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summary 

It 1s shown that thermal runaway can occur from self-discharge of 
sealed Ni-Cd batteries at elevated temperatures The process can be fast 
enough to rupture cells m batteries and cause physical damage to surroundmg 
areas Therefore the temperature of a charged battery must be hmited for 
safety reasons even on open circuit; the temperature limit will depend on 
the particular thermal environment. 

Little is known concernmg the self-discharge and heat generation m 
nickel-cadmium cells when they are sublected to temperatures far m excess 
of ambient. It is known that, m general, the rate of chemical energy loss 
from the cells m the form of heat mcreases with temperature and that ther- 
mal runaway is a likely result at sufficiently high temperatures, even with 
cells on open circuit Actual conditions promotmg thermal runaway have 
heretofore not been estabhshed. The work reported here provides such data 
m tests performed on open-circuited Ni-Cd cells, fully charged, when such 
cells were heated externally to temperatures from 44 to 118 “C. 

The ObJective of this paper is to relate the effects of heat generation m 
spacecraft nickel-cadmium (Nr-Cd) cells durmg high temperature storage on 
open circuit. When nickel-cadmium batteries are open clrcu&ed m the 
charged state, chemical reaction(s) provide a means of self-discharge and 
heat-generation. The rates of selfdischarge and heat-generation are relatively 
low at normal spacecraft operation temperatures (-5 to 30 “C); however, the 
rates and possibly the complexity of the reactions mcrease with temperature. 
There are little data available concemmg capacity losses via self-duchargmg 
m NrCd cells due to elevated temperature (above 40 “C) exposure. Such 
data could be useful m space programs, as temperatures m the range 80 - 
100 “C may cause the batteries to become thermally unstable. Additional 
heatmg generated by battery self discharge may drive the batteries mto 
catastrophic failure with consequences for the mtegnty of the spacecraft 
and its contents. The testmg described here was designed to determme the 
extent to which battery thermal stability is a valid concern, at temperatures 
of exposure (externally effected) between 44 and 118 “C. 
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The Ni-Cd cells selected for testing were from General Electric with 
35 A h nominal capacity, catalog number 35ABll It is expected that the 
results obtained with these cells can readily be extended to other Ni-Cd 
spacecraft batteries. 

The cell test apparatus is shown m Fig. 1, which is not drawn to exact 
scale m order to show some of the details. The cells were enclosed m an 
insulating contamer (Flbrothal (Reg.), Kanthal Furnace Products Co.) The 
large faces of the cell were supported by 0.25 m alummum restraints which 
were held together by 4 screws (not shown m the drawmg) The cell and 
restramts were designed to shp mto the aluminum liner along with the 
heater and alummum shuns to provide a snug fit. All shdmg pieces were 
coated with silicone heat conducting compound. The hner was bonded to 
the glass foam msulation with a high thermal conductivity RTV compound 
Empty spaces withm the glass foam insulator (top, bottom and small faces of 
the cell) were filled with glass wool Thermistors were mounted at the top 
and bottom of the cell, on the outside of the cell restramt opposite the 
heater, on the inside of a small face of the liner, on two outside surfaces of 
the foam msulator, and at the bottom of the foam insulator A stram gauge 
was placed on either the cell top or bottom m order to momtor any possible 
bulgmg of the cell case. The msulated test assembly was operated inside an 
environmental chamber 
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Fig 1 Thermal test assembly 
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Figure 2 shows a block diagram of the test apparatus. The seven ther- 
mistors and the stram gauge outputs were monitored by a computer which 
also controlled the heater and the temperature of the enwonmental 
chamber. Cahbratrons of the thermistors, specific heat of a cell, specific 
heat of the test apparatus, and thermal conduction through the test 
apparatus were made with a solid alummum “dummy cell” of known spe- 
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Fig 2 Block diagram of test apparatus 

cific heat. At a given environmental chamber temperature, the heater mside 
the assembly provided sufficient heat for the particular mitial mtemal 
temperatures. 

