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a b s t r a c t

Portable underwater electrical power is needed for many commercial, recreational and military applica-
tions. A battery system is currently not available to meet these needs, which was the aim of this project.
Lithium-ion battery cells (Panasonic (CGR18650E)) were chosen, based on their high energy density and
availability. To increase their voltage, 8 battery cells were connected in series (“sticks”) and protected by
encapsulating them into a polycarbonate tube; and 6 sticks were housed inside a triangular aluminum
case (module). Testing was performed to determine the consistency of individual cells, sticks and mod-
ule and during discharge/charging cycles. The effect of ambient temperature (TA) was determined by
instrumenting them with thermocouples. In addition, voltage and current were measured and used to
determine the heat generated within the battery cell and were compared to theory. From these data, a
radial temperature profile was determined for two battery sticks in the battery module. Collapse pres-
sure was determined and compared to theory. The Panasonic (CGR18650E) cells delivered 2291 mAh
each over a wide range of TA and discharge/charge rates. The theoretical and experimental data showed
that the temperature within the battery sticks and modules did not rise above or below their operating
temperature range (−20 and 60 ◦C), in agreement with the models. The tubes encapsulating the sticks

withstood pressures down to 305 m of sea water (msw) which was predicted by modeling. The Pana-
sonic (CGR18650E) cells, sticks and module demonstrated that they provided sufficient electrical power,
reliably and safely to be used in the underwater environment (1800–2000 kPa, 305 msw) over a wide
range TA, including high power requirement systems like an active thermal protection system that keeps
a diver comfortable in extreme temperature conditions. The concept developed here can be modified to
meet specific power requirements by varying the number of cell in series to achieve the desired voltage,

in pa
and the number of sticks

. Introduction

Underwater activities are widespread in commercial, sport and
ilitary groups. All of these groups use devices and equipment to

equire electrical power of varying magnitudes, and for portability
attery power is ideal. In addition to lighting and power tools, a new
echnology that maintains the divers’ thermal balance increases the
eed for a more rigorous battery power system [1]. Ideally this bat-

ery system would operate in waters ranging from −2.2 to 40.5 ◦C
own to a depth of 107 m of sea water (msw) for an indefinite time
2]. Other requirements included that it be rugged, not decrease

obility, be neutrally buoyant, be waterproof, have a low drag

∗ Corresponding author at: Center for Research and Education in Special Environ-
ents, University at Buffalo, 124 Sherman Hall, 3435 Main Street, Buffalo, NY 14214,
nited States. Tel.: +1 716 829 3830; fax: +1 716 829 2384.
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378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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rallel to provide the current capacity required.
© 2010 Elsevier B.V. All rights reserved.

coefficient, be resistant to punctures and abrasion, have redundant
components, highly reliable and cost effective [2].

Previously, it has been reported that battery packs for thermal
extremes that included Li-Ion batteries, a control board, tempera-
ture sensors and an enclosure are possible [3]. Lithium-ion battery
cells have a high energy and power density, when compared to
other reusable battery cells, such as silver/zinc battery cells [4] and
they are rechargeable. Lithium-ion battery cells are designed with
safety vents in the case of a sudden increase in cell pressure [5].
In the event that pressure increases, a membrane on the top of the
battery is punctured to allow for pressure venting [5]. Likewise, to
avoid the possibility of a thermal runaway, there are PTCs which
function as thermal fuses built into the battery to stop use, and

are generally set to blow around 30–50 ◦C above the upper tem-
perature limit [5]. In addition, the battery must not be exposed to
water, since this could cause a short circuit. If a prolonged short cir-
cuit was to occur, this could cause the battery to heat up and ignite
the contents [6,7].

dx.doi.org/10.1016/j.jpowsour.2010.06.071
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dpenderg@buffalo.edu
dx.doi.org/10.1016/j.jpowsour.2010.06.071
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Nomenclature

a distance between the center points of two cylinders
(m)

