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SUMMARY

Thermal management of Li-ion cells is an important technological problem for energy conversion and storage. Effective
dissipation of heat generated during the operation of a Li-ion cell is critical to ensure safety and performance. In this paper,
thermal performance of a cylindrical Li-ion cell with an axial channel for coolant flow is analyzed. Analytical expressions
are derived for steady-state and transient temperature fields in the cell. The analytical models are in excellent agreement
with finite-element simulation results. The dependence of the temperature field on various geometrical and thermal charac-
teristics of the cell is analyzed. It is shown that coolant flow through even a very small diameter axial channel results in
significant thermal benefit. The trade-off between thermal benefit and reduction in cell volume, and hence capacity due
to the axial channel, is analyzed. The effect of axial cooling on geometrical design of the cell, and transient thermal perfor-
mance during a discharge process, is also analyzed. Results presented in this paper are expected to aid in the development
of effective cooling techniques for Li-ion cells based on axial cooling. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Li-ion cells have been investigated for energy conversion
and storage in a wide variety of engineering applications
including consumer electronics, vehicles, defense systems,
etc. [1–3]. Li-ion cells offer superior energy and power
density compared to other electrochemical energy storage
mechanisms [1]. Within Li-ion cells, a cylindrical cell
has been shown to have higher energy density than other
form factors, and thus, optimization of the operation of a
cylindrical cell is of much importance.

Thermal management of Li-ion cells is a significant
technological challenge that must be effectively addressed
for improving the performance of Li-ion cells and adoption
in applications requiring aggressive rates of discharge
[4–6]. Heat is generated within a Li-ion cell due to electro-
chemical reactions, Ohmic losses and enthalpies of various
reactions and phase change processes, for which a number
of theoretical models have been proposed [7–11]. The rate
of heat generation is known to be a strong function of the
rate at which the cell is discharged [5]. Effective removal
of heat may benefit both safety and performance. Li-ion
cells are remarkably temperature sensitive, and beyond a

certain temperature, a thermal runaway situation may arise,
which eventually leads to catastrophic failure [12,13]. To
prevent such incidents, and also to improve cell perfor-
mance, it is important to optimize thermal management
mechanisms. Recent measurements of the thermal conduc-
tivity of cylindrical Li-ion cells have shown significant
anisotropy in thermal conductivity between the radial and
axial directions [4]. Steady-state and transient models for
the thermal conduction within a cylindrical Li-ion cell have
been developed and validated with experimental data
[10,14–20]. These models highlight the importance of
radial thermal conductance within the cell in determining
the temperature field of the cell. One particular challenge
in the cooling of cylindrical Li-ion cells is that while the
radial outer surface is most commonly available for heat
dissipation, thermal conductance within the cell in the
radial direction is particularly poor. Cooling at the outer
surfaces is likely to be ineffective for the core regions of
the cell farthest away from the outer surface. Due to the
relatively large axial thermal conductivity, axial conduction
within the cell may provide an effective heat dissipation
pathway. However, the two outer surfaces at the axial ends
of the cylinder are normally used for connecting to the
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anode and cathode, and hence are not available for heat
dissipation. A few papers have investigated the use of phase
change materials embedded within the Li-ion cell for
absorbing heat generated during operation [21]. While a
phase change material may address short transient power
spikes, this approach does not address the problem of
steady-state thermal management of Li-ion cells. This ap-
proachmay also be difficult to integrate with the manufactur-
ing of Li-ion cells, and may interfere with the performance of
the cell. Finally, inclusion of any non-electrochemical mate-
rial inside the cell will reduce energy storage capacity.