Measurements of temperature after heatmg provided the necessary 
calibration data. While the mitral external (environmental chamber) tem- 
perature was to be 60 “C, the mtemal temperatures for the determmation 
were 60, 80, 100, 120, 140, and 160 “C The thermal processes operating 
m the experimental test fixture durmg the calibration runs with a dummy 
cell of known heat capacity (b’) are described by the equation: 

a 
f 
‘* [Z’(t) - T’(t)] dt + c/2[T(t,) - T(tl) + T’(tJ - T’(t,)] 

t, 

= b ’ [T(tl) - T(tz)l (1) 

where a is constant for heat loss through the msulator, c 1s the heat capacity 
of the insulator, b’ is the heat capacity of the “dummy” cell, T(t) IS the cell 
temperature as a function of tune, and T ’ (t) 1s the chamber temperature as 
a function of time. 

Figure 3 is a computer plot of actual data for selected thermistors from 
one of the “dummy cell” runs, which were performed in order to determine 
the heat dissipation rate through the walls of the cell msulatmg contamer 
at various temperatures of the contamer/contents and the surroundmg 
thermal chamber. In this case, both the dummy cell and the chamber were 
brought mitially to 60 “C, then the cell heaters were disconnected and the 
dummy cell surface temperatures were monitored for one hour. The dummy 
cell was then heated to successively higher temperatures, and the tem- 
peratures with no cell heatmg were monitored. The chamber tempera- 
ture, nommally constant, demonstrated a small upward drift throughout 
the test, m addition to a sigmficant ripple associated with each cell heatmg 
and cooling cycle 

The values of the insulator heat capacity, c, and the rate of heat dissipa- 
tion through the walls of the msulator, a, determmed from analysis of 
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Fig 3 Cahbratlon curves, 60 “C mltlal temperature 

the thermistor data durmg the penods of active heatmg and by determmmg 
the coohng rates (heaters off), respectively , are shown m Table 1. The heat 
capacity (b) of the actual 35 A h cells that are the subJect of this paper were 
determined by calculation from the mater& of construction of the cells 
The value obtamed for a fully discharged cell was then adlusted by cal- 
culatlon to account for the differences m the heat capacities between the 
charged and discharged active cell mater& A value of AH (cell) of 0.235 
W h “C-’ (202 cal “C-l) was delnved from this calculation, m good agreement 
with data found m the literature [l] 

TABLE 1 

Thermal parameters 

Heat dlsslpatlon rate 0 126 W “C-’ 
Cell heat capacity 0 235 W h “C-l 
Cell restraints heat capacity 0 216 W h “C-’ 
Insulation heat capacity 0 156 W h “C-l 

In the cell testmg, fully charged cells were fastened between restrammg 
plates, fitted with thermistors, etc , and inserted into the msulatmg housmg 
m the same way that the dummy cells were treated earlier. The experiments 
were performed with fully charged cells at mltlal internal and external 
temperatures of 44, 64, 82, 85, and 118 “C The temperatures followmg 
the mltlal heating were momtored for up to 48 h and provided the data 
necessary for calculating the self-heat generation of these Nl-Cd cells m this 
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temperature range. The two cells used for 60 “C that 
were tested at 40 “C, after recharge. Otherwise, fresh cells were used in each 
cell temperature test. The testmg procedure was to heat the test chamber 
to the preset test temperature, then to heat the cells to approximately the 
same temperature via timed res&ance heaters contamed mslde the msula- 
tors, m contact with the cell surface, at the rate of -2 “C mm-‘. Table 2 
shows the actual cell wall temperatures achieved at the completion of the 
heating penod and also the maxunum temperatures achieved. 