A area (m2)
˛ thermal diffusivity (m2 s−1)
Bi Biot number
b radius (m)
ˇ volumetric thermal expansion coefficient (1 K−1)
ˇm eigenvalue
c specific heat (J kg−1 K−1)
�r stepsize (m)
�t timestep (s)
g gravity (m s−2)
hCond. conduction heat transfer coefficient (W m−2 K−1)
hConv. convection heat transfer coefficient (W m−2 K−1)
hRad. radiation heat transfer coefficient (W m−2 K−1)
H height (m)
I current (A)
k thermal conductivity (W m−1 K−1)
N Number of cylinders
Nu Nusselt number
ϕ angular coordinate (rad.)
Pr Prandtl number
Q̇ heat generation (W)
q̇ volumetric heat generation (W m−3)
� density (kg m−3)
Ra Rayleigh number
R radial dummy variable (m)
r radial coordinate (m)
S shape factor (m)
T temperature (K)
T∞ air temperature (K)
� temperature difference (K)
t time (s)
� time dummy variable (s)
u homogenized temperature difference (K)
∀ volume (m3)
V operating voltage (V)
VOC open-circuit voltage (V)
z axial coordinate (m)
D outer diameter of the tube (m)
d mean diameter of the tube (m)
E Young’s modulus of elasticity (N m−2)
L length of the tube (m)
LC critical length (m)
� Poisson’s ratio
Pc collapse pressure (N m−2)

g
n
w
t
a
n
a
a
i
s
e
l

t thickness of the tube (m)
yc compressive yield strength (N m−2)

Based on their design characteristics, lithium-ion batteries offer
reat potential for underwater use, however, there are a large
umber of design challenges to make them functional and safe in
ater, under high pressure, and in extreme temperatures. Thus,

he purpose of this project was to design and test a recharge-
ble lithium-ion battery module for underwater use. Analytical,
umerical, and experimental methods were used to: (1) select the
ppropriate lithium-ion battery from available choices, (2) design

battery stick capable of providing enough power by combin-

ng single lithium-ion battery cells in series, (3) combine these
ticks in parallel for increased capacity, (4) evaluate the effects of
xternal temperature and pressure on performance of individual
ithium-ion and combinations of cells, (5) evaluate the overall tem-
er Sources 196 (2011) 793–800

perature distribution resulting from the cells exothermic reaction,
and finally, and (6) develop a pressure resistant container for the
battery sticks.

2. Methods

2.1. Battery cells

2.1.1. Individual battery cell selection and testing
The first step in this process was to evaluate potential

battery cell availability. Cells from A123 Batteries America
(2LP1900, 2LP405590P4H), Common Sense (LP-2S2000-8-X2),
Dualsky (XP22502), Enerland (PF415585), Kokam, Lucky Goldstar
(LG) (E1, E2, LG18650-2400-T4), Panasonic (LiIon, CG18650E), Sae-
han Enertech (SPB496395, 366395, 605060), Sanyo (UPF574199),
TENERGY (PL-00550100, 7552146,7458168, and Li8650-2200-4),
Thunderpower (TP2100-2S), Tronics Huizhou, and Ultralife SSS
were evaluated for their voltage, capacity, discharge amperage
capacity, shape and size, cost and availability. Based on this anal-
ysis three Li-Ion batteries were selected for further evaluation
and compared to a Li–polymer batteries that were previously
used in testing in our laboratory. From this analysis, two Li–ion
batteries were selected for testing; i.e. LG (LG18650-2400-T4)
and Panasonic (CGR8650E) as they had the greatest capacity
(2400 and 2550 mAh, respectively), volumetric capacity (0.145 and
0.154 mAh mm−3, respectively) and specific capacity (per unit bat-
tery weight, mAh gm−1) and were widely available and used.

The LG and Panasonic battery cells were tested for consistency
among cells (n = 5) and duty cycles (5 cells cycled 5 times) by record-
ing discharge capacity as a function of time. From this measure,
their capacity was determined (mAh) and compared among batter-
ies and conditions. These batteries were also tested for the effect
of discharge and charge rates on capacity, as well as compared
to the manufacturers’ specifications. The effects of discharge rates
and ambient temperature (0–55 ◦C) on capacity were determined
as well. The batteries were discharged and then charged (Intelli-
Peak ICE Charger) and the data recorded on a computerized data
collection system (DAQ, IOTech).

