (18). 

While Nub and fb describe the Nusselt number and friction factor of 
baffled designs, variables without subscripts stand for the base design. In 
this study, the average heat transfer coefficient was inserted instead of 
the Nusselt number and pressure drops were used instead of the friction 
factor. The performance of all enhancements was compared with the 
base design (inline alignment and δcell = 7 mm). In Fig. 7, maximum 
temperature, maximum temperature difference and heat transfer per
formance parameters of each design are given. Based on the graph, even 
though triangular baffles yield one of the best results in terms of tem
perature and temperature difference, the heat transfer performance of 
the triangular design is relatively low due to the high pressure drop 
associated with the design. 

On the other hand, winglet design layouts offer moderate cooling 
with heat transfer parameters closer to the base design than the trian
gular layout. Staggered battery alignment provides the best cooling 
performance with the lowest peak temperature and temperature dif
ference. Table 7 documents cooling performance and fan power con
sumption of the optimal designs. Triangle spoilers yielded the best 
cooling performance with a significant increase in parasitic power, 
which was 0.72 W higher than the base design. 

Furthermore, square and 15 mm cylinders offer a moderate cooling 
option. In addition, delta winglet vortex generators yielded efficient 
cooling performance with negligible surplus power consumption. Stag
gered battery packs offer the highest volumetric power density with 
better cooling performance than the inline alignment, as shown in 
Table 7. It offers 10% better cooling than the best design of the inline 
alignment. Volumetric power density of the staggered pack is 328 W/l, 
approximately 17% better than the inline alignment. In addition, fan 
power consumption of the staggered design is relatively low (0.33 W). 
Fig. 8 documents the surface temperature profiles at the last step of the 
aforementioned optimal designs. 

4. Conclusion 

This work highlights the cooling improvement of air-cooled battery 
modules with additional flow-disturbing structures by conducting nu
merical studies validated via experiments. The simulation was con
ducted with 3D heat transfer and turbulent flow simulations coupled 
with a 1D multiscale electrochemical battery model for 21700 

cylindrical lithium-ion cells. Several experiments were performed to 
confirm the accuracy of the battery and air-cooling models, with the 
errors varying between 3% and 7%. Batteries were discharged under a 
3C rate while being cooled down by airflow of 1.66 m/s velocity and 
20 ◦C temperature. Spoilers were located in the module without 
changing cell-to-cell distances to compare the effect of spoilers. Mainly 
four types of spoilers; cylindric, triangular, diamond and delta winglet 
vortex generators were used. In addition, fan power consumptions, 
maximum cell temperatures and temperature gradients were docu
mented for each case. The analyses yield to following results:  

(i) As cell distances increase, the temperature gradient improves by 
38% (2.6 ◦C), but the maximum temperature is not affected 
because of stagnant air regions in the cooling channel.  

(ii) The cooling performance can be improved by inserting spoilers 
(the maximum temperature and temperature gradient are 
reduced up to 5% and 40%, respectively), which mixes the air 
and increases the heat transfer coefficient between the battery 
and air. Since spoiler structures can double the fan power con
sumption, careful optimizations are required for applications.  

(iii) Delta winglet vortex generators effectively improve cooling by 
increasing power consumption by 40% (0.12 W). Winglet designs 
are the optimal solution for cooling efficiency, but they suffer 
from the increased parasitic power consumption.  

(iv) Staggered layouts are superior to inline arrangements as their 
positions lead to wavy airflow formation, which reduces the 
maximum temperature by 7% (2.8 ◦C) and temperature gradient 
by 35% (1.4 ◦C). Also, since the flow path does not change 
aggressively, the pressure drop of the staggered design is 15% 
lower than the base design. 
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APPENDIX A 

In the multiscale battery model, lithium ions are transferred in 1D, the path between two electrodes, since there is a significant length scale 
difference between other directions [51]. However, the phase change of ions between the solid and liquid states is defined in the 2D spherical domain 
and ion transfer occurs in a porous medium. 

