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PREFACE 

T h i s  document contai!~- the proceedings of the 16th Annual Battery 
kdrksl?op held a t  Goddard Space Flight Center, Greenbelt, Maryland on 
November 15 to  17 ,  1983. The Workshop was attended by manufacturers, 
users and government representatives interested i n  the l a t e s t  resu l t s  
i n  battery technology as they re la te  to  high r e l i a b i l i t y  operations 
and aerospace use. The subjects covered included Advanced Energy 
Storage Programs, Lithium Cell Technol ogy , Nickel Cadmium Technol ogy, 
Testing and Fl ight Experience, and Metal Hydrogen Technology. 
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INTRODUCTION 

David Baer 
Goddard Space Flight Center 

On behalf of George Morrow and myself, I would 1 i ke to  take th i s  
opportunity to  welcome everyone t o  the Goddard Space Flight Center. 
We ant icipate  tha t  t h i s  year 's  workshop will be beneficial, and we hope 
everyone enjoys the i r  stay in the Washington area. 

This year we have returned to  the old format with the exception 
that  we requested a camera-ready copy of the papers be provided for  
the proceedings. This was done, however, for  economic reasons; not 
because we are  making th i s  a more formal conference. We would l ike  
to  keep t h i s  workshop as informal as possible, and we s t i l l  encourage 
questions and comments from the audience. 

The f i r s t  session, Advanced Energy Storage Programs, i s  a new 
topic which will hopefully give the people i n  the battery community 
some insight into the Energy Storage technology being considered for  
future appl ications. 

Since the f i r s t  s e s s i 0 n . i ~  relat ively short ,  the second session 
on Lithium Cell Technology will begin mid-morning and continue for  
the remainder of our f i r s t  day. The second day's sessions will 
address Nickel Cadmium Technology followed by Testing and Flight 
Experience in the afternoon. The f i r s t  topic on Thursday morning 
i s  Metal Hydrogen. 

We hope that  t h i s  year 's  workshop i s  as informative as those in 
the past and tha t  everyone will par t ic ipate  by asking questions and 
offering comments. 





PREVIOUS BATTERY WORKSHOP PROCEEDINGS PUBLICATIONS 

For your information, we have included a list of t h e  acqu i s i t ion  
numbers f o r  a l l  Battery Workshop proceedings s ince  1970. Copies 
of previous publ ica t ions  a r e  ava i l ab le  upon request .  The docu- 
ment numbers and t h e  addresses a r e  a s  follows: 

Year Contents 

Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 
Workshop 

(1s t  day) 
(2nd day) 
(1s t  day) 
(2nd day) 
(Volume 1) 
(Volume 2) 
(1s t  day) 
(2nd day) 

Document Number 

NASA may contact :  

NASA S c i e n t i f i c  and Technical Information F a c i l i t y  (STIF) 
P.O. Box 8757 
BWI Airport  
Baltimore, Md., 21240 
(301) 859-5300 

A l l  o ther  in te res ted  p a r t i e s  contact :  

National Technical Information Services (NTIS) 
U.S. Department of Commerce 
Springfield,  Va., 22161 
(703) 487-4600 
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S E S S I O N  I 

ADVANCED ENERGY STORAGE PROGRAMS 

C h a i r m a n :  F ,  E .  Ford 
G o d d a r d  Space F l i g h t  C e n t e r  





INERTIAL ENERGY STORAGE FOR SPACECRAFT 

G. Ernest Rodriguez 
Goddard Space Flight Center 

ABSTRACT 

The feasibility of inertial energy storage in a spacecraft power system is evaluated on the basis of a conceptual 
integrated design that encompasses a composite rotor, magnetic suspension, and a permanent magnet (PM) motorlgen- 
erator for a 3-kW orbital average payload at a bus distribution voltage of 250 volts dc. The conceptual design, which 
evolved at the Goddard Space Flight Center (GSFC), is referred to as a "Mechanical Capacitor." The baseline power 
system configuration selected is a series system employing peak-power-tracking for a Low Earth-Orbiting application. 
Power processing, required in the motor/generator, provides potential alternative that can only be achieved in systems 
with electrochemical energy storage by the addition of power processing components. One such alternative configura- 
tion provides for peak-power-tracking of the solar array and still maintains a regulated bus, without the expense of 
additional power processing components. Precise speed control of the two counterrotating wheels is required to re- 
duce interaction with the attitude control system (ACS) or alternatively, used to perform attitude control functions. 
Critical technologies identified are those pertaining to the energy storage element and are prioritized as composite 
wheel develo~ment, magnetic supension, motorlgenerator, containment, and momentum control. Comparison with a 
3-kW, 250-Vd~ power system using either NiCd or NiH2 for energy storage results in a system in which inertial en- 
ergy storage offers potential advantages in lifetime, operating temperature, voltage regulation, energy density, charge 
control, and overall system weight reduction. The key disadvantages are attitude control interface and launch con- 
straints. A hardware development program is required to verify analytical assumptions used to perform feasibility 
studies. The objective of this program is to develop an integrated magnetically suspended reaction wheel capable of 
performing energy storage and momentum/torque functions. 

INTRODUCTION 

Energy storage and conversion have been and will continue to be key elements in developing earth applications 
and science-oriented spacecraft. Most spacecraft flown to date utilize photovoltaic technology for energy conversion 
and electrochemical technology for energy storage. Performance improvements of these technologies, as well as the 
search for new ones,.are constantly pursued through various research and development programs. An attractive alter- 
native to electrochemical energy storage is inertial energy storage. The development and applications of composite 
materials in super flywheels has aroused considerable interest in spacecraft power system applications because of the 
potential high energy density capability. The concept of inertial energy storage for a photovoltaic powered spacecraft 
encompasses various basic elements, which are: 

flywheel spinning at an angular velocity w 

e flywheel. supported by a shaft and bearings 

motor/generator ,to convert available electrical energy from the photovoltaic source to mechanical energy 
and/or to convert stored mechanical energy in the flywheel to electrical energy for the spacecraft load 

a suitable fured platform for the integration of the spinning assemblies. 

These basic elements are configured as shown in Figure 1 for illustrative purposes. The energy stored in this system 
can be quantitized by the familiar equation: 

1 E =-1u2 
2 

where I = moment of inertia 
w = angular velocity. 



Assessment of inertial energy storage for spacecraft power systems has been the subject of study at GSFC in 
task 4 under the NASA Research and Technology Objective and Plan (RTOP) titled "Advanced Power System Tech- 
nology" (506-55-76). This task was initiated to  develop concepts, perform feasibility analysis, design, develop and 
demonstrate high overall system efficiency and reliability in a spacecraft power system, and evolved from the devel- 
opment at GSFC of the "Mechanical Capacitor" (References 1 through 5). 

INITIAL GUIDELINES 

Initial guidelines for the assessment of inertial energy storage for spacecraft are well documented in Reference 6. 
These guidelines were based on a Low Earth Orbit mission, typically 60 min sun, 30 min eclipse, sized for payload 
power in the range of 2.5 kW to 25 kW (orbital average), with modularity in mind to allow for growth potential. 
Initial studies were to concentrate on a power system sized for an operational load of 2.5 kW at 90% duty cycle, and 
a peak of 7.5 kW at 10% duty cycle. This corresponds to an orbital average load of 3 kW. Target driven mass esti- 
mates were 115 kg' for the solar array, (based on 56 W/ kg techndogy) 115 kg for the storage element, (based on 
22 Whrlkg energy storage density), and 70 kg, for power conditioning components (based on 43 W/kg8 technology), 
for which the total mass estimate is 300 kg, representing 10 W/kg power system technology. 

POWER DISTRIBUTION 

Ac/dc power distribution was a power system issue under consideration at the beginning of the study effort. 
The energy conversion process within the motorlgenerator involves ac voltage/current generation, and as such, the 
feasibility of ac power distribution was investigated. The basis for the investigation was not power distribution pez se, 
but rather the interconnection of the source, energy storage element and load. This is illustrated in Figure 2,  where 
two approaches are considered. These two approaches are simply conversion of the source to ac to match the energy 
storage element, or conversion of the storage element t o  dc to  match the source. 

Conversion of the storage element to dc was the method selected for the following reasons: 

allows simple method of paralleling modules 

allows speed control of individual wheels as a simple method of momentum management 

allows for a simple and effective way to achieve high efficiency (inlout) and a regulated bus. 

The inherent ac voltagelcurrent generation within the motorlgenerator is of insufficient power quality (variable 
voltage and frequency) for ac power distribution. In addition the corresponding low frequency would result in higher 
mass (transformer) penalties at the user interface than can be achieved with state-of-the-art 20 kHz power condition- 
ing equipment. 

POWER SYSTEM CONFIGURATION 

Most spacecraft power system configurations can be categorized into two basic types: 

series system 

shunt system. 

Serieslshunt applies to the power processing element that is used t o  control the solar-array power. Although combina.. 
tions or variations of these two are used for mission-unique applications, generally, the series system is used in LEO 
missions and the shunt system is used in GEO missions. The series element allows maximum extraction of solar-array 



power (peak-power-tracking) as the array temperature (and thus array power) undergoes large temperature excursions, 
typical of LEO, and provides a means for keeping the excess array power distributed on the array when not required 
by the spacecraft load. In GEO missions, the array temperature remains constant during the extended sunlight peri- 
ods, and the shunt element provides an efficient means for transferring the array power to the spacecraft load by 
shunting only what is in excess. 

A unique characteristic of the inertial energy storage system is that the power conditioning electronics required 
for the motorlgenerator inherently provide a means for charge and discharge control over the design speed range of 
the flywheel, and thus additional power conditioning elements are not required as in an electro~hemical storage sys- 
tem. For a LEO mission, the series system configuration would be the same for either an electrochemical or inertial 
storage system, but for GEO the charge and discharge regulators (required for a regulated bus) in an electrochemical 
based system could be eliminated in an inertial storage system. The additional losses incurred by the chargeldischarge 
regulator result in a combined inlout efficiency of about 65% whereas for the inertial system the efficiency would be 
more like 80%. This, however, is not a serious penalty because of the long sunlit/eclipse duty ratio but could result 
in a mass penalty. Detailed system comparisons have not been performed for the GEO mission. 

Alternative system configurations can be realized with the inertial energy storage elements. One such system, 
shown in Figure 3, utilizes the motor control electronics to peak power track the array and the generator electronics 
to regulate the bus voltage. This would require additional motorlgenerator windings and electronics, but the net sav- 
ings in mass and efficiency may still be significant over the baseline series system. Further detailed trade-off studies 
are necessary for evaluating this configuration. 

DOE FLYWHEEL TECHNOLOGY PROGRAM 

Flywheel development, prompted by the energy shortage and stimulated by an organized effort of the DOE, 
resulted in many approaches brought to the testable model stage. The DOE Flywheel Technology program concen- 
trated on the development of the composite rotors, sized at approximately 500 watt hours, and primarily intended for 
vehicular application. High strength fibers are used at the outer periphery for high energy density and various schemes 
were devised to interface the outer rim with an inner disk. Several of the rotors developed are shown in Figures 4 and 5. 

The Laurence Livermore National Laboratories (LLNL), under contract with the DOE, narrowed their selec- 
tion to three promising candidates: 

e the cruciform spokes by Ganet-Air Research 

the laminated disk and rim by LLNL & GE 

o the woven spiral by AVCO Corporation. 

These three designs were tested at the conclusion of the DOE program. Of the three designs, only the spiral 
weave design exhibits a desirable form factor providing an essential monolithic "thick rim" with adequate volumetric 
efficiency and an IDIOD ratio sufficiently low to support an integral motorlgenerator at an acceptable stress level. 
Unfortunately, development problems were encountered in the fabrication of this design. Of the three designs tested, 
the hybrid GE design performed quite satisfactorily, exhibiting a higher burst energy than expected and demonstrated 
104 cycles. 

An alternative design not tested is the "best rim" design reported in Reference 4. This design utilizes various 
concentric graphite epoxy rims which are prestressed, thus allowing a smaller IDJOD ratio that can be achieved by 
only one rim. 

GSFC CONCEPTUAL FLYWHEEL DESIGN 

The conceptual design of an integrated flywheel energy storage system for spacecraft power application is de- 
picted in Figure 6. This design consists of two counter-rotating wheels (for momentum cancellation) suspended mag- 
netically at the inner radius of the "thick rim" composite rotor, and including an integral permanent magnet, ironless 



armature, brushless dc motor/generator. Stationary components would include the stator windings for the motorlgen- 
erator, control windings for the magnetic suspension, and the necessary electronics. Most of the heat would be gener- 
ated within the stationary housing, and thus heat extraction is not a serious problem. This design approach is a radical 
departure from the configuration shown in Figure 1, but represents an attempt to eliminate the problems of power 
transmission through shafts, reduce gyroscopic loads on shaft bearings, and maximize high energy density potential 
of the rim with high volumetric efficiency by utilizing the volume of the "hole" in the middle. Critical technologies 
associated with a successful design of this integrated flywheel design are the following: 

thick rim composite rotor 

magnetic suspension of rotating mass 

high efficiency motorlgeneration employing permanent magnet, ironless ararnature, brushless dc motor 
technology 

e M/G electronics to provide for motorlgenerator int5rface and speed control 

r safe containment of the rotating mass. 