Battery Specialties (Costa Mesa, CA) was identified, and with
approval of Panasonic, Inc., eight (8) cells were arranged end-to-
end geometrically and in series electrically to form a stick. Each
stick had incorporated a charging/discharging and electrical pro-
tection circuitry board to provide nominally 28.8 V per stick. This
protection circuitry prevented over-voltage (4.2 V max), under-
voltage (3 V min), over-current discharge (30 A max), over-current
charge (10 A), over-temperature (55–60 ◦C), short-circuit protec-
tion, constant current/constant voltage (CC CV−1) charging, and cell
balancing for each individual cell. The circuit consumes only 20 �A
on discharge and 140 �A during charging, effectively eliminating
the impact of the controller on discharge capacity. The stick was
then enclosed in a polycarbonate tube, with a length of 0.54 m and
a wall thickness of 1.60 mm.

The next step was to combine the battery sticks electrically in
parallel into a battery module. An equilateral triangular shape was
selected as a compact modular arrangement for this application,
and designed for 6 sticks per triangle (48 battery cells, 14.88 kg
mass, and 75.9 cm in length and 12 cm sides). With the standard
capacity of 2000 mAh, combining battery sticks in parallel increase
the capacity of the system, with the amount determined by the
number of sticks arranged in parallel.
2.1.2. Battery stick thermal analysis
Due to the electrochemical reaction inside the battery cell, heat

is generated as the battery is either charged or discharged, affecting
the temperature distribution within the battery cell. Temperature
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s an important consideration with Li-ion batteries, since they must
emain within a fixed range during discharge (−20–60 ◦C) and
harging (0–45 ◦C) [8,9]. If this temperature range is exceeded, the
attery cells may ignite due to “thermal runaway” [5]. Although the
se of a thermal sensor has been suggested in battery pack design
3] this adds considerable complexity to the pack. Many previous
nvestigators have developed thermal models of lithium–polymer
atteries [10–13]. The method used in this study employed the heat
onduction equation, in cylindrical coordinates [14,15]:

1
˛

∂T

∂t
= 1

r

∂

∂r

(
r

∂T

∂r

)
+ q̇(r, t)

k
z (1)

ere, it is assumed that all thermal properties are constant and that
emperature variation is negligible in the axial (z) and azimuthal
ϕ) directions. It was also assumed that the conductivity and other
eat transfer/thermodynamic properties of the batteries could be
epresented by an average value across the various components of
he battery. The justification for this was taken from previous work
20], that showed it was possible to derive a composite values for
hese properties, and it was assumed that the batteries used in the
resent study would not differ to largely from these values, and
herefore their values were used in the evaluation of the tempera-
ure distribution of the batteries. The equation describing the heat
eneration is given by [10–13]:

˙ = I

(
Voc − V − T

∂Voc

∂T

)
(2)

n Eq. (2), I is the load current, and VOC and V are the open-circuit and
oad voltage, respectively. According to Pals and Newman [10], the
ast term on the right-hand side of Eq. (2) describes the reversible
ntropy change in the battery cell. Chen and Evans [16] state that
hen discharging at a high rate, the heat generation curve is mainly
etermined by the difference in the open-circuit voltage and the
perating voltage.

The geometry and coordinates of a single battery cell that was
sed in the mathematical model is used in Eq. (1) which also
equires that both an initial condition and two boundary conditions
e specified. The initial condition and the boundary condition at the
urface are determined from experimental data. At the center of the
attery cell, symmetry is invoked, meaning that the boundary con-
ition at r = 0 is treated as if it were adiabatic, and the solution must
e finite at this location, dT/dr = 0. Likewise, because Eq. (1) is sec-
nd order in space, it will have two linearly independent solutions,
s mentioned by Haberman [17]. One solution must be eliminated
ince it will go to infinity at r = 0.

It is noted that the boundary conditions and Eq. (1) are non-
omogeneous and that an analytic solution cannot be found using
eparation of variables, as mentioned by Haberman [17]. Özişik [18]
ives an analytic solution for Eq. (1), using a Green’s function. As
check, a numerical solution was performed using methods given
y Hoffmann and Chiang [19].

The numerical solution of Eq. (1) can be carried out explicitly
sing a finite difference method [15,19]. A forward time/central
pace explicit method was incorporated using a Taylor series
xpansion, where the central differences for the temperature
erivatives are given by Hoffmann and Chiang [19].

