


28 Volt Battery Performance

The same cell has also been used in a 28-volt,
160mm-diameter battery, with a length of
275mm. The voltage discharge performance
over the temperature range of +70C to —46<C is
indicated below. The design had two parallel
sections of 15 series cells.

Activation [Voltage on Int Res
Test time 37.5A at at
Temp to 24V 45 min 45 min
() (s) ) (ohm)
70 2.1 28.3 0.020
20 2.3 28.4 0.023
-46 2.8 25.0 0.12

Discharge curves of the battery on a continuous
constant current load of 37.5A are given in Fig.2.
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Figure 2: 28 Volt Battery Discharge Graph.

The discharge voltages at 70C and 20C were
identical, but due to the higher internal resistance
the —46<C discharge was at a lower voltage. The
design was not fully optimized.

10 Cell Battery Design

The current work to evaluate cell performance on
alternative loads was carried out using a 10-cell
battery. The basic design of all batteries was the
same, although the voltage tapping points were
changed in some, depending on the additional
information that was being recorded.

The complete battery weighed 7.0kg and had a
diameter of 160mm with a length of 140mm.
Figure 3 shows details of the battery design.

The main battery electrical output was via 5mm
diameter terminals in glass-to-metal seals. A low
resistance alloy of cobalt and iron was used for
the terminals, each of which was rated at 120A
with a low voltage loss. ASB Hermetics manufac-
tured the headers. A copper bus bar connected
the three positive terminals with the same
arrangement for the three negative terminals.
The header also had 4 smaller diameter
terminals that were used to monitor lead voltage
loss or to measure the performance of specific
cells from tapping leads in the cell stack. Two
terminals at the other end of the battery were

used for the battery activation igniter. High
performance thermal insulation (Microtherm) was
used to reduce the rate of heat loss from the cell
stack and both ends of the battery.

Figure 3: Battery Design.
Test Load Profile

Batteries were discharge tested using a Bitrode
programmable load unit with a maximum current
capability of 500A and a maximum voltage of
25V. The test load profile was as defined in
Figure 4. Current was monitored to confirm that
the actual load was as programmed. The 310A
current pulse was equivalent to a cell current
density of 2A/cm®. The initial steady load was
23A, and after the 310A 110 second pulse at
1200 seconds, increased to 31A.
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Figure 4: Test Load Profile.
RESULTS AND DISCUSSION

Discharge performances over the temperature
range -2 to +70<C are presented below.

Test Acttime to | Duration to Capacity
Temp. 15v 15v to 15V
(T) (s) (min) (Ah)
-2 2.3 32.8 24.8
20 2.2 31.6 23.7
50 2.0 31.2 23.5
70 1.9 29.8 22.8

The anode efficiency is between 79 and 86% for
a temperature range from -2 to 70C, which is
similar to the results achieved in the production
cell.




20T Temperature Discharge

The voltage v. time curve for the battery tested at
20 is shown in Figure 5. The battery produced
a voltage output completely free from voltage
disturbances and noise.

During the first three 310A pulses, the cell
polarization was normal during the 5-second
pulse duration. However, during the 110 seconds
310A pulse application at 20 minutes, the voltage
increased from 10.6 volts to 10.9 volts.
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Figure 5: Discharge Graph at 20C
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Figure 6: Cell Voltages at 20<C.

The single cell voltage tapping information given
in Figure 6 explains the behavior in more detail.
Cell 1 at the base of the battery was the main
influence on the behavior. It had the highest
internal resistance when the pulse was applied
and so was heated most by resistive heating.
Cell 2 had almost normally expected behavior,
although it increased slightly. The 6 cells in the
middle of the battery, represented by Cell 5
behaved with a normal polarization pattern losing
about 0.1 volts during the 110-second pulse.
Cells 9 and 10 behaved very similarly to Cells 1
and 2.

The end heat design of the battery has been
investigated using our thermal model that
confirms that the end cell temperature had
dropped significantly during 20 minutes. By
comparison the 6 cells in the middle of the stack
remained within 20C during the 20 minutes.