A number of papers have addressed analytical modeling
and prediction of steady-state and transient temperature
distribution in Li-ion cells [10,14–20]. Internal temperature
measurement has also been carried out using embedded
thermocouples [20,22]. These papers assume a solid cell,
of either cylindrical or prismatic shape, which is being
cooled at the outer surfaces. It is clearly essential to explore
other paradigms of heat removal from Li-ion cells. One
possible approach is to provide a through-hole along the
axis of the cell and flow a liquid or gas coolant through this
channel. This opens up a new mechanism for heat removal
which effectively reaches the core of the cell more effec-
tively than cooling at the outer surface. Doing so, however,
results in reduced cell capacity due to reduced cell volume.
In view of this trade-off, it is important to carry out a
comprehensive thermal analysis to fully understand the
thermal benefits of coolant flow in an annular Li-ion cell,
and compare these benefits with costs associated with re-
duced cell capacity. Such an exercise may help determine
the feasibility of this thermal management approach, and
develop practical guidelines for multi-physics optimization
design and operation of Li-ion cells.

This paper presents analytical models for determining
the steady-state and transient temperature distributions in
a heat-generating annular Li-ion cell containing an axial
through-hole with coolant flow. The effect of the coolant
is modeled using a convective heat transfer coefficient at
the inner wall. The governing energy conservation equa-
tions are solved to derive an expression for steady-state
and transient temperature distributions. Results are in
excellent agreement with finite-element simulations. The
effect of various thermal parameters, including convective
boundary conditions and precooling of the coolant, on
temperature distribution is examined. It is shown that
precooling provides limited benefit in thermal performance
of the cell. It is shown that the provision of axial cooling
reduces the cell temperature, making it possible to let the
cell dissipate more heat. This provides additional thermal
head that may be used to operate the cell at a higher C-rate.
This can be viewed as a trade-off between the energy and
power capacities of the cell. By quantifying this trade-off,
this paper contributes towards a comprehensive multi-
physics understanding of Li-ion cell.

The next section presents the governing energy conser-
vation equations and a derivation of temperature distribu-
tion. Comparison with a finite-element simulation is
discussed next. The effect of various thermal parameters

is examined, followed by analysis of the cell size, and the
energy vs. power trade-off inherent in annular Li-ion cells.
Applications of these models in cell sizing and the design
of transient discharge processes are analyzed.

2. ANALYTICAL MODEL

Consider an annular Li-ion cell with height H, and outer
and inner radii Ro and Ri, respectively, shown schemati-
cally in Figure 1. The cell is assumed to dissipate a
constant volumetric heat generation Q, which is dependent
on the C-rate of the cell. The radial and axial thermal
conductivities of the cell are assumed to be kr and kz, re-
spectively. Assumption of anisotropic thermal conductivity
is necessary based on recent measurements that show
significant difference in radial and axial thermal conductiv-
ities [4]. For a general case, convective heat transfer
coefficients hro and hz are assumed at the outer surfaces
in the radial (r =R) and axial directions (z = 0, z =H),
respectively. Setting any of these to zero makes these
boundary conditions adiabatic. A constant temperature
boundary condition, which is easier to model, but less
realistic than convective heat transfer boundary conditions
can also be analyzed using methods similar to one
discussed here. Coolant flow through the axial channel is
modeled using a convective heat transfer coefficient hri

Figure 1. Schematic of geometry of the annular cell.
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along the inner wall. Note that the convective heat transfer
coefficients listed above are all assumed to be surface-
averaged values over the respective surfaces. This
significantly simplifies the analysis. Expressions for the
steady-state and transient temperature distributions in the
cell are derived in the following sub-sections.