Both the analytic and numerical solutions were used for finding
he heat flux through the surface of the battery. The average com-

osite properties of the battery cells needed for both the analytical
nd numerical solutions are taken from Maleki et al. [20]. As these
alues are generally functions of temperature, Chen and Evans [16]
tate that it can be assumed that the constants represent average
alues over the range of temperatures that were analyzed in this
tudy.
er Sources 196 (2011) 793–800 795

2.1.3. Battery temperature numerical solutions
A code was written to solve Eq. (1) using an explicit finite

difference approach. The polynomial expressions for the surface
temperatures and heat generation sources were coded into the pro-
gram. A Fourier number of 0.4 was chosen, along with a timestep
of 0.025 s. Mathematica was used to solve for the temperature as
a function of time, and also for the transfer coefficients. For bat-
tery stick 1 (Fig. 5) L was taken to be the distance from the corner
of the aluminum battery module to center of the battery, minus
the radius of the battery to be 12.7 mm. For battery stick 2 etc. the
distance between battery stick centers and their distance from the
container wall, as well as the battery stick diameter were used. The
heat generation, area, and volume were divided by two to account
for the pocket of air between the two battery sticks.

2.1.4. Battery stick pressure resistant testing
The behavior of cylindrical shells exposed to external pressure

has been well explored [21]. Many relationships to describe the
behavior of long tubes, with lengths greater than their critical
lengths, exposed to external pressure [21–23], as well as in short
thin tubes [24] and this was revised for thickness ratios as low as 10
[25,26]. In addition, equations for the calculation of collapse pres-
sure, depending on tube length and thickness have been reported
[25,26]. More recent work considers how tubes may react under
additional types of loading, such as combined internal and axial
loading and interactions thereof, while considering the contribu-
tions from the end-conditions [27].

The tubes used for this investigation have L D−1 and L d−1 ratios
of about 21 and 23, respectively. The minimum length for each tube
beyond which the collapsing pressure is constant (critical length)
to be used to determine the appropriate formula for the collapsing
pressure is given by the equation [28,29]:

Lc = 1.73

√
d3

t
(3)

Using Eq. (3), the critical length of the tubes used in this investiga-
tion was about 152 mm. Because this value is less than the length
of the tube (long tube) the end-effects of the tube can be ignored
[28]. The D t−1 and d t−1 ratios for the tubes in this investigation are
small enough to be considered thick, 16 and 15, respectively, and
thus the collapse pressure for thick tubes which is determined by
inelastic behavior was used [26].

Previous studies have provided the background [21,24,30] for
the method used in the present study for estimating the collapse
pressure of tubes made of two different materials, specifically:
acrylic and polycarbonate.

2.1.5. Measurement of collapse pressure
An experiment was performed to evaluate the collapse pressure

of tubes made from acrylic and polycarbonate and the data were
compared to that calculated from published models [22,25]. A cast
iron water tank (71 cm in diameter with 2.54 cm wall rated to 1701
atmospheres) was used to pressurize the tubes via an air pump
and water supply. A pressure gauge was connected to the air pump
to measure the pressure of the air pumped into the water tank.
The water used was boiled to remove any dissolved gases and then
allowed to cool to room temperature. An acrylic or polycarbonate
tube was filled completely with the boiled water and a fitting with
Swagelok tubing screwed into its top. The two-sided fitting was
screwed into the tube and to the top of the water tank.
The tank was filled with water at a specified temperature until
it was completely full; room temperature water for the acrylic
tube tests and temperatures of 11.7, 13.4, 21, 40.8, and 42.1 ◦C for
the polycarbonate tube tests. A graduated pipette was attached
to the top of the fitting. Air was pumped into the tank, and the
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Fig. 1. Voltage is plotted as a function of capacity for the average of 5 individual
cells during discharge at rates of 500–3800 mAh.
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ressure was increased incrementally. Water was squeezed out of
he tube as the tube deformed, into the graduated cylinder. The
olume of the ejected water was recorded as a function of the
ank pressure. The tank pressure was increased until the tube fail-
re.