The tapping information also showed that the
increasing battery voltage dropped on the first 3

pulses, corresponding to battery internal
resistance increasing from 15mQ to 19mQ
mainly coming from the end cells. The internal
resistance of the six middle cells only increased
from 8.7mQ to 10.3mQ during 20 minutes.

50T and 70C Temperature Discharge

Figure 7 gives a discharge voltage v. time curve
for the battery discharged at 70C. The 50T
result was very similar. Both results indicated
voltage outputs completely free from voltage
disturbances and noise.
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Figure 7: Discharge Graph at 70<C.

At these higher temperatures, the increasing
voltage behavior during the 110 second 310A
pulse did not occur. Both batteries indicated a
more normal polarization effect, as the end cells
at the higher temperature did not demonstrate
the same degree of resistive heating.

-2C Temperature Discharge

Figure 8 gives a discharge voltage v. time curve
for a battery discharged at -2<C.
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Fig. 8: Discharge Graph at -2<C.

The -2C battery exhibited the same voltage
behavior during the 110 second 310A pulse, but
the initial voltage drop was more severe and the
recovery more pronounced. Cell tapping
information confirmed the same reasons for the
battery voltage recovery as were found during
the 20<C discharge.



Lead and Terminal Voltage Losses

A battery was tested at 70C with non-current
carrying tapping leads to measure the resistance
of the leads and terminals. This was measured
as less than 1.8mQ during the 110 second, 310A
pulse.

The temperature rise of a current carrying
terminal was also measured (see Figure 9). The
gradual rise in temperature was due to thermal
conduction from the battery stack while heating
effects due to the 110 seconds, 310A pulse were
minimal. This confirmed the intrinsic low
resistance of the terminal.
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Figure 9: Terminal Temperature.
Iron Disulfide Stability

Thermo-gravimetric analysis of iron disulfide has
indicated that most of the decomposition takes
place between 600C and 650C (4). The
authors also concluded that in a closed system
such as a thermal battery, the decomposition
temperature could be higher. We have carried
out thermo-gravimetric analysis on the iron
disulfide used in our batteries and found that it
decomposes between 610C and 640C in
argon. The battery discharged at 70T indicates
that for discharge durations up to 30 minutes,
iron disulfide decomposition does not
significantly effect cell performance.

Predicted Performance of 50 cell Battery

Based on tapped cell voltage performance, we
can make an accurate prediction of the voltage
performance of a 50-cell battery on the same
load profile. By adding the voltage performance
of middle and end cells from the ten-cell battery,
the predicted voltage v. time profile at 20T is
given in Figure 10.

The discharge on the background load is thus
seen to be about 2.3kW, rising to 18.6kW during
the 110-second pulse at 20 minutes. The
160mm-diameter battery has an estimated length
of 410mm and a mass of 19.7kg. During the
discharge to 75 volts, a total energy of 1977Wh
is discharged into the load, equivalent to
100Wh/kg. However, if the energy lost internally
due to the battery internal resistance is taken into
account the cells discharged 2266Wh, equivalent
to 115Wh/kg. This is the same energy density as

was achieved by the production battery from
which Figure 1 data above was obtained.
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Figure 10: Predicted 50-cell battery voltage.

CONCLUSIONS

160mm diameter, immobilized lithium anode, iron
disulfide thermal batteries with 24Ah cells have
been successfully discharged over a range of
temperatures. They have demonstrated stable
performance characteristics on heavy current (up
to 310A) pulsed Iloads indicating their
compatibility for applications with duration
requirements up to 30 minutes.

Even on a load with extended periods at current
densities of 2A/cm?, the estimated performance
of a 50-cell battery will have an energy density of
100Wh/kg.

During the test program, the performance of high
current terminals and leads was successfully
demonstrated.

Cell tapping data has provided valuable
information for further improvement to end cell
performance and for the design of higher voltage
batteries for applications such as torpedo
propulsion and aircraft emergency power
supplies.
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