BENEFITS COMPARISON 

A comparison study was conducted to evaluate the benefitslmerits of an inertial storage power system with an 
electromechanical storage system. This study was conducted by performing a "point" design for a NiCd, NiH2 and 
inertial energy storage based systems. The system configuration selected for all three is the series system employing a 
peak power tracker series element. Results of this point design are tabulated in Table I for comparison. The inertial 
energy storage system exhibits potential improvements in all categories, with the important note that care must be 
taken to ensure attitude control system compatibility. The high momentum inherent in energy storage wheels re- 
quires careful control and thus provides an attractive alternative approach to combine attitude control functions with 
the energy storage wheels. 

INTEGRATED ATTITUDE CONTROL ENERGY STORAGE 

An attractive concept for combining the functions of energy storage and attitude control functions was described 
by Henry Hoffman at the Integrated Flywheel Technology Workshop at GSFC on August 2, Reference 7. Theoreti- 
cally, one wheel only provides energy storage and impacts the attitude control system; two wheels provide energy 
storage and oneaxis attitude control; three wheels provide energy storage plus two-axis attitude control; and four 
wheels provide energy storage and three-axis attitude control. Thus, a minimum of four wheels are required to per- 
form four functions; energy storage and 3-axis control. More than four wheels provide for redundancy configuration 
and modularity. A conceptual drawing of the required four wheel in a tetrahedral configuration (no axis colinear) is 
illustrated in Figure 7. The fundamental control law for any given number of wheels with noncolinear axis is 
given as: 



CONCLUSIONS 

The application of inertial energy storage for a spacecraft power system relies on the key characteristics of the 
energy storage element. Power distribution (ac versus dc), power system configuration, performance, and system 
compatibility have been evaluated on the basis of the conceptual flywheel system design (developed at GSFC and re- 
ferred to as the "Mechanical Capacitor") consisting of two counterrotating composite rotors, suspended magnetically 
at the inner diameter and acceleratedldecelerated by a PM brushless, ironless dc motorlgenerator contained within 
the stationary inner volume. This energy storage element exhibits characteristics similar to  those of an electrochemi- 
cal energy storage element, which makes it an almost one-for-one replacement. Ac power distribution is not found 
to be advantageous since the inertial energy storage element does not exhibit the desirable characteristcs required by 
an ac power distribution system. The power system configuration selected is identical with state-of-the-art systems 
using electrochemical energy storage. A unique system configuration identified incorporates the main functions of 
power conditioning within the energy storage element, reducing the system component count from three to  two, 
namely solar array (1) and energy storage (2). Performance is highlighted as long lifetime (20 to 30 years), high tem- 
perature waste heat rejection, simple state-of-charge detection and control, inherent high-voltage implementation, 
high-pulse power capability, higher energy density (Wh/kg) than NiCd, and higher volumetric density than NiH2 
(Wh/m3). These features, although potential, make inertial energy storage a significant improvement over electro- 
chemical systems. Compatibility with other systems is found to be adequate, with the recognition that momentum 
disturbance to  the attitude control systems must be precisely controlled or alternatively used for attitude control as 
well. 

Self-discharge, or energy storage efficiency, containment, and launch restrictions are three areas that require 
careful consideration in the intended application. For example, in LEO applications the self-discharge of the inertial 
energy storage element does not significantly affect the overall system performance. In unmanned vehicles, contain- 
ment requirements would be less demanding than in manned vehicles. Spacecraft acquisition during launch may re- 
quire electrochemical energy storage in a launch mode in which the energy storage wheels must be 'locked." 

Combined application of inertial energy storage and attitude control functions has been the focus of attentiop 
in two reported studies, one by NASAlLangley Research Center (LaRC) in 1974 (Reference 8) and the other by the 
European Space Agency (ESA) in 1978 (Reference 9). Both reports find the combined functions to  be feasible and 
result in conceptual designs and methods to  accomplish the objective. The NASAILaRC study effort progressed to  
the development of inertial energy storage hardware using titanium for the wheel and conventional bearings. The 
ESA study has not proceeded to the development of hardware but identifies the merits of magnetic bearings and 
composite rotors. In either case, the subject of inertial energy storage for spacecraft application remains a "study" 
effort, and until competitive hardware is developed, its application will remain on paper. Since the inertia required 
for energy storage is significantly larger than that required to perform attitude control functions, a conservative pro- 
gram (and lower risk) to undertake is to develop the fundamental inertial energy storage hardware. Once developed, 
the hardware application will follow, for if it is to  be used in power systems, it must be controlled, and if it must be 
controlled, it should be used for attitude control as well. 

The mechanical capacitor conceptual design considered in this feasibility study is based on three key technolo- 
gies, two of which are well developed and have been demonstrated, but yet remain to  be used in flight hardware. 
These two technologies, magnetic bearings and dc PM ironless armature, brushless motors, ideally suited for use in 
momentum wheels for attitude control, do not exist in the list of flight-approved hardware. Conventional bearings 
and ac motors, presently used in most momentum wheels, do not offer the high performance required for an inertial 
energy storage system to be competitive with electrochemical systems. Conceivably, if a flywheel system as concep- 
tually described can be successfully demonstrated, it would facilitate or encourage the use of these two technologies 
in momentum wheels. On the other hand, if these two technologies existed in present flight hardware, a significant 
data base would have been available to substantiate the feasibility of inertial energy storage. However, the key 
single most critical technology is the high-speed composite rotor, which, although significant progress has been 
achieved within the last two years, requires further development, verification, and system implementation. 

In terrestrial applications, inertial energy storage becomes competitive over electrochemical systems from a 
"maintenance free" consideration. Similarly, in spacecraft applications, long lifetime is the key advantage of inertial 
energy storage over electrochemical storage. To realize this, successful integration of the critical technologies identi- 
fied must be pursued. 

7 



During the last few years, flywheel technology was supported primarily by the Department of Energy, and is 
now terminated. Recent results obtained by the General Electric Company under this program are very encouraging 
in that they support the assumptions used for energy density capability in this study. In addition, results on cyclic 
testing have verified lo4 cycles, whichis one ordersf-magnitude improvement over past performances and approaches 
the potential cycle life of lo5 cycles referenced in this report. 

RECOMMENDATIONS 

Significant potential advantages of inertial energy storage for spacecraft power systems as identified warrant 
the development of hardware to a proof of principal stage. To accomplish this, a sizable commitment in resources 
is required to demonstrate a complete power system. At a minimum, the development of a suitable composite rotor 
should be pursued with less risk involvsd at the expense of a longer time span in achieving the proof of principal 
hardware. Magnetic suspension and motorlgenerator development should be accomplished together, following dem- 
onstration of a successful rotor design. Verification of the fundamental energy storage function would occur when 
the rotor, suspension, and PM rnotorlgenerator are integrated as one. After the energy storage function has been 
demonstrated, the next step would be attitude control compatibility verification. The development and demonstra- 
tion of a complete power system would be the frnal phase. 

The following program has been suggested and recommended to OAST. The objective of the program is to 
develop a prototype magnetically suspended reaction wheel to perform both energy storage and one axis attitude 
control of momentum and torque. This program is based on neghgible return from further paper studies and the 
need to verify analytical study assumptions. 

The following system technologies and goals are recommended: 

e high energy density composite hubless rotor with an IDIOD ratio of -0.5 yielding a maximum opera- 
tional energy density of 50 W hr/kg and an energy storage capacity of 1.6 kw hr (75% DOD) 

cr, magnetic suspension of the hubless rotor to yield low standby power consumption and low high-speed 
losses at 40 KRPM. 

e permanent magnet, ironless armature, brushless dc rnotorlgenerator with 34 stator windings sized for a 
2.5 kw 'nominal power rating, peak 7.5 kW at 250 Vdc', and yielding better than 95% 

s power conditioning electronics for the motorlgenerator, yielding a power efficiency of better than 95% 
and capable of providing speed control for both bus regulation and momentum control 

integration of the above to perform in a LEO space environment corresponding to lo5 chargeldischarge 
cycles at 75% DOD. 
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Table I 

BENEFITS COMPARISON 

(For 3 k.W, 250 Vdc LEO SIC Power System) 

Flywheel (Projected) 

20 

75 

17.6 

20.8 

2 

-25 to +50 

Easily accommodated 
(M/G design) 

Wheel speed affords easy 
detection and control 

Wheels locked 

Critical - differential 
speed control required 

- balance 
Benefit - perform ac 

function 

NIH2 (F'rojected) 

5 

40 

13.9 

7.2 

14 

0 to20 

Many series cells 

Pressure sensing 
may simplify 

None 

No interaction 

Lifetime (yr) 

DOD (%) 

*Energy Density (W hrlkg) 

*Volumetric Energy ( kW hr/m3 j 

Voltage Regulation (4%) 

Thermal Constraint CC) 
High Voltage 

Charge Control 

Launch Constraint 

Compatibility with ACS and 
structure 

NICD (SOA) 

5 

25 

5.5 

8.2 

14 

0 to 20 

Many series cells 

Complicated 

None 

No interaction 
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SESSION I 

DISCUSSION 

Q. Galassi, Hughes Aircraft: When you figured out the number of storage 
devices you needed, did you base your analysis on a three axis 
vehicle versus a spin-stabil ize  vehicle? 

A. Rodriguez, GSFC: Well, no. We're not talking about a spin-stabilized 
vehicle. I t ' s  j u s t  for  a typical three axis control vehicle. 

Q. Galassi, Hughes Aircraft: If  you did do any analysis on a spin 
s tabi l ized,  i f  you p u t  i t  a t  the center of spin or the axis ,  could 
th i s  be also used in that  capacity and that  type of vehicle? 

A. Rodriguez, GSFC: Oh, yes I'm sure i t  could be. 

Q. Somoano, JPL: What i s  i t  exactly that  l imits  the cycle l i f e ?  

A. Rodriguez, GSFC: Well, one of the things tha t  l imits i t  i s  the s t ress .  
The wheel is  the f iber  composites a t  t h i s  point in time, the ' s t ress  
i s  an unknown item. The wheel tha t  was tested a t  Lawrence-Livermore 
tha t  GE developed, f o r  example, t ha t  wheel was tested for  104 cycles. 
So we know tha t  wheel capabili ty i s  up t o  that  point you can do tha t .  

5 10 cycles is ,  as I have demonstrated here, a l imit  that  we t h i n k  can 
be achieved. B u t  i t  is jus t  basically stress-fatigue of the material - 
just up and down, up and down, and i t  wears out. If i t  wasn't fo r  
tha t ,  we could perhaps conceive a much greater lifetime. 

Q. Milden, Aerospace: How much and how long - how much would i t  cost t o  
have f l i g h t  quality hardware, thing number one, thing number two - 
how long would i t .  take to  get f l i g h t  quality hardware? 

A. Rodriguez, GSFC: That's a tough question. We anticipate about four 
to  f ive  years before we have a proof-of-concept type of a uni t  because 
we're talking about a rather unique approach in here where you have 
.two systems t h a t  are  interacting tha t  need to  be resolved. There's a 
l o t  of interactions going on. In terms of how much, I'm not quite 
sure whether you're addressing the actual cost once the design i s  
developed or to  develop that  design. Could you perhaps c la r i fy .  
I don ' t  visualize the flywheel system i t s e l f  as any more costly than 
typical electrochemical systems to date. B u t  i n  terms of developing, 
of course, there ' s  a considerable development cost. 



Q. Question inaudible. 

A. Rodriguez, GSFC: Okay. In the conceptual design tha t  we have, the 
wheels ro ta te  around 30-40 thousand revolutions per minute. That's 
your max speed. 

Q. George, MSFC: The question of speed brings to  mind the diameter that  
you're talking about. The ea r l i e r  e f fo r t  on a magnetically suspended 
wheel, i f  I remember correctly,  was rather large - six f ee t  i n  
diameter and i t  was humming along about 7,000 rpm's. What a re  you 
t a l  king about here? 

A. Rodriguez, GSFC: Well, the wheel tha t  we have - a conceptual design 
for  the time being i s  20 inches outside diameter, 10 inches inside 
diameter. So the magnetic suspension would occur perhaps a t  a diameter 
of 10 inches. I think you might be talking about the AMCD tha t  was 
developed a t  Langley? Goddard? I t  i s  a 5% foot diameter wheel. 
However tha t  wheel was principally fo r  momentum control. I t ' s  a l i t t l e  
b i t  different  concept b u t  s t i l l  the same basic fundamentals a re  there. 
You have the magnetic suspension a t  three different  points on tha t  
wheel. I believe you're r ight .  I t ' s  about 3,000-4,000 rpm's. We're 
ta l  king about a much smaller wheel. 

Q. Miller, McDonald-Douglas: I was wondering what is  the principal 
fa i lure  mode of such a wheel? I s  i t  disintegration? And i f  i t  is ,  
how do you get t h i s  past your safety people? 

A. Rodriguez, GSFC: The f a i lu re  mode of the wheel depends on the wheel 
design i t s e l f .  You can design them in different  modes. One of the 
a t t r ac t ive  features is that  i f  you design in such a way that  the 
outer f ibers  begin to  f a i l  f i r s t ,  then you have what we cal l  a safe 
containment. I t  doesn't blow up or i t  doesn't fragmentize l i ke  a 
metal 1 i c  wheel does. So we feel t ha t  the containment issue i s  easier 
handled with t h i s  kind of a design., 

Q. Miller, McDonald-Douglas: In other words i t  kind of eliminates from 
the outer edge? 

A. Rodriguez, GSFC: Yes, correct. 

Q. Gross, Boeing: Ernie, what did you calculate the power consumption 
for the magnetic bearings to  be for  t h i s  design? 