.1.6. Polycarbonate tube vise test
This experiment was done to determine how the volume of the

ube was affected by collapse due to external pressure. A polycar-
onate tube was filled with water, as described above, and a fitting
as attached to the top of the tube and the graduated pipette. The

ube was placed inside of a vise between pieces of plywood used to
istribute the force of the vise along its axial length. A caliper was
sed to measure the minor diameter of the elliptical cross-section of
he tube as a function of volume deformation as water was ejected
nto the graduated pipette. Compression with the vise continued
ntil the minor diameter of the tube ceased to change noticeably,
hich was taken to be the smallest diameter of the tube. Once the

mallest diameter was reached, the vise was opened slowly, using
he same method, in order to explore how well the tube recovered
rom compression.

.1.7. Polycarbonate reliability test
An experiment was conducted to study prolonged pressur-

zation on polycarbonate tube performance. The experimental
pparatus was comprised of a stainless steel tube connected to
nitrogen tank and a water tank. A polycarbonate tube was pre-
ared, as described above, with the fitting screwed into the stainless
teel tube. The whole assembly (N2 tank and stainless steel tube)
as filled completely with water ranging between 10 and 40 ◦C,

nd a coaxial knob was closed to seal the tube. Nitrogen was
upplied to increase the pressure inside the stainless steel tube
n the polycarbonate tube, which forced water out through an
xhaust. The assembly was pressurized to 1034 kPa (simulating
07 m water depth). The pressure was held for 2 h, after which
he pressure was suddenly released by turning off the nitrogen gas
upply and venting the system through the coaxial exhaust. The
olycarbonate tube was removed, and the remaining volume was
e-measured.

. Results

.1. Battery selection

Selected battery cells were rejected from further consideration
ue their rectangular shape and low capacity or capacity per unit
olume or weight (Batteries America, Common Sense, Dualsky,
nerland, Kokam, Saehan Enertech, Sanyo, TENERGY, Thunder-
ower,Tronics Huizhou, and Ultralife SSS). The capacity levels were
bout 50% of that of the selected batteries. One battery was very
xpensive and fragile (Thunderpower).

LG batteries were compared to Panasonic Li-ion batteries based
n the rate of discharge as a function of time, consistency of power
upplied by individual batteries, and the consistency of power dur-
ng charge/discharge cycles. Both the LG and Panasonic batteries
ischarge and charge capacities among batteries were consistent
uring discharge with coefficients of variation (s.d. divided by
ean) of 1.5–3%. Similarly, the capacities during repeated cycling
ere very consistent among the cycles, with coefficients of varia-

ion of 1.5–2.0%. The major difference between the LG compared
o Panasonic Li-ion batteries was the rate their capacity decreased

nd the capacity where they failed. In the latter case the range
or LG was 2000–2500 mAh (data not shown) and for Panasonic
i-ion 2250–2500 mAh for discharge rates ∼2500 mA (see Fig. 1).
ased on these test results and the common availability and use,
he Panasonic cells were selected for further testing.
Fig. 2. Average values (±s.d.) for capacity are plotted as a function of discharge and
charge rates for 5 cells tested individually. The * indicates the values are significantly
different from the 500 mA value at the p = 0.05 level.

The individual battery cells have a diameter of 18.5 mm and a
length of 65 mm. The mass of one battery cell is 43 g. Each battery
cell has a standard capacity of 2000 mAh, with a nominal voltage
of 3.6 V [31]. The operating temperature range for the battery cells
is between −20 and 60 ◦C during discharge and 0 and 45 ◦C dur-
ing charge [9]. Relevant thermal properties for the battery cells
include a composite conductivity value of 3.4 W m K−1, and com-
posite diffusivity value of 1e–6 m2 s−1 [20]. Over a discharge/charge
rate of 500–2500 mA there was no significant effect on capacity
which averaged 2265 ± 139 mAh (Fig. 2), however it was signifi-
cantly decreased at 3800 and 5000 mAh discharge. Similarly the
batteries’ capacity was not significantly affected by temperature
from an ambient temperature of 55–25 ◦C (2316 ± 116 mAh), while
it was lower at 15 and 0 ◦C (34%) (Fig. 3).