2.1. Steady-state temperature distribution

The governing steady-state energy conservation equation
for the annular cell is given by [23,24]

kr
r

∂
∂r

r
∂T
∂r

� �
þ kz

∂2T
∂z2

þ Q ¼ 0 (1)

where T(r,z) is the temperature rise above ambient.
The governing equation is subject to the following

boundary conditions [25]:

∂T
∂z

¼ hz
kz
T at z ¼ 0 (2)

∂T
∂z

¼ �hz
kz
T at z ¼ H (3)

∂T
∂r

¼ hri
kr

T � Tcoolð Þ at r ¼ Ri (4)

∂T
∂r

¼ �hro
kr

T at r ¼ Ro (5)

Where Tcool is the temperature of the coolant with
respect to ambient temperature. For a coolant entering at
the same temperature as ambient, Tcool= 0. The tempera-
ture field may be determined by first splitting T(r,z) into
two components—one that absorbs the heat generation
term, and another that accounts for other non-

homogeneities. The first term is obtained in a straight-
forward fashion by solving its governing ordinary differen-
tial equation. The governing set of equations for the second
term contains multiple non-homogeneities that can be
addressed by splitting the problem into multiple sub-
problems. The temperature distribution obtained using this
approach is

T r; zð Þ ¼ s zð Þ þ w r; zð Þ (6)

The two components of the temperature distribution are
given by

s zð Þ ¼ QH2

2kz

z

H
1� z

H

� �
þ 1
BiH

� �
(7)

and

The coefficients An and Bn in equation (8) are given by

where

β1 ¼
krλnI1 λnRið Þ � hriIo λnRið Þ
krλnK1 λnRið Þ þ hriKo λnRið Þ (11)

β2 ¼
krλnI1 λnRoð Þ þ hroIo λnRoð Þ
krλnK1 λnRoð Þ � hroKo λnRoð Þ (12)

The eigenvalues μn are obtained from roots of the
transcendental equation

Tan μHð Þ ¼ 2BiH � μHð Þ
μHð Þ2 � BiH2

(13)

where BiH is the axial Biot number, defined as BiH ¼ hzH
kz
.

w r; zð Þ ¼ ∑
∞

n¼1
An þ Bnð Þ�I0 λnrð Þ þ Anβ1 þ Bnβ2ð Þ�K0 λnrð Þ½ �� μnHCos μnzð Þ þ BiHSin μnzð Þ½ � (8)

An ¼
�hro ∫

H

0
s zð Þ μnCos μnzð Þ þ hz=kzð ÞSin μnzð Þ½ �dz

1
2 μnHð Þ2 þ BiH2 þ 2BiH
h i

� hroIo λnRoð Þ þ krλnI1 λnRoð Þ þ β1 hroKo λnRoð Þ � krλnK1 λnRoð Þð Þ½ �
(9)

Bn ¼
�hri ∫

H

0
s zð Þ � Tcoolð Þ μnCos μnzð Þ þ hz=kzð ÞSin μnzð Þ½ �dz

1
2 μnHð Þ2 þ BiH2 þ 2BiH
h i

� hriIo λnRið Þ � krλnI1 λnRið Þ þ β2 hriKo λnRið Þ þ krλnK1 λnRið Þð Þ½ �
(10)

Li-ion cell cooling K. Shah and A. Jain

575Int. J. Energy Res. 2015; 39:573–584 © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/er



Finally,

λn ¼ ffiffi
γ

p �μn (14)

where γ is the degree of anisotropy given by

γ ¼ kz
kr

(15)

Equations (6)–(15) represent the solution for the steady-
state temperature distribution in the cell.

2.2. Transient temperature distribution

The modeling of transient thermal characteristics of the
annular cell is important for understanding time-dependent
phenomena such as pulsed power operation, periodic or
one-time spike in heat generation rate, etc. In order to
account for such phenomena, the heat generation term
must be considered to be time dependent. The modeling
of transient temperature distribution presents additional
challenges compared to steady-state modeling. The tran-
sient governing energy equation is given by

kr
r

∂
∂r

r
∂T
∂r

� �
þ kz

∂2T
∂z2

þ Q tð Þ ¼ ρCp
∂T
∂t

(16)

Where T(r,z,t) is the temperature rise above ambient.
The boundary conditions associated with equation (16)

are the same as for the steady-state problem, equations
(2)–(5) discussed in the previous section. In addition, it is
assumed that the cell is at ambient temperature at t = 0, i.e.
T = 0 at t = 0.