A. Rodriguez, GSFC: Let 's  see, I remember there i s  a number that  Dave 
Eisenhower pub1 ished i n  the paper and I don' t recall  the exact number. 
I think i t ' s  l / l O t h  of a watt per pound or something of tha t  nature. 
If  you check w i t h  me l a t e r ,  1'11 give you a reference on that  a r t i c l e  
and you can look i t  up.  I t ' s  pretty well documented. 



Q. Colburn, Lockheed: Et appears y o u ' r e  mix ing  together  an a t t i t u d e  
c o n t r o l  system and a  power system and the  common ground i s  the  s t a t i c  
r e a c t i o n  wheels o r  momentum storage wheels, Have you done any ana lys i s  
on the  requirements o f  a  r e a c t i o n  wheel used i n  an a t t i t u d e  c o n t r o l  
loop versus what t h e  power system requirements are? It seems t o  me, 
you made t h e  assumption t h a t  these two common pieces o f  hardware a r e  
compatible i n  two somewhat d i f f e r e n t  ro les ,  Have you i nves t i ga ted  
t h a t  any? 

A, Rodriguez, GSFC: We1 1, we r e a l l y  haven ' t  go t ten  i n t o  the  a t t i t u d e  
c o n t r o l  f u n c t i o n  i n  a  whole l o t  o f  d e t a i l .  But, I be l i eve  I cou ld  
say tha t ,  yes, we looked a t  it. The energy storage wheel t h a t  we ' re  
t a l k i n g  about here has a  momentum capac i ty  o f  roughly 9,000 newton 
meters/seconds and the  t y p i c a l  r e a c t i o n  wheel t h a t  i s  used, l e t ' s  
say, on t h e  MMS spacecraf t  as, f o r  example, i s  o n l y  20 newton meters/ 
seconds. So, y o u ' r e  t a l k i n g  about two orders o f  magnitude d i f f e r e n c e  
.just i n  momentum. So, t he  p o i n t  i s  t h a t  t h e  wheel i s  needed f o r  
energy storage n o t  f o r  a t t i t u d e  c o n t r o l  . The a t t i t u d e  c o n t r o l  system 
doesn' t  need a  wheel anywhere near t h i s  s ize .  We need i t  f o r  energy 
storage f o r  t h e  power system and, as long as i t ' s  there, then why n o t  
use i t  f o r  t he  a t t i t u d e  con t ro l  system func t i on?  The o the r  area t h a t  
we looked a t  i s  t he  task  c a p a b i l i t y  o f  t h e  wheel and we r e a l l y  haven ' t  
go t ten  i n t o  t h a t  too  much, b u t  I t h i n k  you can perform both  the  
momentum c o n t r o l  and the  task c a p a b i l i t i e s  t h a t  a re  requ i red  by t h e  
a t t i t u d e  c o n t r o l  system by s i z i n g  the  wheel f o r  energy storage. Oh 
yes, one of the  th ings  t h a t  happened t h i s  summer - we had a  f lywheel  
technology workshop here a t  Goddard where i t  was p r i m a r i l y  attended 
by col leagues w i t h i n  NASA and DOE, But the  two items t h a t  were 
considered the re  were t h e  a t t i t u d e  con t ro l  and energy storage func t i ons  
as a  system. 

-Q. Quest ion  inaud ib le .  

A. Rodriguez, GSFC: Okay, Tha t ' s  a  good quest ion. Did everybody hear 
t he  quest ion, he wants t o  know how does the  magnetic bearings compare 
w i t h  what I ' m  t a l k i n g  about here and t h e  system t h a t  the  L i n c o l n  Labs 
designed, I bel ieve .  A f e l l o w  by the  name o f  Mi lner ,  I th ink ,  
designed a  system t h a t  was a  one k i lowat t -hour  wheel. I f  you looked 
a t  my e a r l i e r  view graph where I had a  s h a f t  and a  motor and bear ing 
and t h a t  k i n d  o f  a  concept - t h a t ' s  t he  k ind  o f  concept t h a t  L inco ln  
Labs designed. They e s s e n t i a l l y  had a  wheel hanging on t h e  end o f  
a  shaf t ,  and then they had magnetic bearings t o  support t h a t  s h a f t  
and t h a t  mass, and a  permanent magnet-motor generator t o  t u r n  t h e  
whole shaf t .  So e s s e n t i a l l y  t he  elements t h a t  I ' m  t a l k i n g  about 
they have designed b u t  i n  a  d i f f e r e n t  con f i gu ra t i on .  One o f  t he  
th ings  t h a t  I t h i n k  P h i l  Studer emphasizes w i t h  the  magnetdic 
suspension i s  t h a t  when you t r y  t o  design magnetic bearings where 
y o u ' r e  going t o  have t o  have a t  l e a s t  two on the  end o f  a  shaft ,  
y o u ' r e  going t o  g e t  i n t o  some p r e t t y  s t i f f  problems because o f  tasks 



Rodriguez, GSFC (Con I t )  : on those bearings. So what he i s  proposing 
i s  that  the magnetic bearing be in the center of a wheel rather than 
out on the ends of a shaft .  Move the bearings towards the center. 
Maybe tha t  wasn't too clear  in the concepts tha t  I showed here. You 
can do i t  e i ther  way. Now I showed perhaps the magnetic suspension 
on the top and bottom portion of the inside of the rim b u t  you could 
also p u t  i t  r ight  i n - - t k c e n t e r .  The concept then i s  to  move the 
magnetic bearings toward the c e n t e h ,  

Koehler, Ford: In the case of a multi-wheel system, i f  one wheel 
f a i l s  does tha t  mean an immediate f a i lu re  of the s a t e l l i t e ?  

Rodriguez, GSFC: 
I proposed - yes. . . 

loose some control 

Well, yes with the minimum four wheel system that 
If  you had f a i lu re  with the one wheel you would 
and i t  most l ikely would be f a i lu re  of the mission 

depending on the particular mission in mind. B u t  the approach t o  
have redundancy would be to  have more than four wheels. So your 
minimum requirement i s  four wheel s .  

Roth, NASA HQ: I'm jus t  wondering for  the uninitiated, what are  you 
doing here t h a t ' s  different  specifically from what's been done in 
the past? I mean we've kind of been beating around a l l  that .  

Rodriguez, GSFC: Well I believe what's been done in the past i f  you're 
referring to  the IPAX that  Langley developed. 

Roth, NASA HQ: Anything over the l a s t  10 or 20 years. What makes 
th i s  stand out or makes i t  unique from any of the other work? 

Rodriguez, GSFC: Basically i t  doesn't exis t .  There i s  no hardware 
that  u t i l i zes  a composite wheel fo r  the high energy density - number 
one. There i s  no system that  I know of that  uses the magnetic 
bearings that  I jus t  talked about. There i s  no motor generator 
design that  I ' m  aware of in th i s  kind of a system. So those three 
things ex is t  independently by themselves, b u t  they don't ex is t  in 
an integrated system. And I believe that  for  a spacecraft 
application, you have to have a l l  these three things integrated. 
The design of the motor generator i s  not a straight-forward design. 
The design of the magnetic bearings i s  not straight-forward. They 
a l l  have to  be interleagued because the rotating dynamics of that  
mass makes them involve each other quite extensively. So I believe 
t h a t ' s  perhaps why we're a1 1 a t  where we're a t ,  because basically 
the technology i s  there, i t  jus t  has to  be put together. 

Jagielski ,  GSFC: Ernie, you were talking about the power density of 
the flywheel. Was that  specif ical ly  for  just  one flywheel - jus t  f o r  
one single axis,  and i f  you were talking about redundancy how would 
that  a l t e r  the power density of the flywheel system? 



A. Rodriguez, GSFC: Yes, I talked about a power density of say 2% 
kilowatts - 7% kilowatts. That would be for a pair of wheels. That 
was our original concept when we got into the study, and that is 
signed for a payload - spacecraft payload of 3 kilowatts. Now if 
you have a different appl ication where the power is higher or lower 
then you would have to size your wheels accordingly. Does that 
answer your question Jim? 



REGENERATIVE HYDROGEN-OXYGEN FUEL CELL 
- ELECTROLY ZER SYSTEMS FOR ORBITAL ENERGY STORAGE 
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Nat ional  Aeronautics and Space Admin is t ra t ion  
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INTRODUCTION 

Fuel c e l l s  have played a  major r o l e  i n  spacecraf t  power generat ion. The 

Gemini and Apo l lo  programs used f u e l  c e l l  power p l a n t s  as the  pr imary source 

o f  miss ion e l e c t r i c a l  power, w i t h  b a t t e r i e s  as the backup. The cu r ren t  NASA 

use f o r  f u e l  c e l l s  i s  i n  the o r b i t e r  program. Here, low temperature a l k a l i n e  

f u e l  c e l l s  prov ide a l l  o f  the on-board power w i t h  no backup power source. 

Three power p lan ts  per  sh ipset  are u t i l i z e d .  The o r i g i n a l  f u e l  c e l l  power 

p l a n t  c o n f i g u r a t i o n  contained two 32-ce l l  substacks connected i n  p a r a l l e l .  

This con f i gu ra t i on  was f lown on STS-1 through STS-8. S t a r t i n g  w i t h  STS-9, a  

three substack c o n f i g u r a t i o n  ( th ree  32 -ce l l  substacks connected i n  para1 l e l  ) 

w i l l  be used t o  ob ta in  longer l i f e  and b e t t e r  vo l tage performance. 

Fuel c e l l s  w i l l  cont inue t o  have a  major r o l e  i n  space power generat ion and 

storage. With the a d d i t i o n  o f  an e l e c t r o l y s i s  c a p a b i l i t y ,  the regenerat ive 

f u e l  c e l l  system i s  expected t o  prov ide mu l t i k i l owa t t -hou r  energy storage 

c a p a b i l i t y  f o r  l a rge  o r b i t i n g  spacecraf t  which are dependent upon pho tovo l ta i c  

so la r  arrays f o r  pr imary power. These f u t u r e  space appl i c a t i o n s  w i  11 requ i re  

one t o  two orders o f  magnitude greater  power (up t o  250 kW) than has been 

needed up t o  now. These app l i ca t i ons  inc lude unmanned p la t fo rms i n  low-earth 

o r b i t  (LEO) and geosynchromous o r b i t  (GEO), and a  permanently manned space 

operat ions center i n  LEO. A l l  o f  NASA's c a p a b i l i t i e s  have complimentary 

m i  1  i t a r y  i n t e r e s t  f o r  s u r v e i l  lance, command, and weapons app l i ca t i ons  i n  space. 
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The main t h rus t  o f  the OAST fue l  c e l l  technology program i n  NASA since 1979 

has been focused on CEO energy storage appl icat ions.  The e f f o r t  i s  a combined 

program conducted by Johnson Space Center (JSC) and Lewis Research Center 

(LeRC). The goal i s  t o  demonstrate funct iona l  f e a s i b i l i t y  o f  regenerat ive 

f u e l  c e l l  (RFC) systems, both ac id i c  and a lka l ine,  i n  breadboard t e s t  a r t i c l e  

conf igurat ions by 1984. A t  t h a t  time, an engineering model w i l l  be b u i l t  f o r  

a technology readiness demonstration by e a r l y  1987. The engineering model 

system w i  11 be supported by long term endurance t e s t i n g  o f  mu1 t i p l e  c e l l  

stacks o f  f u l l  s ize hardware tes ted toward a goal o f  40,000 hours. 

A1 though the overa l l  e f f ic iency (50-60 percent) o f  the in tegra ted hydrogen- 

oxygen f u e l  ce l l - e l ec t r o l y ze r  systew i$ not  as high as the nickel-cadmium and 

nickel-hydrogen ba t t e r y  systems, po in t  design comparisons o f  the RFC w i t h  

these ba t t e r y  systems y i e l d  r e s u l t s  which, from a t o t a l  system standpoint, 

show the RFC t o  have the best e f f e c t i v e  energy density, minimum weight, and 

the greatest  projected l i f e  before subsystem replacement over a 10-year 

period. I n  addit ion, the RFC i s  the on ly  near-term energy conversion/storage 

system tha t  offers the po ten t i a l  advantages o f  f u l l  i n teg ra t ion  w i t h  l i f e  

support, space manufacturing, and s t a t  i on-keeping propul s i  on systems. 