∂cs

∂t
=

Ds

r2
∂
∂r

(

r2∂cs

∂r

)

(A.1) 

Equation A.1 defines the solid-state mass transfer in porous electrodes. The boundary conditions are given in Equations A.2 and A.3: ∂cs
∂r

⃒
⃒
r=0 = 0 

(A.2) 

∂cs

∂r

⃒
⃒
⃒
⃒

r=rp

=
jLi+

asF
(A.3)  

where as stands for effective surface area, which is: 
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as =
3εs

rp
(A.4) 

The phase change occurs on the surface of spherical particles as much as the current density (jLi+). Liquid-state ion transfer is defined by Equation 
A.5 with the boundary conditions Equations A.6-A.11: 

∂εlcl

∂t
=

∂
∂x

(

Deff
l

∂cl

∂x

)

+
1 − t0

+

F
jLi+ (A.5) 

Equations A.6 and A.7 are called no-flux boundary conditions since current collectors do not contain ions. Equations A.8-A.11 define electrode- 
separator interfaces [52]. 

∂cl

∂x

⃒
⃒
⃒
⃒

x=0
= 0 (A.6)  

∂cl

∂x

⃒
⃒
⃒
⃒

x=Lbatt

= 0 (A.7)  

εl

(
∂cl

∂x

)⃒
⃒
⃒
⃒

x=Lneg

= εl,sep

(
∂cl

∂x

)⃒
⃒
⃒
⃒

x=Lneg

(A.8)  

εl

(
∂cl

∂x

)⃒
⃒
⃒
⃒

x=Lneg+Lsep

= εl,sep

(
∂cl

∂x

)⃒
⃒
⃒
⃒

x=Lneg+Lsep

(A.9)  

cl
(
Lneg , t

)
= cl,sep

(
Lneg , t

)
(A.10)  

cl,sep
(
Lneg + Lsep , t

)
= cl

(
Lneg +Lsep , t

)
(A.11) 

Also, there are charge balance equations identifying the balance between the number of lithium ions transferred and the amount of charge transfer, 
coupled with mass transfer equations and electrochemical kinetics equations. The potential in the solid phase is defined with Ohm’s law, which is 
given in Equation A.12 with its boundary conditions in Equations A.13-A.16: 

∂
∂x

(

σeff
s

∂Φs

∂x

)

= jLi+ (A.12)  

σeff
s

∂Φs

∂x

⃒
⃒
⃒
⃒

x=Lbatt

= − Iapp (A.13)  

σeff
s

∂Φs

∂x

⃒
⃒
⃒
⃒

x=Lneg+Lsep

= 0 (A.14)  

σeff
s

∂Φs

∂x

⃒
⃒
⃒
⃒

x=Lneg

= 0 (A.15)  

Φs|x=0 = 0 (A.16) 

The charge balance in the liquid phase is expressed in Equation A.17 and its boundary conditions are defined in Equations A.18-A.21: 

∂
∂x

(

κeff ∂Φl

∂x

)

+
∂
∂x

(
2RTκeff

F
(
t0
+ − 1

)
(

1+
d ln f±
d ln cl

)
∂ln cl

∂x

)

= − jLi+ (A.17)  

∂Φl

∂x

⃒
⃒
⃒
⃒

x=0
= 0 (A.18)  

∂Φs

∂x

⃒
⃒
⃒
⃒

x=Lbatt

= 0 (A.19)  

Φl
(
Lneg , t

)
=Φl

(
Lneg , t

)
(A.20)  

Φl
(
Lneg + Lsep , t

)
=Φl

(
Lneg + Lsep , t

)
(A.21) 

The Butler-Volmer equation describes the relationship between the total current and potentials, which is given in Equation A.22. 

jLi+ = asi0

[

exp
(

αaF
RT

η
)

− exp
(

−
αcF
RT

η
)]

(A.22) 

The equivalent voltage for the cathode is a polynomial, the parameters of which were fitted with the polynomial regression method based on the 
0.1C discharge curve and anode equivalent voltage curve from the literature [53]. Cathode voltage polynomial coefficients are given in Table A1 and 
equivalent voltage functions are given in Equations A.23 and A.24. 
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Eeq,pos =
∑22

i=0
Aixi (A.23)  

Eeq,neg = 0.6379+ 0.5416 exp(− 305.5309× y)+ 0.044 tanh
(

−
y − 0.1958

0.1088

)

− 0.1978 tanh
(

y − 1.0571
0.0854

)

− 0.6875 tanh
(

y + 0.0117
0.0529

)

− 0.0175 tanh
(

y − 0.5692
0.0875

)

(A.24)   

Table A.1 
Polynomial coefficients for cathode equivalent voltage.  