The primary difficulty in solving the transient problem
arises from the heat generation term, which is a general
time-dependent function. The first step towards deriving a

solution for this general case is to carry out a Laplace
transform of the governing energy equation and associated
boundary conditions. This results in a set of partial differ-
ential equations in the Laplace space, given by

kr
r

∂
∂r

r
∂T
∂r

� �
þ kz

∂2T
∂z2

þ Q sð Þ ¼ ρCp

s
T (17)

subject to

∂T
∂z

¼ hz
kz
T at z ¼ 0 (18)

∂T
∂z

¼ �hz
kz
T at z ¼ H (19)

∂T
∂r

¼ hri
kr

T at r ¼ Ri (20)

∂T
∂r

¼ �hro
kr

T at r ¼ Ro (21)

T r; zð Þand Q sð Þare Laplace transforms of T(r,z,t) and Q(t),
respectively. Given a certain heat generation function Q(t),
the function Q sð Þcan be easily computed.

Equation (17) can be solved by splitting T r; zð Þ in two
components. TheQ sð Þfunction is absorbed in the first com-
ponent, which is assumed to have axial variation only. The
second part of the solution is solved using the separation of
variables technique. The final solution is found to be

T r; zð Þ ¼ p zð Þ þ w r; zð Þ (22)

The first part of the solution p zð Þis given by

p zð Þ ¼ CSinh

ffiffiffiffiffiffiffiffiffiffi
ρCps

kz

s
z

 !
þ DCosh

ffiffiffiffiffiffiffiffiffiffi
ρCps

kz

s
z

 !
(23)

The coefficientsC andD in equation (23) are determined
by using boundary conditions in the z-direction, which
results in

D ¼ C
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρCpskz

p
hz

� Q sð Þ
ρCps

(25)

The second part of the solution w r; zð Þ is found to be

where,

C ¼
Q sð Þ
ρCps

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρCpskz

p
Sinh

ffiffiffiffiffiffiffi
ρCps
kz

q
H

� �
þ hz Cosh

ffiffiffiffiffiffiffi
ρCps
kz

q
H

� �
� 1
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρCpskz

p
Cosh

ffiffiffiffiffiffiffi
ρCps
kz

q
H

� �
þ hzSinh

ffiffiffiffiffiffiffi
ρCps
kz

q
H

� �
þ ρCpskz

hz
Sinh

ffiffiffiffiffiffiffi
ρCps
kz

q
H

� �
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρCpskz
p

Cosh
ffiffiffiffiffiffiffi
ρCps
kz

q
H

� � (24)

w r; zð Þ ¼ ∑
∞

n¼1
An þ Bn

	 
�I0 λnrð Þ þ Anβ1 þ Bnβ2
	 
�K0 λnrð Þ� �� μnHCos μnzð Þ þ BiHSin μnzð Þ½ � (26)
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where,

β1 ¼
krλnI1 λnRið Þ � hriIo λnRið Þ
krλnK1 λnRið Þ þ hriKo λnRið Þ (29)

β2 ¼
krλnI1 λnRoð Þ þ hroIo λnRoð Þ
krλnK1 λnRoð Þ � hroKo λnRoð Þ (30)

The eigenvalues μn are the same as eigenvalues for the
steady-state problem, given by equation (13). Finally,

λn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ

ρCps

kz
þ μn

2

� �s
(31)

Equations (22)–(31) represent the solution for T r; zð Þ,
from where, the temperature distribution T(r,z,t) can be
obtained from inverse Laplace transform. In case the Laplace
transform is too difficult to invert explicitly, a numerical
inversion technique is adopted using de Hoog’s quotient
difference method algorithm [26] for inverse Laplace trans-
formation, as implemented by Hollenbeck [27].