RECENT STUDIES 

Previous design studies (1, 2, 3) on o r b i t a l  energy storage systems f o r  LEO 

have evaluated weight optimized 100 kW systems based on launch weight and 

weight t o  o r b i t  over a 5 t o  10 year period. The weights included f u e l  c e l l  

and e l ec t r o l yze r  components, reactant  gases and tanks, radiators,  and so la r  

array. E l e c t r i c a l  e f f i c i e n c y  ranged from 36 t o  50 percent. The recent Boeing 



study (4 )  compares the RFC energy storage system w i t h  o ther  energy storage 

systems opt imized f o r  e f f i c i e n c y .  This op t im iza t i on  i s  achieved b y  reducing 

cu r ren t  density,  thereby improving e l e c t r i c a l  e f f i c i e n c y  t o  approximately 60 

percent f o r  the RFC systems. The op t im iza t i on  increases the weight o f  f u e l  

c e l l  and e l e c t r o l y z e r  components, b u t  g r e a t l y  reduces the weight and area o f  

the so la r  array, which on weight opt imized systems accounted f o r  approximately 

70 percent o f  the t o t a l  system weight. Reduction o f  s o l a r  a r ray  reduces 

o r b i t a l  drag which reduces the f u e l  requirement f o r  a l t i t u d e  maintenance o f  

the spacecraft .  Thus, i t  becomes obvious t h a t  a l l  impacted areas o f  the 

veh ic le  must be p rope r l y  t r e a t e d  i n  comparison s tud ies  t o  i d e n t i f y  the  

genuinely opt imized concept. 

COMPONENT TECHNOLOGY DEVELOPMENT 

There are four  technology requirements common t o  energy storage systems f o r  

LEO: 

1. increased l i f e ;  40,000 hours ( 5  years)  has been es tab l ished as a goal, 

2. increased r e l i a b i l i t y ;  a minimum 2-year l i f e  on components, 

3. increased e f f i c i e n c y ;  g rea ter  than 50 percent o v e r a l l  e l e c t r i c a l  
e f f i c i e n c y ,  

4. h igher  vo l tage;  an apparent optimum vol tage range e x i s t s  between l O O V  
t o  240V. 

The combined JSC-LeRC program has focused upon improving f u e l  c e l l - e l e c t r o l y z e r  

component 1 i f e ,  and e l e c t r i c a l  e f f i c i e n c y .  The requirements o f  increased 

r e l i a b i l i t y ,  and h igher  vo l tage w i l l  be f o r m a l l y  addressed as p a r t  o f  the 

engineering model development e f f o r t .  



Regenerative Fuel Ce l l  F e a s i b i l i t y  Demonstrations 

The f e a s i b i l i t y  demonstration of regenerat ive f u e l  c e l l s  has focused upon 

improving f u e l  c e l l - e l e c t r o l y z e r  component l i f e  and e l e c t r i c a l  e f f i c i e n c y .  

A 5-year (40,000 hour)  l i f e  has been es tab l ished as a goal w i t h  an o v e r a l l  

e l e c t r i c a l  e f f i c i e n c y  goal f o r  the storage subsystem o f  60 percent  i n  a 

vol tage range o f  100 t o  200 v o l t s .  Both the ac id  (SPE) and a l k a l i n e  RFC 

systems are t o  be evaluated a t  JSC us ing  breadboard t e s t  a r t i c l e s  w i t h  

p e r i  od ic  up-grad i ng o f  component and system techno1 ogy. 

Acid (SPE) Breadboard System 

The ac id  breadboard was de l i ve red  t o  the Johnson Space Center on February 1, 

1983. The breadboard cons i s t s  of a fue l  c e l l  subsystem f o r  power generation, 

an e l e c t r o l y s i s  subsystem for  H2-O2 generation, a reac tan t  storage 

subsystem, and a remote c o n t r o l  console. The remote c o n t r o l  console a l lows 

f o r  i n d i v i d u a l  opera t ion  o f  the fue l  c e l l  and e l e c t r o l y s i s  subsystems, 

operat ion o f  both subsystems simultaneously, and f o r  the opera t ion  o f  the two 

subsystems i n  a c y c l i c  mode. The remote c o n t r o l  console a l s o  au tomat i ca l l y  

moni tors the  subsystems and w i l l  shut down the  breadboard s a f e l y  i f  any 

parameters go out  of l i m i t s .  A sketch of the a c i d  regenerat ive f u e l  c e l l  

breadboard system i s  shown i n  Figure 1. The system i s  located i n  the Thermal 

Test Area (TTA) a t  JSC. 

The i n i t i a l  ob jec t i ve  o f  demonstrating the f e a s i b i l i t y  o f  using a RFC as an 

energy storage subsystem f o r  a LEO energy storage system has been accomplished 

w i t h  the breadboard having accumulated 1025 LEO cyc les  as o f  September 20, 

1983. Several o f  these cyc les  have been acquired w i t h  the so la r  power s t a t i o n  
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connected d i r e c t l y  (no power cond i t i on ing  equipment used) t o  the e l e c t r o l y s i s  

subsystem. The LEO cyc le  cons is ts  o f  running the  e l e c t r o l y s i s  subsystem f o r  

54 minutes, and the fue l  c e l l  subsystem f o r  36 minutes. The e l e c t r o l y s i s  u n i t  

2 cons i s t s  o f  22 c e l l s  (0.23 f t  ) and operates a t  the f o l l o w i n g  parameters; 24 

amps, 36 vo l t s ,  and 73' F. The gas i s  s to red  a t  130 p s i a  f o r  the H2 and 115 

2 f o r  the 02. The f u e l  c e l l  cons i s t s  of e i g h t  c e l l s  (1.1 ft ) opera t ing  a t  

112 amps, 6.5 vo l t s ,  160" F. The LEO c y c l i c  mode i s  a c losed loop operat ion.  

The f o l l o w i n g  f i n d i n g s  have been observed about the ac id  system. No 

measurable water l oss  has been found, however, apparent ly  f o u r  percent more 

gas i s  produced than i s  consumed. This  i s  most ly  due t o  the d i f f u s i o n  o f  the 

gases across the SPE membrane. There has been no permanent c e l l  performance 

degradat ion detected i n  e i t h e r  the f u e l  c e l l s  o r  e l e c t r o l y s i s  c e l l s .  Also, 

the remote c o n t r o l  console i s  working very w e l l  and i s  s h u t t i n g  the system 

down whenever to le rance 1 i m i t s  are reached. 

A synopsis o f  endurance t e s t  da ta  base support ing the a c i d  RFC i s  shown i n  

Figure 2, along w i t h  the pro jec ted  e f f i c e n c y  o f  the t o t a l  storage system and 

the major technology problems associated w i t h  the system. 

Future plans f o r  the a c i d  RFC breadboard inc lude cont inued operat ion i n  the 

LEO c y c l i c  mode, opera t ion  f o r  30 days o f  a scaled-down vers ion  o f  a Space 

S ta t i on  power p r o f i l e ,  and open-ended t e s t i n g  o f  both the f u e l  c e l l  and 

e l e c t r o l y s i s  subsystems t o  e s t a b l i s h  a b e t t e r  endurance data base. The 

breadboard w i l l  a l so  be u t i l i z e d  as a t e s t  bed f o r  advanced c e l l  and component 

development v e r i f i c a t i o n .  



A1 kal ine Breadboard System 

The alkaline RFC breadboard i s  scheduled for  delivery a t  JSC in ear ly January 

2 1984. I t  will integrate a 30-cell alkaline e lec t ro lys is  unit (0.1 f t  ) w i t h  

an Orbiter fuel cel l  power plant (#708). The 30-cell electrolyzer unit (1.5 kW 

2 nominal) will be replaced in April 1984 with a 6-cell 1 f t  electrolyzer unit 

(3 kW nominal) which i s  considered f u l l  s ize  hardware for  the space station 

mission. I t  also provides a bet ter  power match with the 4.5 kW Orbiter power 

pl ant. 

The alkaline RFC i s  supported by endurance test ing of the electrolyzer and 

fuel ce l l  components. Electrolysis endurance test ing has surpassed 23,000 

2 hours (September 20, 1983) in the LEO regime with 0.1 f t  single c e l l s  a t  

180" F, 150 ASF, a t  ambient pressure with no voltage degradation. Figure 3 

shows cel l  voltage vs. time fo r  a ce l l  containing a "SUPER' anode catalyst .  

2 A complete e lec t ro lys is  subsystem containing a 6-cell stack of 1 f t  ce l l s ,  

and the controller i s  scheduled t o  begirl a 20,000 hour endurance t e s t  in April 

1984. 

A fuel cel l  stack of 6 ce l l s  (Orbiter-size hardware) has accumulated 8600 

hours of LEO cycle endurance test ing with a voltage degradation ra te  of less 

than 1 microvolt/hour. A plot of average ce l l  voltage vs. time i s  shown in 

Figure 4. A minimum endurance t e s t  goal of 20,000 hours i s  anticipated. The 

6-cell stack i s  operating a t  200 ASF, 60 psia, and 140' F. 



ENDURANCE TESTING (LIFE) 

PULL CELL: >40000 hr I N  SUBSCALE CELLS 
2000 hr CONTINUOUS TEST AT l€@ F, 60 psia IN  

1.1 ft2 CELLS 

ELECTROLYZER : 45000 hr I N  0.23 ft2 CELLS (NAVY OXYGEN GEN- 
ERATION PROGRAM) CONTINUOUS TESTING AT 
1000 ASF, 1200 F . 

INTEGRATED SYSTEM : DELIVERED TO JSC FEB. 1983. SIMULATED ORBITAL 

TESTING STARTED I N  APRIL, 1983. - 1540 hr, 11025 
CYCLES (SEPT. 20, 1983) 

PROJECTED EFF lClENCY CFOTAL STORAGE SYSTEM) 

WEIGHT OPTIMIZED I100 KW SYSTEM 98% 
OPClMlZED FOR EFFICIENCY (LOW CURRENT DENSDY) 64% 

TECHNOLOGY PROBLEMlS 

HYDROGEN DIFFUSION THROUGH MEMBRANE (INHEREM P ROBLUVI) 

HYD'ROGEN MBRITfLEMENT OF NlOBlUM COLLECTOR DURING LONG TERM 
USE 

Figure  2 .  Acid ic  ( S P E )  f u e l  cel l  - e l e c t r o l y z e r  system 
f o r  o r b i t a l  energy s t o r a g e .  



LOSS OF CELL lO!B (IF CELL 
COMPRESSION 

W + CELL TEMPERATURE: 111) OF (822 'c) . CURREIT DEISITY: 15) ASF (161.5 M I V C ~ ~ )  
REACT AWT PRESSURE: AMBfENT 

1.201 I h I I I I I II I I 
0 5000 t 0000 15000 20000 25000 

LOAD TIME - HOURS 

Successfully completed 21600 hours of testing 

@ Performance remains stable 
Figure  3 .  Super  anode c e l l  endurance .  
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A synopsis o f  the endurance t e s t  da ta  base f o r  the a l k a l i n e  RFC i s  shown i n  

Figure 5, along w i t h  p ro jec ted  system e l e c t r i c a l  e f f i c i e n c y  and the major 

technology problems c u r r e n t l y  being work on i n  the technology program. 

POINT DESIGN COMPARISON 

A 60 kW p o i n t  design comparison was made f o r  an energy storage system f o r  a 

manned space s t a t i o n  i n  low e a r t h  o r b i t .  The design compared two b a t t e r y  

systems, Ni/Cd and b i p o l a r  Ni/N2, and the  H2-O2 RFC system. A l i s t  o f  

design requirements are shown i n  F igure 6. A s i g n i f i c a n t  f a c t o r  i n  the  design 

was the redundancy requirement imposed on the syste,m, which r e s u l t e d  i n  two 

storage modules on each of th ree  main power buses. The c o n f i g u r a t i o n  a l s o  

requ i red  the system t o  prov ide  f u l l  power w i t h  two modules f a i l e d .  This 

requirement increases the depth of discharge on the  ba t te r i es ,  w h i l e  

increas ing  the cu r ren t  dens i t y  of the fue l  c e l l  and e l e c t r o l y z e r .  The r e s u l t s  

o f  the design are g iven i n  F igure 7. The RFC has the h ighes t  e f f e c t i v e  energy 

density,  and the lowest weight. Based on cu r ren t  l i f e  p ro jec t i ons ,  the Ni/Cd 

b a t t e r y  system would r e q u i r e  replacement i n  5 t o  6 years, the b i p o l a r  Ni/H2 

b a t t e r y  system i n  3 t o  4 years, and the RFC system i n  7 t o  8 years. The Ni/Cd 

l i f e  p r o j e c t i o n  was based upon 16 percent  DOD f o r  s i x  b a t t e r y  modules 

( i nc reas ing  t o  25 percent  DOD f o r  four  modules) and an operat ing temperature 

o f  l o 0  C. The b i p o l a r  n icke hydrogen l i f e  was est imated based upon 50 percent 

DOD fo r  s i x  b a t t e r y  modules (75 percent  DOD f o r  f o u r  modules) and an operat ing 

temperature o f  30" C. The RFC est imate of 7 t o  8 years was based upon the  

est imated vol tage degradat ion r a t e  of the f u e l  c e l l s  der ived from the carbonate 

conversion t ime dependent model from the  O r b i t e r  q u a l i f c a t i o n  programs. The 
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DESIGN RESULTS 

CHARACTERISTIC 

EFFECTIVE ENERGY DENSITY 

N i /Cd B. P. Ni l  Hz RFC - 
3.3 whlkg 14.9 whl kg 17.8 whl IUJ 

ROUND TR l P  ELECTRICAL EFFICIENCY 

(END OF LIFE) 70  70 70% %% 

TOTAL STORAGE SUBSYSTEM WEIGHT 11 050 .@ 2408 @l 2023 $ 

TOTAL STORAGE SUBSYSTEM VOLUME 120 f 3  111 ft3 203 ft3 

REQUIRED STORAGE SUBSYSTEM 
REPLACEMENTS FOR 10-YEAR LIFE 1 2 1 

HEAT REJECTION: REQUIREMENT (MAXIMUM) 27 M9 30 M 38 kW 
TEMPERATURE 100 c 30' C 60° c 

NUMBER OF CONTROLLABLE UNITS 4320 6 F.C. 6 E. 6 

Figure 7. 60-KW point design comparison of nickel-cadmium, 
bipolar nickel-hydrogen and regenerative fuel cell energy 
storage subsystems. 