Based on the analysis described above, the Panasonic battery
cells were selected to make the battery sticks (see Fig. 5), which
were subsequently tested using the same protocols used for the
individual cells. Sample data are shown for the discharge of a bat-
tery stick, and it comparison to Panasonic’s specifications, in Fig. 4.
As can be seen the data for the stick discharged at 1700 mAh is

similar to that of individual cells (Fig. 1) and in agreement with the
manufacturer’s specifications [9,31]. The stick also passed the other
tests of discharge rate and temperature (data not shown), and thus
were incorporated into a battery module (Fig. 5).
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Fig. 3. Average values (±s.d.) for capacity are plotted as a function of ambient tem-
perature for 5 cells tested individually for charge and discharge at 1700 mAh. The
differences between charge and discharge were not significantly different from each
other. The * indicates the values are significantly different from the 55 ◦C value at
the p = 0.05 level.
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Fig. 6. Open-circuit voltage is plotted as a function of increasing and decreasing
temperature for a battery stick.
ig. 4. Total voltage from 8 cells in series is plotted as a function of capacity during
ischarge and compared to the specifications given by Panasonic for the CGR8650E
atteries.

.2. Thermal experimental data for battery sticks
Experimental data showing the open-circuit voltage changes in
battery stick as a function of temperature are shown in Fig. 6. The

lopes of the lines in Fig. 6 are −1.11E–04 V K−1 when increasing
emperature, and −9.34E–05 V K−1 when decreasing temperature.

ig. 5. The battery stick comprised of 8 individual Panasonic cells is shown along
ith the circuit board used for charging and discharging and safety. A meter stick is

hown for reference.
Fig. 7. Volumetric heat generation corresponding to two different temperatures,
using Eq. (1) is plotted as a function of time.

This hysteresis is likely due to a slight voltage drain in the battery
cells during the experiment.

The heat generation was calculated from the voltage and cur-
rent data using Eq. (2). The current, between 8 and 9 A or 4 and
5 A, was divided by six, in order to estimate the average stick
current; likewise the voltage difference was divided by eight to
estimate the average voltage per cell. Fig. 7 shows the resulting
heat generation for 10 and 40 ◦C water. A non-linear regression was
performed in Mathematica, fitting the data to a 6th degree polyno-
mial. The resulting polynomials were used in both the analytical
and numerical solution methods. For the 10 ◦C water case, the R2

value was 0.998; for the 40 ◦C water case, the R2 value was 0.996.
Measured surface temperatures for sticks 1 and 2 in 10 ◦C water
stated at 18 and 21 ◦C and decreased exponentially to a steady state
of nominally 13 and 15 ◦C, respectively, after 1 h. Measured surface
temperatures for sticks 1 and 2 in 40 ◦C water stated at 31 and 26 ◦C
and increased exponentially to nominally to 46 ◦C after 3 h.

Surface temperatures were fit with the 6th order polynomials
(Mathematica) that were then used in the model solutions. In 10 ◦C
water, the surface temperatures for sticks 1 and 2 had R2 values of
0.99 and 0.99, respectively. Likewise, sticks 1 and 2 had R2 values
of 0.99 and 0.99, respectively for 40 ◦C water. The surface temper-
atures correspond to the boundary condition, T(b, t) = f(t).

3.2.1. Analytical and numerical solutions for battery temperature

measurements

An example of the radial temperature distributions at various
temperatures comparing the numerical and analytical solutions for
stick 1 at 10 ◦C are shown in Fig. 8. The purpose of this analysis
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ig. 8. Radial temperature distribution in stick 1 in 10 ◦C water. Solid lines indicate
he analytical solution, while filled squares are the numerical solution.

as to test if the battery stick under these operating conditions
emained within its safe operating conditions. Similar analysis was
erformed for stick 1 and 40 ◦C and for stick 2 under both con-
itions. It can be seen in Fig. 8 that the temperature distribution

s relatively constant across the radius, which was also the case for
tick 2 and in 40 ◦C. For the cold water cases, the radial temperatures
ecrease as a function of time (1.57 ◦C h−1) and for the hot water
ase they increase with time (8 ◦C h−1); and there was no significant
ifference between the two sticks (p = 0.469) or the Analytical and
umerical Models (p ≥ 1.00). Percentage differences in the model

olutions were calculated to be less than 0.03%. The numerical solu-
ion contains truncation errors due to the application of Taylor
eries, where there are two central differences for the radial coor-
inate, and have an accuracy of order (�r)2, while the forward
ifference for the time derivative has an accuracy of order (�t).
scillations in the errors graphs are dependent on the number of

erms used to calculate the analytical solution. The more terms (18
r more) used in calculating the analytical solution, the frequency
f the oscillation increases, while their amplitude decreases; and
esulted in a more accurate solution.