TABLE 2 

Cell temperature data summary 

No of cells In&al temp 
tested (“C) 

A* -44 -64 
2 -82 
2 -85 
1 -118 

*Same cells as m 40 “C test 
**Cells were fully discharged 

Cell temp Environmental 
achieved at chamber temp 
end of test (“C) (“C) 

42 64 36 58 - - 38 59 
85 70 - 72 

> 166** 72-79 
230 121- 129 

One hour after the chamber reached the setpomt temperature, the cell 
heaters were fed a predetermmed amount of energy calculated from the cell 
constant, sufficient to brmg the cells and other contents of the msulatmg 
contamers to the setpoint temperature Thereafter the chamber temperature 
was mamtamed and both chamber and cell temperatures were monitored. As 
m the earlier cahbratlon runs each cell had five thermrstors attached to It, 
and three thermistors were attached to the outside surface of the msulator 
The thermistor readmgs were monitored at mtervals throughout the test and 
the data stored on floppy disks. Values of all the cell surface temperatures 
were averaged pnor to the succeedmg calculatron of self discharge rates, as 
were the chamber temperatures Sample cell and chamber actual temperature 
data (for slmphcity not all thernnstor outputs are shown) appear m Figs. 
4 -6. 

The calculation of cell self drscharge rates assumed that all cell capacity 
and energy losses were converted entrrely to heat and that the heat drssrpa- 
tron rate through the walls of the msulator and the cell thermal capacity 
derived earlier are vahd at all testing temperatures. The cell discharge rates, 
Q, at varrous temperatures were calculated from actual tune/temperature 
data, and the slopes of the tune/temperature plots were derived from the 
followmg equation: 

+ 5 E$) +a[T(t) - T’(t)] 
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Fzg 4 Thermal test, 82 “C mltlal temperature 
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Fig 5 Thermal test, 85 “C mltlal temperature 

The calculated cell heat generatlon data are plotted (as log 4 versus T-I) 
m Fig 7 together with error bars. The errors are greater at the lower tem- 
peratures because, at these temperatures, the derived heatmg rates are 
dominated by the term m the equation requnmg the determination of small 
temperature differences Literature data [2] at 40 “C are shown for com- 
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Fig 6. Thermal test, 120 “C mltlal temperature 
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Fig 7 Log self-discharge rate (W) of 35 A h Nl-Cd cells us l/K (X 103) 

pmson. These data can now be used to evaluate thermal runaway condltlons 
for any battery system with known thermal control propertles The data 
should be scalable to other cell sizes. 
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We earlier described a cell as havmg “exploded” at a cell surface tem- 
perature m excess of 230 “C With the calculated rate of heat generation 
(>500 W) a few nunutes before the catastrophic event occurred, It is likely 
that the actual temperature at pomts within this cell were well m excess of 
that measured at the cell surface. At these temperatures the separator 
matenal fused, allowmg the electrode materials to come into intimate con- 
tact. Although we do not have mformatlon adequate to Judge whether an 
explosion indeed occurred or merely a forceful venting, a dlstmct odor of 
organic combustion was detected m the surroundmg laboratory area after 
the event The heavy stamless steel walls of the environmental chamber were 
bowed outward and the door hinges were bent, m spite of a 4 m dia. hole 
havmg been provided for pressure dlssrpatlon. The 0.25 m. aluminum res- 
trammg plates over the cell faces were bent, but held, while a side panel of 
the cell was blown free The electrode smter was covered by black frangible 
dust which was all that was left of the active material 

Conclusion 

The conclusions of this study are that thermal runaway can occur from 
elevated temperature self-discharge of Nr-Cd batteries. Thermal runaway can 
be fast enough to rupture cells m battenes and cause physical damage m the 
surroundmg area. Thus, temperatures of a charged battery must be hmlted 
for safety measures even on open crrcuit. The maxnnum allowable tempera- 
ture depends on thermal management In our particular case battery tem- 
peratures above about 80 “C cannot be allowed without adequate provlslon 
for heat dlsslpatlon 
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