RFC parameters selected were 140° F operating temperature, a f u u  ce l l  current 

density of 135 ASF, and an electrolyzer current density of 150 ASF. 

From the standpoint of overall system autonomous control, the number of 

controllable units greatly favor the RFC and bipolar Ni/H2 battery storage 

systems. The level of autonomous control i s  greatly simp1 i f  ied in control 1 ing 

6 t o  1 2  subsystems as compared t o  4320 individual 50 ampere/hour Ni/Cd ce l l s .  

Concl ud i ng Remarks 

Fuel ce l l s  have found application in space since Gemini. Over the years 

technology advances have been factored into the mainstream hardware programs. 

Performance levels and service l ives  have been gradually improving. More 

recently, the storage application for  fuel cell-electrolyzer combinations has 

been receiving considerable emphasis. The regenerative system application 

described here i s  part of a NASA Fuel Cell Program which has been developed t o  

advance the fuel ce l l  and electrolyzer technology required t o  sa t i s fy  the 

identified power generation and energy storage need of the Agency for  space 

transportation and orbital  applications t o  the year 2000. 
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Q. McDermott, Martin Marietta: On the Shuttle and on the Gemini you 
showed 2 and 3 fuel ce l l s .  I s  tha t  a redundancy system we're looking - - 
a t  there? 

A. Gonzalez, NASA/Lewis Research Center: For the Shuttle? Yes. 

Q, McDermott, Martin Marietta: I noticed f i r s t  i t  was 2 ,  then i t  went t o ,  
3 .  I s  t ha t  because of increased load requirements or is i t  t ha t  they 
have gone from having 2 redundant fuel ce l l s .  

A. Gonzalez, NASA/Lewis Research Center: They've gone up for  redundancy. 

COMMENT 

Gross, Boeing: I ' d  1 i ke to  make a couple of comments on things that  
came out of our looking a t  t h i s  regenerative fuel ce l l  system. There 
are  two very interesting a t t r ibutes  of regenerative fuel cell  systems. 
One i s  tha t ,  though I noticed in th i s  study tha t  you showed - you had 
a separate emergency power system, b u t ,  as i t  turns out, the re- 
generative fuel cel l  system has a very excellent capabil i t y  to  provide 
emergency power because you already have the fuel ce l l s  you a1 ready 
have a l l  the hardware. All you need t o  do to  provide emergency power 
i s  to  increase the s ize  of the hydrogen and oxygen tanks and the 
gasses, and th i s  can come f a i r l y  inexpensively, and fo r  manned space 
applications you can easily convince yourself tha t  you ought to  have 
a very large emergency power capability. The second point i s  tha t  
when you design the regenerative fuel cell  system fo r  high energy 
efficiency and for  long l i f e ,  you operate a t  re lat ively low current 
densit ies.  Now, th i s  allows a f a i r  number of fa i lures  before you 
run into any trouble. You can merely increase the current density 
on the non-failed units when th i s  happens and i t  can operate and 
to lera te  a f a i r l y  large number of fa i lures  very successfully. 

COMMENT 

Gonzalez, NASA/Lewis Research Center: You're r ight .  With the 
emergency system which was not included i n  t h i s  study, th i s  
requirement came from the space s tat ion off ice and they s t i l l  
haven ' t determined what peak emergency requirements wi 11 be. 
That's why they were not included. B u t  i t  could be included i n  
a fuel ce l l  system without real ly  increasing the weight of the 
system or  the volume of the system too much. 

Q. Orin, Ford: For the design that  you're showing fo r  the fuel cell  
system, you're showing tha t  the efficiency i s  about 56% and there 
i s  an added heat rejection requirement. How much mass i s  associated 
with those two factors? 



A. Gonzalez, NASA/Lewis Research Center: With the heat rejection 
requirement? I rea l ly  cannot t e l l  you. 

Q. Van Ommering, Ford: How about the efficiency reduction compared to  
nickel cadmium and nickel hydrogen. 

A. Gonzalez, NASAILewis Research Center: No. This i s  the power system 
only. When you go to  the total  energy storage system then the 
efficiency will play a role in i t  because i t  will a f fec t  the s ize  of 
the power array system and the fuel consumption for  keeping i t  i n  
o rb i t .  B u t  this is only the energy storage system and i t  doesn't 
include any other subsystem w i t h  i t .  These numbers will have to  
be included into further studies which include the total  power 
system instead of the energy storage system which i s  what th i s  
includes in i t .  So t h a t ' s  why i t  doesn't r e f l ec t  i t .  

Q. Roth, NASA HQ: With regard to the technical problems tha t  you 
mentioned before going through the membrane and so on - jus t  how 
signif icant  are  these problems and what does i t  real ly  take to  resolve 
them so tha t  t h i s  becomes a t ru ly  useable system? 

A. Gonzalez, NASA/Lewis Research Center: i s  a useable system. The 
SB system has gas diffusion through the membrane. This decreases 
the overall efficiency of the system. B u t ,  i f  you operate i t  a t  
a low pressure l i ke  t h i s  system has been operated - u p  t o  120 PSI 
then you won't real ly  suffer  any great penalty in the overall 
efficiency and you can s t i l l  achieve your 60% efficiency of the to ta l  
energy storage system. For the a1 kal ine subsystem, the carbonation 
problem i s  w i t h  the frame materials and these are trying t o  be 
replaced. The matrix ins tab i l i ty  i s  already being taken care of. 
The asbestos i s  being replaced with PKT separator. 

Q. Rodriguez, GSFC: Could you comment on the voltage regulation of 
the regenerative fuel cel l  perhaps in the percentage of the charge 
and discharge? 

A. Gonzalez, NASAILewis Research Center: I don't  understand the question. 

Q. Rodriguez, GSFC: We1 1 , does the fuel cel l  vol tage vary as i t ' s  
being charged or discharged? 

A. Gonzalez, NASAILewis Research Center: No. 

Rodriguez, GSFC: I t  does n o t  vary a t  a l l ?  

A. Gonzalez, NASAILewis Research Center: No. I t  varies with l i f e .  
That's the voltaqe variance tha t  vou would see,  less  than one 
microvolt per hoir, b u t  not during the cycle. 

- 



A. Rodriguez, GSFC: Thank you. 

Q. Yen, JPL: You mentioned about you have t h i s  hydrogen e;:i,:rkment o f  
a  nyobium p h y l a c t i s .  How ser ious i s  t h i s  problem and do you have 
any idea what i s  t he  chemical na ture  o f  t h i s  problem? 

A. Gonzalez, NASA/Lewis Research Center: The seriousness o f  t h e  problem, 
I al ready mentioned t h a t ,  over t h e  40,000 hours, i t  d i d n ' t  show up 
b u t  i t  i s  known t h a t  i t  w i l l  happen w i t h  t ime. I cannot r e a l l y  t e l l  
you what t he  chemical mechanism f o r  i t  i s .  

A. Yen, JPL: I see. 

A. Gonzalez, NASA/Lewis Research Center: I can g i v e  you the  contacts t o  
f i n d  i t  out.  

A. Yen, JPL: A l r i g h t ,  thank you. 

COMMENT 

Ford, GSFC: J u s t  t o  make a  couple o f  comments. When y o u ' r e  t a l k i n g  
about advanced energy storage systems, i n  l ook ing  a t  t he  nex t  ten  
years, one o f  t he  th ings  t h a t ' s  going t o  become very important  i s  
n o t  j u s t  t h e  l i f e  b u t  the  l i f e  c y c l e  cos t .  And I t h i n k  j u s t  t o  
make t h e  p o i n t  t h a t  as you t h i n k  o f  these systems you have t o  l ook  
a t  t ha t .  If you t a l k  about l i f e  c y c l e  cost ,  you t a l k  about the  
i n i t i a l  investment p lus  the  cos t  t o  rep lace i t  and t h a t  replacement 
cos t  i s  a  func t ion  o f  t he  u l t i m a t e  1  i f e  and one o f  the  th ings  t h a t  
I t h i n k  we've go t  t o  face i s  t h a t  t he  present systems t h a t  we've 
been us ing  i n  t he  past,  w h i l e  they perform q u i t e  n i c e l y  f o r  most o f  
t h e  app l i ca t i ons ,  do n o t  seem cons i s ten t  w i t h  t h e  long l i f e  t h a t  we 
a re  being asked t o  l ook  i n t o  f o r  t h e  f u t u r e  systems. This  i s  one 
o f  t h e  th ings  t h a t  prompted us t o  s t a r t  l ook ing  elsewhere - t h e  
f lywheel .  Other c o s t  f a c t o r s  t h a t  came ou t  o f  these - and these 
s tud ies  a re  very  d i f f i c u l t  as S i d  can vouch f o r  as o ther  people 
have t r i e d  t o  undertake these th ings ,  i t ' s  very  d i f f i c u l t  t o  g e t  
your  arms around a l l  these parameters and compare apples and apples. 
I n  most cases we f i n d  o u t  t he  techno log i s t  i n  a  g iven f i e l d  advocates 
h i s  technology and o u t  o f  l a c k  o f  t o t a l  knowledge o f  t he  o t h e r  
areas tends t o  s e l l  s h o r t  t he  o the r  technologies - n o t  i n t e n t i o n a l l y  
b u t  j u s t  t h e  f a c t  t h a t  i n  some cases the  in fo rmat ion  i s  n o t  ava i l ab le .  
I t h i n k  i t  behooves us though, t o  r e a l i z e  t h a t  we've go t  t o  l ook  
a t  t h e  system aspect. We're no longer  j u s t  t a l k i n g  about component 
technology as w i t h  the  f lywheel .  The f lywheel  w i l l  ge t  across a t  
l e a s t  every major subsystem. The s o l a r  a r ray  w i l l  be impacted by 
the  r o u n d - t r i p  e f f i c i e n c y ,  prov ided we use s o l a r  a r rays  f o r  power 
generat ion. So a  10% l o s s  i n  round t r i p  e f f i c i e n c y  w i l l  have 
s i g n i f i c a n t  impact on the  s i z e  o f  t he  ar ray .  The s i z e  o f  t h e  



Ford, GSFC (Con ' t )  : array affects  the amount of fuel i t  Zikes to  
keep i t  in-orbit  because of drag. What we're real ly  saving i s  
tha t  we're going to  have to  become more system oriented rather than 
component technologist, which we s t i l l  have to  be. We're going to  
have to  s t a r t  considering the system related problem. And t h a t ' s  
real ly  how the future i s  going t o  be met would i t  be an electrolysis  
fuel cel l  , flywheel , bat ter ies  or something out there we haven ' t 
even ta l  ked about yet.  So I challenge you to  p u t  on your hats 
and s t a r t  thinking system - related problems as well as component 
related probldms. And with tha t ,  unless there are  any comments or  
further comments we will close th i s  session. Are there any other 
comments? Would anybody 1 i ke to  make any additional statements a t  
t h i s  time? 
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ABSTRACT 

An ambient temperature rechargeable L i -T iS2 c e l l  has been cyc led  
under cond i t ions  which s imulate aerospace app l ica t ions .  A novel 
chargeldischarge state-of-charge c o n t r o l  scheme was used, together  w i t h  
tapered cu r ren t  charging, t o  overcome de le te r i ous  e f f e c t s  associated w i t h  
end-of-charge and end-of-discharge voltages. The study i nd i ca tes  t h a t  
L i -T iS2 c e l l s  ho ld  promise f o r  eventual synchronous s a t e l l i t e - t y p e  
app l i ca t i ons .  Problem areas associated w i t h  performance degradat ion and 
recond i t i on ing  e f f e c t s  a re  i d e n t i f i e d .  

INTRODUCTION 

Ambient temperature rechargeable l i t h i u m  c e l l s  ho ld  promise as 
advanced energy sources f o r  f u t u r e  space appl i ca t i ons .  The L i -T iS2 
couple, w i t h  a nonaqueous e l e c t r o l y t e ,  i s  t he  best  known ambient 
temperature system. A b a t t e r y  o f  t h i s  type i s  o f  i n t e r e s t  due t o  i t s  
expected h igh  energy dens i t y  ( >  100 Wh/Kg) and long 1 i f e  (up t o  10 
years) .  However, L i -T iS2 c e l l  research and technology are i n  an e a r l y  
development stage w i t h  o n l y  hand o r  custom made c e l l s  ava i lab le .  I n  o rder  
t o  f u r t h e r  t h e  develcpment o f  t h i s  b a t t e r y  t ype  and assess t h e  
s ta te-o f - the-ar t ,  a cyc le  l i f e  study o f  a L i -T iS2 l abo ra to ry  c e l l  was 
conducted. The c e l l  was developed a t  JPL and tes ted  a t  Rockwell. This  
paper summarizes t h e  r e s u l t s  o f  t h i s  study. 