The centerline temperatures for the battery sticks were esti-
ated using Eq. (1). Fig. 9 shows a comparison of the centerline

emperatures along with the operating temperature range. The pur-
ose of this analysis was to test if the battery stick under these
perating conditions remained within its safe operating conditions.

he profiles shown in Fig. 9 can be seen to remain within the ther-
al limits of the Li-ion battery cells. As can be seen from Fig. 9,

he battery cells in this experiment are not in danger of violat-
ng the operating temperature limits. The temperature solutions
lso demonstrated that assuming the modes of heat transfer were

ig. 9. Centerline temperatures for battery cells are plotted as a function of time
or battery sticks 1 and 2 in 10 and 40 ◦C. The operating range provided by the

anufacturer is also shown.
Fig. 10. The volume of water displaced from the tube during compression is plotted
as a function of ambient water temperature.

conduction and radiation fit the experimental data better than the
models assuming convection.

The radial temperature versus time data were used to calculate
the heat flux across the surface of the battery cells. The battery
sticks in hot water, initially had negative values for the heat flux,
showing that heat is entering the battery sticks from the ambient
environment (data not shown). This phenomenon raises concern
when considering that the battery cells have a fixed operating tem-
perature limit, as given by the manufacturer [9,31]. For this reason,
the battery sticks must never be allowed to sit idle in a warm envi-
ronment prior to usage, in order to ensure that the cell temperature
does not rise above the upper temperature bound.

3.2.2. Collapse pressure test results
Acrylic tubes were tested and excluded from further considera-

tion as while they crushed at a pressure twice that of polycarbonate
(2930 ± 170 kPa), as predicted by the various theories, they failed
in a catastrophic manner, resulted in shattering; which would be
detrimental in underwater applications. Fig. 10 shows the rela-
tionship between ambient water temperature and the volume of
displaced water during compression. On average the tubes tested
at 11.7–21 ◦C failed at 2068 ± 170 kPa, while between 40.8 and
42.1 ◦C they collapsed at 1896 ± 170 and 1724 ± 170 kPa, respec-
tively. The trend line had an R2 value of 0.99, implying that there is a
functional relationship between the temperature and the displaced
volume.

Data calculated from Southwell’s [25] theoretical model was
compared to experimental data, demonstrating that the col-
lapse pressure was 27–39% less than the experimental value
(0.022 ± 0.002 Pc yc−1 compared to 0.015 Pc yc−1, non-dimensional
values found through experimentation). The theoretical value pre-
dicted by Levy’s [22] model more closely approximate the values
obtained from testing, with differences are between 2 and 18%
(0.016 Pc yc−1 vs. 0.023 ± 0.013 Cc yc−1).

3.2.3. Polycarbonate vise test
The results of the Polycarbonate tube compression are shown in

Fig. 11. The diameter was initially at 2.54 cm, and was compressed
to 0.632 cm. It can be seen from Fig. 11that as the tube is released,
there is a slight hysteresis in the curve. The release curve, how-
ever, does not return to 2.54 cm, because permanent deformation
occurred.
3.2.4. Polycarbonate reliability test
Polycarbonate tubes were pressurized to 1034 kPa eight (8)

times in ambient water temperatures of 40 and 10 ◦C each. The
volume of the tube after compressions in both temperatures was
not different from the initial volume calculated from it geometry
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ig. 11. The average (± s.d.) volume change in the polycarbonate tube while under-
oing compression by a vise is plotted as a function of tube minor diameter of the
ube.

210 mL) (data not shown). Thus, the change in diameter of the tube
t 1034 kPa is negligible.

. Discussion/conclusions

.1. Battery cell selection

The Panasonic (CGR18650E) battery was experimentally deter-
ined to have uniform capacity among cells and during cycling;

nd met the manufacturer’s specifications [9,30] of capacity for
ischarge/charge rates of between 1300 and 2500 mAh and over
emperatures of 55–15 ◦C with an average capacity of 2291 mAh at
voltage of 3.6 V.