Parameter Value Parameter Value Parameter Value 

A0 398.01336013198392 A8 496823.58244024246 A16 31493.18267972166 
A1 − 6296.1076950394308 A9 − 421106.34179412422 A17 − 1084234.1893559622 
A2 41959.219071580315 A10 354200.00761110592 A18 92159.424582747262 
A3 − 147857.02171270244 A11 − 490432.27097464772 A19 819007.96409683058 
A4 287870.02690709516 A12 356826.47806278308 A20 197218.48943382909 
A5 − 295327.71817991912 A13 − 295625.16819127946 A21 − 778437.66013222793 
A6 180105.05120692172 A14 138640.00521595744 A22 285035.16062089079 
A7 − 271903.1222659052 A15 509484.82719697087    

Material properties of the cell are given in Table A2. Equations A.25-A.27 define the solid-state diffusion coefficient of the cathode, liquid-state 
diffusion and liquid-state electronic conductivity, respectively [51].  

Table A.2 
Battery parameters.  

Parameter Anode Separator Cathode CC Neg. CC Pos. Ref. 

Length (μm) 17 16 13 15 10 * 
εl 0.3825 0.47 0.3382 – – [51] 
εs 0.5802 – 0.4483 – – [51] 
αa & αc 0.5 – 0.5 – – [51] 
cmax

s (mol /m3) 28200 – 49195 – – [51] 
c0

s (mol /m3) 0.65× cmax
s – 0.41× cmax

s – – [54] 
σs & σl (S /m) 16700 cf. Eq. (A.27) 0.04 – – [51] 
Ds & Dl (m2 /s) 1× 10− 3 cf. Eq. (A.26) cf. Eq. (A.25) – – [51] 
ρ (kg /m3) 2500 1200 3000 – – [51] 
Cp (J /kg /K) 800 800 1000 385 875 [51,55] 
k (W /m /K) 1.04 1 2 398 200 [51,55] 
c0

l 1150 1150 1150 – – * 

cref
l 

1000 – 1000 – – *  

*Fitted parameters based on the single-cell experiment.  

Ds,pos =
3.3 × 10− 13

(x − 0.02)2 (A.25)  

Dl = 10

−

⎛

⎜
⎝4.43+

⎛

⎜
⎝ 54

(T − (229+5(
cl

1000)))

⎞

⎟
⎠+0.22 cl

1000

⎞

⎟
⎠

× 10− 4 (A.26)   

σl =

(

− 8.2488 + 0.053248T − 2.9871 × 10(− 5T2) + 0.26235
( cl

1000

)
− 9.3063 × 10

(
− 3 cl

1000 T

)

+ 8.069 × 10

(
− 6 cl

1000T2

)

+ 0.22002
( cl

1000

)2 

− 1.765 × 10

(

− 4

(
cl

1000

)2

T

)
)2( cl

10000

)
(A.27)   

R.C. Sahin et al.                                                                                                                                                                                                                                 



Journal of Power Sources 551 (2022) 232214

14

The active layer thicknesses and reaction rates (i0) were changed based on the experimental data by adjusting them for battery capacity and 
overpotential heat generation under different C-rates. Reaction rates and polynomial coefficient changes based on the discharge rate are listed in 
Table A3.  

Table A.3 
Reaction rates for anode and cathode.  

C-rate Anode Cathode A0 

0.1 0.5 3 A0 

1 0.015 0.07 A0 +0.2583 
3 0.0063 0.013 A0 +0.2771 
5 0.0008 0.0008 A0 +0.3211  
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