EXPERIMENTAL 

Recent cyc le  l i f e  t e s t s  conducted a t  JPL w i t h  constant cu r ren t  charge 
( 1  m~lcrn2) t o  3 v o l t s  and discharge (2m~lcm2) t o  1.6 v o l t s  (100% 
depth-of-discharge) prov ided up t o  750 cyc les  w i t h  30% o f  t h e o r e t i c a l  
capac i ty  remaining a t  concl us ion o f  t h e  t e s t  (see f i g u r e  1).  The cathode 
l i m i t e d  c e l l s  u t i l i z e d  a LiAsF612MeTHF e l e c t r o l y t e  and were o f  - 0.40 mAhr 
capaci ty .  The t e s t s  were v o l u n t a r i l y  terminated a t  t h e  30% capac i ty  
1 eve1 . Capacity decl ine,  especi a1 l y  du r ing  t h e  e a r l y  stages o f  c y c l e  
l i f e ,  and cathode deac t i va t i on  were i d e n t i f i e d  as important  problem areas. 

*A p o r t i o n  o f  t h i s  work represents one phase o f  r a e a r c h  performed by t h e  
J e t  Propuls ion Laboratory, C a l i f o r n i a  I n s t i t u t e  o f  Technology sponsored 
by t h e  Nat ional  Aeronautics and Space Admin is t ra t ion ,  Contract NAS7-918. 



These f u l l  chargeldischarge r e s u l t s  were so encouraging tha t  i t  
seemed appropr ia te  t o  i n i t i a t e  c y c l e  l i f e  t e s t s  t h a t  would simulate and 
a l l ow  eva lua t ion  of  the c e l l  f o r  an aerospace app l ica t ion .  It was decided 
4 L O  L V ~ , ~ U L ~  -..-A..- t h 2  c j c l s  l i f e  test inr;  bars4 r?!? s y n c h r ~ n ~ u ~  s . s t e ! ! i t ~  r f i s r h a r g ~  
parameters. Low Earth O r b i t  (LEO) and many o ther  aerospace app l ica t ions  
r e q u i r e  a  c a p a b i l i t y  o f  a  one-hour o r  g rea ter  discharge ra te .  The t ime 
a v a i l a b l e  f o r  charge i s  a t  l e a s t  22.8 haurs i n  synchronous o r b i t  
operat ion.  I t  was decided, however, t o  charge using a  taper  charge method 
w i t h  a  maximum s t a r t i n g  cu r ren t  o f  about the 2.5 hour ra te .  This should 
produce a charge t ime o f  about f ou r  hours a l l ow ing  t h e  a c q u i s i t i o n  o f  four  
maximum depth-of-discharge (DOD) cyc les  per  day. The taper  charge 
parameters selected would r e s u l t  i n  f u l l  charge c u t - o f f  a t  2.64 v o l t s  w i t h  
approximately 10 ma charge cu r ren t  f lowing.  The maximurn DO0 f o r  
synch ronods~orb i t  operat ion i s  genera i l y  i n  t h e  50% t o  70% range o f  
b a t t e r y  ra ted  capaci ty  i n  ampere-hours. It was the re fo re  decided t o  s t a r t  
c y c l  i n g  the  c e l l  a t  70% DOD u n t i  1  t he  end-of-discharge (EOD) vol tage 
decayed t o  approximately 1.7 v o l t s ,  and then reduce the  DOD t o  60% u n t i l  
1.7 v o l t s  i s  reached again, and f i n a l l y  reduce the  DOD t o  50% and cyc le  
the  c e l l  t o  t e s t  te rminat ion  when 1.5 v o l t s  i s  reached. The EOD vo l tage 
was maintained above 1.7 v o l t s  d u r i n g  t h e  e a r l y  cyc le  tes t i ng ,  because 
e a r l i e r  i n v e s t i g a t i o n  by JPL i n d i c a t e d  t h a t  accelerated degradation takes 
p lace when t h e  Li-TiS2 c e l l  i s  discharged t o  a  c t r t -of f  o f  1.6 v o l t s  versus 
1.7 v o l t s .  

The t e s t  parameters described f o r  t h e  c y c l e  t e s t  o f  the c e l l  a t  
synchronous o r b i t  r a tes  and t y p i c a l  maximum DOD are  s i m i l a r  t o  those usea 
i n  t h e  b a t t e r y  i ndus t r y  f o r  accelerated l i f e  c y c l i n g  of  i e l l s / b a t t e r i e s .  
S i i n i l a r  cyc le  t e s t i n g  o f  JPL c e l l s  a t  Rockwell over t h e  pas t  two years 
prov ided data i n d i c a t i n g  t h a t  t h e  onset o f  e n d - o f - l i f e  was charazter izea 
by a reduc t ion  i n  taper  charge c u r r e n t  a t  the  2.64 v o l t  c u t - o f f  w i t h  
successive c y c l i n g  and a  reduct ion  i n  t h e  elapsed t ime  f o r  chargiog. The 
r e s u l t  o f  reduced charge t ime and c u r r e n t  due t o  degraded charge 
acceptance c a p a b i l i t y  was t o  reduce subsequent discharge capaci ty  and €013 
vo l tage,  

I t  was decided t o  evaluate a  novel charge/discharge state-of-charge 
{SOC) con t ro l  scheme designed t o  overcome some o f  the  de le te r i ous  f a c t o r s  
lead ing  t o  the degradat ion noted abave. Where 70% DOD c y c l i n g  normal ly 
takes p lace between 100% SOC and 30% SOC, t he  scheme t o  be evaluated 
p o s i t i o n s  the  c y c l i n g  t o  take p lace between 95% SOC and 20% SOC, ano 
mainta ins t h a t  p o s i t i o n  as long as poss ib le .  A f t e r  t h e  c e l l  SOC i s  
es tab l ished a t  20%, the computer c o n t r o l s  the  SOC by r e s t o r i n g  the  
ampere-hours equivalent  t o  a  70% DOD, and then mainta ins the  SOC range 
w i t h  a  charge t o  discharge ( C / D )  r a t i o  o f  one on a  coulombic o r  
ampere-hour basis.  This approach i s  made poss ib le  by the  fac t  t h a t  t he  
L i -T iS2 couple has a  coulombic c y c l i n g  e f f i c i e n c y  c lose  t o  100%. This 
scheme e l im ina tes  over-charge and r e s u l t s  i n  a  charge complet ion a t  a  
vo l tage considerably below the  2.64 v o l t  f u l l - cha rge  value. Since both 
over-charge and excessive charge vo l tage  are  f a c t o r s  associatea w i t h  
e lect rochemical  degradat ion i n  c e l l  operat.ion, t h e i r  reduc t ion  should 
c o n t r i b u t e  t o  increased cyc le  l i f e .  



In addition, the reconditioning value of charging a degraded ce l l  a t  
a low (30 hour) ra te  using constant current charge t o  a voltage cut-off 
was examined. 

CELL AND TEST INSTRUMENTATION DESCRIPTION 

The Li-TiS2 t e s t  cel l  was fabricated a t  JPL and is  an experimental 
prototype of the i r  own design. The design de ta i l s  a re  described i n  table  
I.  

The cycle l i f e  t e s t s  were conducted in the battery t e s t  laboratory a t  
Rockwell, Seal Beach, California. A block diagram of the battery t e s t  
station w i t h  the t e s t  cel l  instrumentation interface is  shown in figure 2. 
The t e s t  c e l l ,  was contained i n  a steel pipe safety enclosure, and the 
enclosure was maintained in an exhaust hood tha t  provided a flow of a i r  
over the t e s t  cel l  area to  the outside of the building. The temperature 
of the ce l l  was monitored on i t s  top between the terminals and an 
additional thermocouple was located on the enclosure baseplate, since the 
bottom of the cel l  was in contact with the baseplate fo r  improved heat 
removal. 

RESULTS 

Two important variables tha t  resu l t  from the application of 
chargeldi scharge parameters to  control cycle 1 i f e  tes t ing a re  the 
end-of-charge voltage (EOCV) and end-of-discharge voltage (EODV) . The 
EOCV with a fixed ampere-hour input re f lec ts  the energy level required t o  
s tore  the capacity selected. The ideal response would be a constant EOCV 
w i t h  successive cycles. An increasing EOCV w i t h  cycling indicates a 
capacity degradation process tha t  resul ts  in the required voltage increase 
to s tore  the fixed capacity a t  a greater energy level.  After maximum EOCV 
i s  reached, as  1 imited by charge control parameter selection, the capacity 
stored and available on the subsequent discharge decreases rapidly with 
further cycling. The EODV indicates the energy level a t  which the 
capacity selected for  discharge i s  developed with a given load current. A 
decreasing EODV i s  related to  degradation processess that  increase 
polarization factors and/or decrease available capacity. Minimum 
operational EODV i s  selected based on acceptabl e system undervol tage and 
maximum depth-of-discharge degradation effects .  For the purposes of this 
cycle 1 i f e  t e s t ,  1.6 volts was selected as the system undervol tage value 
and 1.7 volts selected as the minimum acceptable cycling voltage. An EODV 
value below the 1.6 volt system undervol tage 1 imit would signal ce l l  
fa i lure  and end of the cycle l i f e  t e s t .  A history of the EOCV and EODV 
values obtained during the 143 cycles of the cycle l i f e  t e s t s  a re  shown i n  
the data plots of figure 3.  An Annotation of the Cycle Life Testing shown 
in figure 3 i s  provided i n  table 11. The cycle l i f e  t e s t  can be 
considered as four consecutive parts. The f i r s t  part  consists of cycles 1 
t h r u  3 where the ce l l  capacity and 20% state-of-charge (SOC) voltage were 
established. 

The resu l t s  of cycling a t  70% DOD are  covered by the second part  of 
the l i f e  cycle t e s t ,  cycles 4 t h r u  84. The f i r s t  and l a s t  cycle 



performance a t  70% DOD i s  p rov ided  i n  t h e  charge/discharge da ta  p l o t s ,  
f i g u r e s  4-7. The e f f e c t i v e n e s s  o f  a  r e c o n d i t i o n i n g  method c o n s i s t i n g  o f  a  
low r a t e ,  cons tan t  c u r r e n t  charge was t r i e d  d u r i n g  t he  second p a r t  of 
c y c l i n g  i n  cyc les  61, 66, 72 and 73. I n  t h e  c y c l e  61 charge, t h e  
ampere-hour r e t u r n  was l i m i t e d  t o  t h e  70% DOD va lue  removed, and t h e r e f o r e  
accounts f o r  t h e  low EOCV shown i n  f i g u r e  3. The r e c o n d i t i o n i n g  charge 
was no t  successfu l  as i n d i c a t e d  by a  l a c k  o f  improvement i n  t h e  c y c l e  61, 
EODV. I n  c y c l e  66 t h e  r e c o n d i t i o n i n g  charge was c u t  o f f  a t  2.61 v o l t s  and 
t h e  ampere-hour i n p u t  a l lowed t o  inc rease  corresponding ly .  Again, t h e  
c y c l e  66 d ischarge  showed a  n e g l i g i b l e  improvement i n  EODV value. It was 
decided t o  t r y  two consecu t i ve  r e c o n d i t i o n i n g  charges i n  cyc les  72 and 73. 
S ince c y c l e  72 showed l i t t l e  e f f e c t  w i t h  t h e  charge vo l t age  c u t - o f f  a t  2.7 
v o l t s ,  i t  was increased t o  2.80 v o l t s  i n  c y c l e  73. The r e s u l t  was again 
d i s a p p o i n t i ~ g  and t e s t i n g  o f  t h e  r e c o n d i t i o n i n g  procedure abandoned. The 
charge t o  d ischarge  r a t i o  (C/D) i n  ampere-hours was increased f o r  t h e  
f i r s t  t ime f rom one t o  1.015 i n  c y c l e  75 t o  compensate f o r  p o s s i b l e  
degraded e f f i c i e n c y  and thereby  prevent  t h e  EODV from d rop ing  below 1.7 
v o l t s .  It can be seen i n  f i g u r e  2  t h a t  soon a f t e r  t h e  C/D r a t i o  i nc rease  
t h e  c e l l  was be ing  charged t o  t h e  2.64 v o l t  t a p e r  charge l i m i t .  At  t h i s  
t i m e  t h e  s ta te -o f -charge  p o s i t i o n i n g  was back t o  t h e  normal 100% t o  30% 
SOC range. 

The r e s u l t s  o f  c y c l i n g  a t  60% DOD a re  covered by t h e  t h i r d  p a r t  o f  
t h e  c y c l e  l i f e  t e s t ,  c yc l es  85 t h r u  105. The improvement i n  EODV i n  c y c l e  
80, a f t e r  a  9 hour o p e n - c i r c u i t  stand, due t o  a  computer ma l func t ion ,  l e d  
t o  cons ide ra t i on  o f  an open c i r c u i t  s tand p e r i o d  as a  " r e c o n d i t i o n i n g "  
method. The f i r s t  open c i r c u i t  r e c o n d i t i o n  p e r i o d  was t r i e d  a f t e r  c y c l e  
85 d ischarge.  The r e s u l t i n g  improvement i n  c y c l e  87 EODV was s u r p r i s i n g l y  
good, I n  c y c l e  89 t h r u  t e s t  complet ion,  a  one hour de lay  a f t e r  each 
d ischarge  was i nc l uded  t o  t ake  advantage o f  any smal l  r e c o n d i t i o n i n g  
e f f e c t  t h a t  m igh t  be gained. 