2.3. Extension to space-dependent heat
generation

The analytical derivations presented in sections 2.1 and 2.2
assumed uniform heat generation rate in the entire volume
of the cell. While this is usually assumed to be the case, in
general, the heat generation rate may vary with space, for
example, if a short circuit causes high heat generation in
a specific part of the cell. In such a case, an approach
similar to one recently described for solid cells may be
adopted. Briefly, if Q is a function of z, the steady-state
temperature solution can be derived by accounting for Q
(z) in the first part of the solution s(z) as shown in equation
(6). While for uniform heat generation rate, s(z) is easily
derived, for non-uniform heat generation rate, Q(z) is first
written as a polynomial expansion in z. Any well-behaved
function Q(z) can be written as a polynomial expansion
as follows

Q zð Þ ¼ ∑
∞

n¼0
cn

z

H

� �n
(32)

Following this, s(z) can be determined by twice inte-
grating the governing ordinary differential equation that
contains the polynomial expansion for Q(z). The second
part of the solution, w(r,z), given by equation (8) re-
mains unchanged.

3. COMPARISON WITH
FINITE-ELEMENT SIMULATION

In order to validate the model presented in Section 2, the
temperature distribution computed from the model is
compared with finite-element simulations. Figure 2 plots
the steady-state temperature computed using equations
(6)–(15) as a function of the radial coordinate at mid-
height. The cell considered here has the same outer dimen-
sions as a 26650 cell, but has an axial hole of radius
2.6mm. The convective heat transfer coefficients are
assumed to be hri = 1000W/m2K, hro= 100W/m2K and
hz = 100W/m2K. Based on recent measurements [4], the
thermal conductivities of the cell are assumed to be
kr = 0.2W/mK and kz = 30W/mK, respectively. The cell
is assumed to dissipate 6-W power. The temperature distri-
bution predicted by a finite-element simulation software is
also plotted, and there is excellent agreement between the
two. The negligible error between the two occurs due to
truncation errors in the respective computations. Figure 3
plots the temperature computed using equations (22)–(31)
at the center of the cell material at mid-height as a function
of time. The value of Ri is taken to be 2.6mm, and all other
parameters are the same as Figure 2. Similar to Figure 2,
there is good agreement between the transient model and
finite-element simulation results.

Compared to the finite-element simulation, the analyti-
cal model presented in Section 2 is capable of computing
temperature much faster, only a few seconds for the entire
temperature distribution in the cell, compared to several
minutes for a typical finite-element simulation tool, with-
out even accounting for time needed to set up and mesh
the problem geometry. Moreover, the analytical model

An ¼
�hro ∫

H

0
p zð Þ� μnCos μnzð Þ þ hz=kzð ÞSin μnzð Þ½ �dz

1
2 μnHð Þ2 þ BiH2 þ 2BiH
h i

� hroIo λnRoð Þ þ krλnI1 λnRoð Þ þ β1 hroKo λnRoð Þ � krλnK1 λnRoð Þð Þ� � (27)

Bn ¼
�hri ∫

H

0
p zð Þ� μnCos μnzð Þ þ hz=kzð ÞSin μnzð Þ½ �dz

1
2 μnHð Þ2 þ BiH2 þ 2BiH
h i

� hriIo λnRið Þ � krλnI1 λnRið Þ þ β2 hriKo λnRið Þ þ krλnK1 λnRið Þð Þ� � (28)
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provides a fundamental understanding of thermal charac-
teristics of the annular cell, and facilitates rapid parametric
studies of the effect of different variables on the tempera-
ture distribution.

4. RESULTS AND DISCUSSION

The analytical model presented in Section 2 is used for
developing an understanding of the effect of various
parameters on the temperature distribution in the annular
cell, and to examine various trade-offs in the thermal
design of an annular cell.