.2. Battery stick and module

Although individual cells can provide 3.6 V many applications
equired higher voltages, for example a diver thermal protection
ystem requires from 24 to 32 V. Thus the combination of eight (8)
ells in electric series provides 28.8 V and the total capacity of the
ystem was increased by putting six (6) battery stick in parallel in
n aluminum triangle. The number of batteries in series to make
stick, and the number of parallel stick can be varied to meet the

pecific needs of the application.

.3. Thermal battery model

Analytical, numerical and experimental methods were used to
tudy the temperature distributions in Li-ion battery cells during
ischarge. Because the discharge of the cell involves an exother-
ic reaction, heat is generated during use that affects the overall

emperature distribution. Likewise, the ambient temperature sur-
ounding the battery plays a role in determining the protective
ircuit ability to keep itself within its prescribed operating tem-
erature range.

The volumetric heat generation is found using cell voltage, cell
urrent, and the change in open-circuit voltage as a function of tem-
erature. Because the change in open-circuit voltage with respect
o temperature is small, the main contributor to heat generation
s due to Ohmic heating, which increases as a function of time.
he numerical and analytical solutions gave results that are less
han 0.03% different. These results were then used to determine

he temperature distribution across the radius of the battery cell,
nd therefore the centerline temperature. Modeling of the surface
emperatures and internal temperature distribution suggested a
ow-Biot number, with heat transfer away from the surface due
o free convection. The experimental radial temperature profiles
er Sources 196 (2011) 793–800 799

confirmed that the heat transfer has a low-Biot number. The tem-
perature variation, as a function of time, was therefore modeled
using a lumped capacitance model. The heat flux in 40 ◦C water is
initially negative, reflecting the fact that the ambient temperature
is larger than the temperature of the battery cell. The heat flux in
10 ◦C water always remained positive, but unlike the 40 ◦C water
case, the heat flux remained relatively constant. Using the values of
the heat transfer coefficient calculated from theory, it was possible
to calculate the Biot number for the battery sticks, proving that the
mode of heat transfer does in fact correspond to a low-Biot number
situation and can be modeled using a lumped capacitance model.

During discharge in experimental conditions, the battery cells
are shown to stay within their operating temperature range accord-
ing to manufacturer specifications. The battery cells are therefore
capable of being used for underwater applications, so long as the
battery cells are not allowed to equilibrate with the outside tem-
perature prior to use in hot water. This is important, in order to
avoid thermal runaway, which may occur if the battery cells begin
operation at a high initial temperature. Because of the hazards that
are associated with high cell temperatures, it is suggested that the
battery cells be stored in a cool environment.

4.4. Pressure collapse testing

Multiple theories were explored in this study, namely those by
Levy [22], Bryan [24], Southwell [25], and Clinedinst [21]. Each
theory attempted to predict the collapse pressure of a cylindri-
cal shell, or tube, exposed to external pressurization. Experimental
data were collected to validate or repudiate these theories, when
applied in particular to the plastic polycarbonate tube used to pro-
tect the battery sticks in this study. The polycarbonate tubes (yc
(8.62E + 07 N m−2), E (2.38E + 09 N m−2) and � (0.41 mL)) used in
this investigation were characterized by their length-to-thickness
and diameter-to-thickness ratios. The theories used in this inves-
tigation resulted in curves that could be used for predicting
collapse pressure. Each theory was shown to estimate lower values
(18–39%) for the collapse pressure, when compared to experimen-
tal data. This analysis demonstrate that it is possible to compare
experimental data to theoretical data, using a non-dimensional
plot, with the experimental data showing the battery sticks were
protected from pressure down to a depth of at least 305 m equiva-
lent sea water.

5. General summary

This study demonstrated that Panasonic Li-ion batteries can be
combined in series (sticks) to increase their available power, and
also in parallel (module) to increase their capacity. The operation of
the batteries cells, sticks and modules remains in their normal func-
tional parameters over a wide range of ambient temperatures and
discharge/charge rates both in air and in water. Although capacity
fade has been reported for Li-ion batteries, it has not been shown
to effect capacity for batteries below 4.0 V, as was the case in this
study [31]. One caution is that the batteries, stick, and modules
should not be stored in high ambient temperatures. The battery
sticks were protected from pressure by the encasement in the poly-
carbonate tubes which makes them safe for operation. The battery
system developed in this study is ideally suited to operate under-
water gear and can be re-configured to meet the specific power
demands of the application.
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