The r e s u l t s  o f  c y c l i n g  a t  50% DOD a re  covered by t h e  f o u r t h  and l a s t  
p a r t  o f  t h e  c y c l e  l i f e  t e s t ,  c y c l e s  106 t h r u  143. The extended open 
c i r c u i t  s tand p e r i o d  was t r i e d  i n  cyc les  129 and 138 as descr ibed  i n  t a b l e  
11. The r e c o n d i t i o n i n g  e f f e c t  i n  cyc les  129 and 138 was c l e a r l y  ev iden t ,  
b u t  of sho r t  d u r a t i o n  over  subsequent cyc les .  It i s  t h e o r i z e d  t h a t  t h e  
e f f e c t  i s  due t o  r e d u c t i o n  o f  a  temporary p o l a r i z a t i o n  c o n d i t i o n  i n  t h e  
e l e c t r o l y t e  and/or TiS2 p l a t e  s t r u c t u r e  due t o  r e l a t i v e l y  h i g h  
d ischarge/charge c u r r e n t  d e n s i t y  opera t ion .  

CONCLUSIONS 

The r e s u l t s  o f  t h i s  c y c l e  l i f e  study, t oge the r  w i t h  those  c a r r i e d  ou t  
a t  JPL, demonstrate t h a t  ambient temperaturs  L i -T iS2  l a b o r a t o r y  c e l l s  can 
be cyc led  ex tens i ve l y .  The p o t e n t i a l  f o r  eventua l  use o f  a  secondary 
l i t h i u m  b a t t e r y  i s  ve ry  good, e s p e c i a l l y  f o r  synchronous s a t e l l i t e - t y p e  
a p p l i c a t i o n s .  There a r e  c e r t a i n l y  problems t h a t  must be solved, such as 
c a p a c i t y  dec l i ne ,  and scale-up/systems issues  t o  be addressed. Our 
understanding o f  t h e  fundamental processes and degradat ions modes i n  
rechargeable l i t h i u m  c e l l s  must improve s u b s t a n t i a l l y .  



Our accelerated c y c l e  l i f e  study, us ing  progressive DUD decrease, 
70%. 60%. 50%, has prov ided a  good s e t  o f  base1 i n e  data t o  be used f o r  
f u t u r e  t e s t  data comparison. The state-of -charge con t ro l  scheme evaluated 
shows good promise as a  means o f  extending cyc le  l i f e ,  and provides, i n  
t h e  EOCV data, a  poss ib le  graphic i n d i c a t i o n  o f  progressive c e i i  
degradation du r ing  t h e  c y c l e  l i f e  t e s t .  The EOCV r e f l e c t s  the  p o t e n t i a l  
o f  the  TiS2 e lect rode,  and a  r a p i d  r i s e  i s  t he  EOCV i s  os tens ib ly  due t o  
problems a t  t he  cathode. A s i m i l a r  c o r r e l a t i o n  between l i t h i u m  t ranspor t  
i n  t he  cathode and capac i t y  d e c l i n e  has been noted i n  t he  JPL cyc le  l i f e  
s tud ies  ( r e f .  2).  Low r a t e  constant cu r ren t  charging as a  recond i t i on ing  
method i s  not  e f f e c t i v e .  However, per iods  o f  open c i r c u i t  stand a f t e r  
discharge may prov ide  a  recond i t i on ing  e f f e c t .  The r e s u l t  may be due t o  
reduc t ion  o f  temporary p o l a r i z a t i o n  cond i t i ons  caused by operat ion a t  
re la t i ve l y . t ) i gh  cu r ren t  dens i ty .  C lea r l y ,  more work must be done t o  
assess the  e f f e c t s  o f  stand, s e l f  discharge, and recondi t ion ing.  
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Con f i gu ra t i on  

Capaci ty:  

A n a l y t i c a l  
Rated 

Vol tage: 

Table I 

Description of JPL Li-TiS2 Cell 

Open, C i  r c u i  t 
Load (Ave.) 

Number o f  P l a t e s  

P l a t e  Area 

P o s i t i v e  P l a t e  

Negat ive P l a t e  

E l e c t r o l y t e  

Separator 

Case M a t e r i a l  

S ize  

Weight 

C y l i n d r i c a i  - p l a t e s  s p i r a l  wound 

0.63 Ampere-hours 
0.48 Ampere-hours t o  1.7 V o l t s  

2.7 V o l t s  
2.0 V o l t s  a t  C/3 r a t e  

77.4 square cm 

T i  S2 on Ni Exmet-El as tomer i  c b i  ndcr 
( r e f .  1 ) ;  no conduc t i ve  d i l u e n t ,  

L i  F o i l  pressed on Ni Exmet 

(1.5M) L i  AsFg-2Methyl THF 

2 Layers  o f  Celgard 2400 

S t a i n l e s s  S tee l  

2.3 cm d iameter  by 6.4 crn l ong  

85 Grams 



CYCLE 

1 

T a b l e  I1 

A n n o t a t i o n  f o r  C y c l e  L i f e  T e s t  

NOTE 

To v e r i f y  f u l l  charge a t  2.64 v o l t s  and ob ta in  ra ted  
capac i ty  discharge. 

To v e r i f y  maximum s t a r t  cur ren t ,  charge c u t - o f f  and ra ted  
capac i ty  . 
To determine vol tage a t  20% State-of-Charge (S.O.C.) 
c u t  off. 

To determine vo l tage w i t h  70% ra ted  capac i ty  r e t u r n  t o  
90% S.O.C. 

High End-of-Di scharge (EOD) vo l tage because computer 
mal func t ion  caused 9 114 hour open c i r c u i t  per iod  du r ing  
discharge. 

F i r s t  recond i t i on  charge (0.336 A-H r e t u r n  a t  0.015 
amperes). 

Second recond i t i on  charge (0.396 A-H r e t u r n  a t  0.015 
ampere t o  2.61 vo l t s ;  and 0.384 A-H d i  scharge) . 
T h i r d  recond i t i on  charge (0.387 A-H r e t u r n  a t  0.015 
amperes t o  2.7 vo l t s ;  and 0.384 A-H discharge).  

Four th recond i t i on  charge (0.387 A-H r e t u r n  a t  0.015 
amperes t o  2.8 vo l t s ;  and 0.384 A-H discharge).  

Changed charge t o  discharge (C/D) r a t i o  from 1 t o  1.015 
(0.336 A-H t o  0.341). 

Changed C/D from 1.015 t o  1.03 (0.341 A-H t o  0.346). 

High EOD vo l tage because computer mal func t ion  caused 9  
hour open c i r c u i t  per iod  du r ing  discharge. 

Changed discharge from 70% depth-of-di  scharge (D .O .D .) t o  
60% w i t h  1.035 C/D r a t i o .  

F i r s t  open c i r c u i t  stand recond i t i on  o f  8 5 l I 2  hours 
between Cycle 85 EOD and Cycle 86 charge. 

S tar ted  one hour delay a f t e r  each discharge and s t a r t  o f  
next  charge. 

Changed discharge from 60% D.O.D. t o  50% w i t h  1.013 
C/D r a t i o .  



T a b l e  I1 

A n n o t a t i o n  f o r  C y c l e  L i f e  T e s t  ( C o n t . )  

CYCLE NOTE 

109 S t a r t e d  one hour de lay  a f t e r  each charge and s t a r t  o f  next 
d i  scharge. 

119 Changed d ischarge c u t - o f f  vo l t age  t o  1.6 v o l t s  from 
1.7 v o l t s .  

129 Open c i r c u i t  s tand r e c o n d i t i o n  o f  18lI2 hours between 
Cycle 128 E.O.D. and Cycle 129 charge. 

138 Open c i r c u i t  s tand r e c o n d i t i o n  o f  74 hours between 
Cycle 137 d ischarge and Cycle 138 charge. 
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CELL END-OF-CHARGE AND 
END-OF-DISCHARGE VOLTAGE VERSUS CYCLE 
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Figure 3.  Cycle 1 i f e  t e s t :  End of charge and end 
of discharge vol tage versus cycle. 
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F igu re  4. Charge Performance, Cyc le  No. Four. 



DISCHARGE AT 0.155 AMPS 
CYCLE No.4 0.34 AMP hrs 0.70 WATT hrs 

F i g u r e  5. D ischarge Performance, Cyc le  No. Four, 



TAPER CHARGE 
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Figure 6, Charge performance, cycle no.84. 
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Figure 7 .  Discharge performance, cycl e no. 84. 



SESSION I1 

DISCUSSION 

Q. Ritterman, COMSAT: You mentioned, I think you showed that the area of 
the electrode is about 80 square centimeters and you've got a current 
density of 2 milliamps per square centimeter. That's not your normal 
geosynchronous rate of discharge as say opposed to 10 or 12 milliamps 
per square centimeter. You've got roughly 12 square inches of area. 
It'll give you half an ampere of capacity. Is that particular to 
this laboratory cell or is this the way lithium cells are designed? 

A. Otzinger, Rockwell International: No. It's just this particular 
cell. I think in the future they're planning on doubl ing that area. 
They really didn't try to do that. what you're saying I y guess in 
effect is that what we're running 1 i ke a three-hour rate and for 
synchronous you'd like to see more like a two hour rate. 

A. Ritterman, COMSAT: It's more than that. Two milli-amps per square 
centimeter is like I think a 410 discharge rate in NI-CD. I'm 
saying that probably you have to get a thicker electrode in order 
to make this thing feasible on the weight basis. So that your 
current density is lower than you would normally see. Two milliamps 
is lower than you'd normally see in geosynchronous discharge. It's 
something like 10 or 12 milli-amps'per square centimeter. 

A. Otzinger, Rockwell International : Well, 1 i ke I said, I think that 
we're still early in the game and I think that it can be dealt 
with. 

Q. Ritterman, COMSAT: Do you have any data on thicker electrodes? 

A. Otzinger, Rockwell International: No. 

Q. Ritterman, COMSAT: Does JPL have any data? 

A. Otzinger, Rockwell International: The indication is no - by movement 
of the head. 

Q. Galassi, Hughes Aircraft: On one of your graphs you had a change 
in slope on your percent cathode utilization. 

A. Otzinger , Rockwell International : Yes. 

Q. Galassi, Hughes Aircraft: You said you're ,investigating? 



Otzinger, Rockwell International : Yes. 

Galassi, Hughes Aircraft: I s  your cathode subject to  pi t t ing and 
therefore exposing more surface area causing change in slope? 

Otzinger, Rockwell International: I think tha t  Dr. Somoano should 
answer tha t  question. 

Somoano, JPL:  When we used to  use a teflon binder in our TIST 
cathodes yes, we had a problem w i t h  chemical integri ty .  Since we've 
been using the elastime binders the cathodes look very we1 1. We 
don't  see any profound pi t t ing i t  a l l .  

Dudley, European Space Agency: You mentioned you had an excess of 
lithium in the anode. Can you t e l l  us roughly how much this 
documetric excess i s  and whether the loss i s  mechanical or a reaction 
w i t h  the electrolyte? 

Otzinger, Rockwell International: There i s  about a f ive  t o  ten 
percent excess lithium and we t h i n k  the loss i s  reactive with the 
electrolyte  which i s  the major problem. 

Allvey, Saft  America, Inc.: T h i s  i s  more of the same question 
actually. Your original curve showed th i s  loss of capacity down $0 
about 50%. And I was actually wondering whether the cathode remained 
the limiting ef fec t  a l l  throughout? 

Otzinger, Rockwell International : Yeah that  ' s  a very good question. 
We've taken these cathodes out of ce l l s  a f t e r  several hundreds of 
cycles and p u t  them in ce l l s  w i t h  fresh lithium, fresh electrolyte  
s a l t  and so forth and found no improvement whatsoever in capacity. 
So we do think the cathode i s  being deactivated. However, i t ' s  
very l ikely tha t  problems with the lithium anode are  giving r i s e  t o  
products tha t  may be compromising the performance of the cathode. 
For example a f t e r  many hundreds and hundreds of cycles we find some 
kind of en t i ty  permanently intercolated - irreversably intercolated 
in the TIS 2. And these may be some of the degradation products of 
the lithium electrolyte  reaction. 

Harkness, NWSC: Bert, on your charge you mentioned on the taper 
charqe - was i t  s e t  up where the hardware was programmed as the 
cell-vol tage reached a certain point that  the constant current 
would be stepped down? Or was tha t  inefficiency in the power 
supply set t ing on a voltage l imit  t o  where i t  tapered early 
and then the voltage tapered on u p  t o  the charge voltage tha t  
you wanted? 