Figures 4(a) and 4(b) plot the radial temperature distri-
bution at mid-height as function of the inner radius Ri,
and the inner convective heat transfer coefficient hri, re-
spectively, for fixed outer geometry of the cell. In Figure 4
(a), hri is held constant at 1000W/m2K, and in Figure 4(b),
Ri is held constant at 2.6mm. Figure 4(a) shows that as the
inner radius increases, there is a substantial reduction in
peak temperature rise. The peak temperature rise for an

equivalent solid cell without an axial channel is 30.0 °C,
also shown in Figure 4(a). In addition to temperature
reduction, there is also a shift in the location where the
peak temperature rise occurs. The greater the inner radius,
the farther out is the location of peak temperature rise.
Figure 4(b) shows, as expected, that for a given cell geom-
etry, increasing the convective heat transfer coefficient hri
reduces the peak temperature rise. A larger value of hri
could be obtained, for example, by increasing the flow rate
or thermal conductivity of the coolant.

Another possible strategy to reduce temperature rise
through axial cooling is to precool the coolant prior to
entering the annular cylinder. Figure 5 plots radial temper-
ature distributions at mid-height when the coolant is
precooled by different temperatures. Figure 5 shows that
precooling may not be a particularly effective strategy for
cooling of Li-ion cells. For example, precooling the
coolant by 10 °C results in a peak temperature reduction
of less than 5 °C. Precooling offers the advantage that it
partially shifts the cooling load from the cell to the coolant,
which in most cases is likely to be easier to implement, for

Figure 3. Comparison of peak cell temperature as a function of time predicted by the transient model with finite-element
simulation results.

Figure 2. Comparison of temperature distribution as a function of r predicted by the steady-state model with finite-element
simulation results.
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example by using a remotely located chiller. It is possible
in certain applications where performance is critical, and
the cost of precooling is acceptable, that precooling may
be an attractive option.

One fundamental thermal-electrical trade-off that active
cooling of an annular Li-ion cell must address is the trade-
off between reduction in cell temperature and reduction in

cell capacity. By increasing the inner radius of the annular
cylinder, it is possible to reduce the cell temperature due to
increased coolant flow. However, this also results in reduc-
tion in capacity of the cell since the increased coolant flow
region reduces the cell volume and hence the cell capacity.
This trade-off is analyzed in Figure 6, which plots the peak
temperature rise in the cell and total capacity as functions

Figure 5. Temperature distribution in the annular cell as a function of extent of precooling of the coolant fluid.

Figure 6. Cell capacity and peak temperature rise as functions of inner radius Ri.

Figure 4. (a) Steady-state temperature as a function of r for different values of Ri at fixed hri; (b) steady-state temperature as a function
of hri for different values of Ri at fixed Ri.
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of the inner radius of the cell. The heat generation rate in
the cell is assumed to stay the same at 6W. The baseline
case considered here is that of a 26650 cell that delivers
2.6A-h charge at 3.0V, resulting in a total energy capacity
of 28080 J. It is assumed that the capacity scales with the
cell volume, since the volume directly influences that total
volume of electrodes within the cell, thus affecting the
capacity of the cell. It is seen that increasing the inner
radius results in rapid temperature reduction. The tempera-
ture curve in Figure 6 is very steep at low Ri. This indicates
that even an axial hole of very small diameter results in
significant temperature reduction with negligible reduction
in capacity. For example, an annular cell with Ri = 0.1mm
results in a temperature rise of only 24 °C compared to a
30 °C temperature rise for an equivalent 26650 cell without
an axial channel. At the same time, the reduction in cell
capacity due to the axial channel is negligible. At a some-
what larger value of Ri = 1.3mm, the reduction in capacity
is still only 1% whereas there is a 40% reduction in peak
temperature compared to the equivalent cell without an
axial channel. However, as Ri increases, the cell capacity
also reduces, due to which the trade-off between capacity
reduction and improved thermal performance must be
analyzed in detail. A reduction in peak temperature rise
of a cell due to active cooling presents a direct opportunity
to improve the electrical performance of the cell. The ther-
mal head provided by the reduced cell temperature enables,
for example an increase in the C-rate of the cell. The C-rate
of the cell can be increased in order to reach the baseline
temperature rise. This opportunity enabled by active
cooling, however, comes at the cost of reduced cell capac-
ity. Thus, active cooling can be thought of as a means to
balance the trade-off between capacity and power of a Li-
ion cell. Figure 7 examines this by plotting the total capac-
ity and C-rate as functions of the inner radius Ri, while
keeping all other parameters constant. In particular, the
C-rate is chosen in order to maintain the same peak temper-
ature rise of 30 °C. The heat generation rate in the cell is
modeled to vary as the square of the C-rate, or discharge
current. That is,

Q ¼ I2r int;eff (33)

Where rint,eff is the effective internal resistance of the
cell that determines the heat generation rate. Note that
rint,eff absorbs a number of disparate heat generation
mechanisms that occur inside the cell, including Ohmic
losses, entropic heating, heats of reactions, etc. [10,11].
In Figures 6 and 7, a Li-ion cell with a capacity of 2.6A-h
is assumed for calculating the C-rate. Figure 7 shows that
by increasing the radius of the axial channel in the Li-ion
cell, the C-rate of the cell can be increased significantly
without any increase in operating temperature. Even small
Ri results in significant potential for C-rate improvement.
However, even with Ri as small as 1.3mm, the C-rate can
be 7.7 compared to the baseline C-rate of 6.0 for a solid cell,
with minimal reduction in cell capacity.

The improvement in C-rate due to effective cooling, as
demonstrated in Figure 7 is also a function of hri, the con-
vective heat transfer coefficient available at the inner wall
of the cell where heat is convected out from the cell into
the cooling fluid. Improvement in hri can be brought about
by increasing coolant flowrate, increasing coolant thermal
conductivity, etc. Improvement in hri is expected to result
in reduced temperature, and hence increased C-rate to
maintain the same baseline temperature. Figure 8 plots
the maximum possible C-rate as a function of hri and
shows that initially, C-rate increases rapidly with increas-
ing hri. This effect, however, diminishes at large values
of hri, and the improvement obtained in C-rate is minimal
a value of hri of about 300W/m2K. This is because at large
hri, convection to the coolant fluid is no longer the thermal
bottleneck, and hence further improvement in hri does
not any more result in significant further improvement
in C-rate.

Given the critical importance of limiting temperature
rise in Li-ion cells in order to prevent thermal runaway, it
may be acceptable to sacrifice some capacity in return for
improved thermal performance, which as shown in
Figures 6 and 7 may in turn be used to increase discharge
rates. Other challenges that may need to be considered in

Figure 7. Maximum possible C-rate and cell capacity as function of inner radius Ri.
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the system-level analysis of this trade-off include the
pumping power required to flow coolant through the axial
channel, which can be large particularly for small sized
channels, sealing of the channel, and its effect on the
electrochemistry of the cell.

Figure 9 analyzes the effect of the overall shape of the
annular Li-ion cell on maximum temperature rise in the
cell, which is plotted as a function of the outer radius Ro.
The overall volume of the cell is maintained constant, in
this case equal to the volume of the 26650 cell. As Ro in-
creases, the cell becomes shorter and stouter. In each case,
Ri is maintained at 20% of Ro. Figure 9 shows that as Ro

increases, the peak temperature of the cell increases until
a worst-case value of Ro beyond which the temperature re-
duces. This phenomenon occurs because as Ro changes,
the surface area, and hence the rate of convective heat
transfer from cell to the ambient changes. The worst-case
value of Ro can be thought of as one at which the available
convective surface area is the minimum, resulting in worst
conditions for convective heat loss from the cell. Figure 9

indicates that tall and slender cells may in general be
thermally more attractive.

Figures 10 and 11 present applications of the transient
model discussed in Section 2.2. The case of a discharging
annular Li-ion cell is considered. Figure 10 considers a
transient scenario where there is a sudden in heat genera-
tion rate in a Li-ion cell, possibly due to short circuiting.
The heat generation rate is assumed to rise from 6W to
12W for a period of 50 s. The variation of temperature
with time, computed using the model in Section 2.2, shows
a sudden spike in the rate at which temperature increases.
Once the heat generation rate returns to baseline value, so
does the rate of increase in temperature.

In Figure 11, the cell is assumed to discharge a specific
amount of energy, 3000 J in this case. Three different cases
are considered with different C-rates, due to which heat
dissipation of the cell and duration of discharge vary. For
discharge at a high C-rate, the heat generation rate is large,
while the discharge duration is small. On the other hand,
discharge at a low C-rate results in lower heat generation,

Figure 8. Maximum possible C-rate as a function of hri for fixed Ri.

Figure 9. Effect of cell sizing on thermal performance of the annular cell.
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but longer duration for the heat generation. The peak
temperature of the cell is plotted as a function of time
during these discharge processes. It is found that despite
the shorter discharge duration, the peak temperature rise
in the high power discharge case is the highest. This
indicates that from a thermal perspective, it is preferable
to discharge at low rates, even if the discharge lasts for a
longer duration. Note, however, that a longer duration
discharge reduces overall system throughput, since each
discharge process takes a long time. Figure 11 quantifies
a typical thermal vs. performance trade-off that must be
considered in the design of the operation of annular
Li-ion cells.

The availability of analytical tools to predict steady-
state and transient temperature distribution in Li-ion cells
could be used by the Battery Management System (BMS)
to take smart, thermal-based decisions to maximize
system-level performance without overheating. For exam-
ple, based on current loads, the BMS can predict when a
particular cell is close to overheating, and can accordingly
reduce load at the appropriate time.

Note that in addition to cooling of a cell during opera-
tion, it may also be possible to flow warm fluid through
the fluid channel to warm up the cell prior to operation in
low ambient temperature. This may be relevant to startup
of electric/hybrid vehicles in extreme cold weather.

5. CONCLUSIONS

This paper presents analytical models for predicting
steady-state and transient temperature distributions in a
cylindrical Li-ion cell with a fluidic channel along the axis
for cooling. Axial cooling offers several advantages com-
pared to other approaches for thermal management of a
Li-ion cell. The models presented here quantify the cooling
benefit to be expected from this approach as a function of
various parameters. Results indicate that axial cooling
can be used to modulate the capacity vs. power trade-off
in the cell. In particular, a large channel results in more
cooling, making it possible to operate the cell at a larger
C-rate, at the expense of slightly reduced cell capacity

Figure 10. Computed temperature at the center of the cell material as a function of time for a short time excursion in heat
generation rate.

Figure 11. Peak cell temperature as a function of time for pulsed discharge processes at different rates, with fixed total
discharge energy.
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due to reduced cell volume. While results presented here
may facilitate thermally driven safe and high performance
operation, several system-level integration challenges will
also need to be addressed in the future.

NOMENCLATURE

BiH = Axial Biot number
H = Height of annular Li-ion cell (mm)
hri = Radial (inner) convective heat transfer

coefficient (W/m2∙K)
hro = Radial (outer) convective heat transfer

coefficient (W/m2∙K)
hz = Axial convective heat transfer coefficient

(W/m2∙K)
I = Discharge/charge current (A)
kr = Radial thermal conductivity (W/m∙K)
kz = Axial thermal conductivity (W/m∙K)
Q = Volumetric geat generation (W/m3)
Ri = Inner radii of annular Li-ion cell (mm)
rinteff = Effective internal resistance of the cell (Ω)
Ro = Outer radii of annular Li-ion cell (mm)
T = Temperature rise above ambient (K)
Tcool = Temperature of coolant with respect to

ambient temperature (K)
μ = Eigenvalues (1/m)
γ = Degree of anisotropy
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