A. Otzinger, Rockwell International: Let me see i f  I understand. We 
s e t  up  the taper charge parameters and they stayed in place. And 
then we superimposed the s t a t e  of charge cbntrd parameters on top 
of tha t .  And so tha t ,  when we s tar ted to  go higher, eventually i t  
got t o  where the s t a t e  of charge of 70% we're putting in was greater 
than the capacity tha t  was available i n  the ce l l  - or i t  was getting 
there. And so i t  reached then as a final value, the constant voltage 
value that  was s e t  as part  of the taper charge scheme. So you had 
real ly  two charge control methods super imposed. We of course, 
would l ike  to  keep i t  out of control of the taper charge. We're 
jus t  using the advantages of the taper charge method of putting in 
a relat ively  lo^ ra te  of charge a t  the end, gain reducing the s t r e s s  
on a ce l l .  That, of course i s  the one claim to  fame of a taper 
charge. That's the only reason people do i t .  They can p u t  a l o t  
in when the cel l  i s  fu l ly  discharged and i t  wants to  absorb a l o t  
of charge and then p u t  a l o t  less  i n  a t  the end when i t  doesn't 
want to  be taking a l o t  of charge on. 

Q. Question inaudible. 

A. Otzinger, Rockwell International : Okay that  was the l a s t  one I 
showed. Cycle 84? Yeah, well I think what you're printing out i s  
the f ac t  when we are  running out of capacity - then so, yes, you would 
drop down rather abruptly because you're running out of capacity. 

COMMENT 

Gross, Boeing: Since the purpose of th i s  investigation was to  obtain 
baseline information, I would t h i n k  i t  would be worthwhile to  conduct 
a fur ther  s e t  of charge control investigations using lithium limited 
designs. For, a f t e r  a l l ,  t h a t ' s  probably what you will ultimately 
want to  have in a ce l l  design, e i ther  by s ta r t ing  i n i t i a l l y  or  
eventual ly moving toward as a 1 i thium electrode degrades. 

Otzinger, Rockwell International: I guess we agree with you Sid. 

Q. Myer, AT&T Bell Labs: We found that  in order to  get to  anywhere 
near the practical densit ies of a lithium c e l l ,  that  i s  higher than 
nickel cadmium, we had to  reduce the amount of excess lithium 
substantially.  And, under those conditions, the lithium became 
limiting electrode. My question i s  under those conditions would 
any of these charge control parameters be the same and do you 
have work in progress to  look a t  the cycle l i f e  of the lithium 
electrode? 

A. Somoano, JPL: That 's  a very good point. We've not looked a t  lithium 
limited electrodes and t h i s  i s  something we plan t o  do th i s  f iscal  
year to  in i t i a t e .  I have no idea how the charge control procedures 



A. Somoano, JPL (Con't): would be and I might mention also,  fo r  higher 
energy density, we need to  go to  something other than TIS 2. I t ' s  
merely a vehicle r ight  now to assess the state-of-the a r t  in 
electrolyte  problems. 





P E R F O R M A N C E  A N D  S A F E T Y  C H A R A C T E R I S T I C S  
O F  LITHIUM-MOLYBDENUM DISULFIDB CELLS 

J.A. Stiles, Moli Energy, LTD 

I INTRODUCTION ,I,,,,-,,,,,,,-- 

Moli E n e r g y  Limited (Moli) has, during t h e  past five years, 
developed a technology b a s e  t h a t  is leading t o  the 
commercializatioa o f  a n e w  f a m i l y  o f  electrochemical 
batteries. T h e s e  b a t t e r i e s  u t i l i z e  t h e  phenomenon of 
intercalation in a lithium-molybdenum disulfide system. 

T h e  molybdenum d i s u l f  ide electrode, w h i c h  had b e e n  examined 
b y  other investigators and r e j e c t e d  as b e i n g  a n  unlikely 
candidate f o r  p r a c t i c a l  use, h a s  b e e n  t h o r o u g h l y  investigated 
b y  Moli. T h e  underlying causes o f  t h e  e a r l y  failures were 
carefully analysed and t h e  r e s u l t s  utilized t o  create 
modifications in t h e  m o l e c u l a r  structure o f  t h e  material. 
T h e  consequent results are d r a m a t i c  improvements in the 
utility o f  the material as a n  e l e c t r o d e  active material. I n  
addition M o l i  h a s  developed a p r a c t i c a l  lithium electrode, 
w h i c h  v a s t l y  reduces t h e  p r o b l e m  o f  limited reversibility 
encountered in o t h e r  d e v e l o p m e n t a l  s e c o n d a r y  lithium cells. 

T h e  first product u n d e r  development is a C cell, utilizing a 
sprially wound 'jelly roll' electrode configuration. The C 
cell, i n  its non-optimized d e v e l o p m e n t a l  form, has 
demonstrated attractive characteristics. T h e s e  include: 

Sustained d r e i n  r a t e s  o f  several amperes at a cell voltage 
above 1.3 volts h a v e  b e e n  demonstrated. 

A wide variety o f  electrical and t h e r m a l  abuse tests have 
b e e n  conducted w h i c h  s h o w  t h a t  t h e  c e l l s  are resistant to 
venting o r  rupture, provided t h a t  t h e  c e l l  temperature does 
not exce.ed 180°C. 

Sustained d r a i n  rates o f  at least 1 a m p e r e  at a cell voltage 
above 1.3 v o l t s  c a n  b e  maintained o v e r  t h e  temperature range 
from -15OC to +75oC. L o w e r  d r a i n  r a t e s  can still b e  
maintained at t e m p e r a t a r e s  b e l o w  -150C. 



M i c r o c a l o r i m e t r i c  m e a s u r e m e n t s  i n d i c a t e  a  c h a r g e  r e t e n t i o n  
t i m e  i n  e x c e s s  o f  5 y e a r s .  

E n e r g y  d e n s i t i e s  r a n g e  f r o m  72 w a t t - h o u r s  p e r  k i l o g r a m  f o r  a  
C o e l l  t o  150 w a t t - h o u r s  p e r  k i l o g r a m  f o r  l a r g e r  c e l l s  
s c h e d u l e d  f o r  f u t u r e  d e v e l o p m e n t .  

A c y c l e  l i f e  i n  e x c e s s  o f  100 c y c l e s  w i t h  a n  80% d e p t h  o f  
d i s c h a r g e  h a s  b e e n  d e m o n s t r a t e d .  C y c l e  l i f e  t e s t i n g  on 
s m a l l e r  c e l l s  i n d i c a t e s  t h a t  600 c y c l e s  w i t h  a  s i m i l a r  d e p t h  
o f  d i s c h a r g e  w i l l  b e  a c h i e v a b l e  w i t h  o p t i m i z a t i o n  o f  t h e  c e l l  
d e s i g n .  

C o s t  a n a l y s i s  h a s  i n d i c a t e d  t h a t  M o l i  c e l l s  w i l l  u l t i m a t e l y  
b e  c o s t  c o m p e t i t i v e  w i t h  c u r r e n t l y  m a r k e t e d  r e c h a r g e a b l e  
c e l l s .  

I1 EXPERIMENTAL CELLS ~ ~ L _ ~ ~ ~ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ _ ~ ~  

E x t e n s i v e  d a t a  h a s  b e e n  c o l l e c t e d  on s m a l l - s c a l e ,  
s t a r v e d - e l e c t r o l y t e  c e l l s .  F i g u r e  1 shows a s c h e m a t i c  
r e p r e s e n t a t i o n  o f  t h e  c e l l  c o n s t r u c t i o n .  T h e s e  c e l l s  w e r e  
f a b r i c a t e d  w i t h  e l e c t r o d e  c a p a c i t i e s  p e r  u n i t  a r e a  and 
e l e c t r o d e  s p a c i n g s  r e p r e s e n t a t i v e  o f  t h o s e  c o n t e m p l a t e d  f o x  
f u l l - s i z e  l a r g e  c e l l s .  C y c l e  l i f e  t e s t s  were  c o n d u c t e d  i n  
s u c h  a  manner  a s  t o  demand c o n s t a n t  a v e r a g e  power f r o m  a  o e l l  
d u r i n g  e v e r y  u s e a b l e  c y c l e .  

A s i n g l e  c y c l e  s e q u e n c e  e n t a i l s  c h a r g i n g  a  c e l l  a t  c o n s t a n t  
c u r r e n t  t o  a  p r e s e t  v o l t a g e  v a l u e  and  t h e n  d i s c h a r g - i n g  i t  a t  
c o n s t a n t  c u r r e n t  t o  a  l o w e r  p r e s e t  v o l t a g e  v a l u e .  Based  on 
t h e s e  t e s t s ,  t h e  c y c l e  l i f e  i s  d e f i n e d  a s  t h e  number o f  
s u c c e s s i v e  c y c l e s  t h a t  c a n  b e  o b t a i n e d  u s i n g  t h e  d e f i n e d  
c y c l e  s e q a e n c e  u n t i l  t h e  d i s c h a r g e  t i m e  i s  r e d u c e d  t o  
o n e - h a l f  o f  t h a t  o f  t h e  f i r s t  d i s c h a r g e .  The d e p t h  o f  
d i s c h a r g e  i s  d e t e r m i n e d  b y  a n  a p p r o p r i a t e  c h o i c e  o f  c y c l e  
s e q a e n c e  p a r a m e t e r s .  F i g u r e  2 shows c h a r g e  and d i s c h a r g e  
p r o f i l e s  f o r  a  t y p i c a l  s m a l l - s c a l e  c e l l .  F i g u r e  3 shows 
d i s c h a r g e  c u r v e s  a s  a  f u n c t i o n  o f  c y c l e  number .  F i g u r e  4 



shows how t h e  d e f i n e d  c y c l e  l i f e  v a r i e s  a s  a  f u n c t i o n  o f  
d e p t h  o f  d i s c h a r g e .  F i n a l l y ,  F i g u r e  5 shows t h e  r e a l i z a b l e  
c a p a c i t y  a t  v a r i o u s ,  u n i n t e r r u p t e d ,  c o n s t a n t  c u r r e n t  d r a i n  
r a t e s .  

III  DEVELOMENTAL CELLS ,,-L,,-,,,,-,,--------- 

I n i t i a l  d e v e l o p m e n t a l  work a t  M o l i  was d i r e c t e d  t o w a r d s  
f a b r i c a t i o n  and  p e r f o r m a n c e  e v a l u a t i o n  o f  j e l l y  r o l l  c e l l s  i n  
1 / 2 C - s i z e  c a n s .  T h e s e  c e l l s  w e r e  f a b r i c a t e d  u s i n g  
m a c h i n e - p r o d u c e d  e l e c t r o d e s .  F i g u r e  6 shows t h e  d e l i v e r e d  
c h a r g e  f r o m  o n e  o f  t h e s e  c e l l s  o v e r  3 2 0  c y c l e s .  

% o r e  e x t e n s i v e  d a t a  h a s  b e e n  o b t a i n e d  o n  d e v e l o p m e n t a l  
C c e l l s .  T h e s e  c e l l s  w e r e  d r y - r o o m - f a b r i c a t e d  u s i n g  
mach ine-produced  e l e c t r o d e s  i n  b a t c h e s  o f  5 t o  1 0  c e l l s .  
C o n s i d e r a b l e  q u a n t i t  i e s  o f  p e r f o r m a n c e  and  t e s t i n g  d a t a  h a v e  
b e e n  a c c n m n l a t e d .  

A number o f  p e r f o r m a n c e  t e s t s  o n  n o n - o p t i m i z e d  C c e l l s  h a v e  
b e e n  c o n d u c t e d .  The j e l l y  r o l l  c o n s t r u c t i o n  o f  t h e s e  c e l l s  
i s  shown s c h e m a t i c a l l y  i n  F i g u r e  7 .  F i g u r e  8 shows t y p i c a l  
c h a r g e  and d i s c h a r g e  c u r v e s  f o r  C c e l l s .  P i g u r e  9 shows t h e  
c e l l  c a p a c i t y  a v a i l a b l e  a s  a  f u n c t i o n  o f  d r a i n  r a t e  a t  
t e m p e r a t u r e s  o f  22OC (72OF) and -120C ( + l o O ~ ) .  F i g u r e  1 0  
shows t h e  c y c l i n g  p e r f o r m a n c e  o f  a  b a t c h  o f  c o n s e c u t i v e l y  
f a b r i c a t e d  c e l l s .  The c e l l s  f u n c t i o n e d  f o r  1 1 5  c y c l e s  and 
6 4 5  c y c l e s  w i t h  a n  85% d e p t h  o f  d i s c h a r g e .  The l i m i t e d  c y c l e  
l i f e ,  a s  compared t o  t h a t  o b t a i n e d  f o r  t h e  s m a l l - s c a l e ,  
f l a t - p l a t e  c e l l s ,  c a n  b e  a t t r i b u t e d  t o  s p e c i f i c  s h o r t c o m i n g s  
i n  t h e  C c e l l  d e s i g n  and f a b r i c a t i o n  p r o c e d u r e .  I t  i s  
a n t i c i p a t e d  t h a t  c y c l e  l i f e  c a n  b e  e x t e n d e d  s u b s t a n t i a l l y  
t h r o u g h  i m p r o v e m e n t s  i n  t h e  e l e c t r o d e  d e s i g n .  

To d a t e  a  v a r i e t y  o f  e l e c t r i c a l  a b u s e  t e s t s  h a v e  b e e n  
c o n d u c t e d .  

F i g u r e  11 shows t h e  e v o l u t i o n  w i t h  t i m e  o f  t h e  c u r r e n t  and 
c e l l  s u r f a c e  t e m p e r a t u r e  f o r  a  C c e l l  s u b j e c t e d  t o  a 
s h o r t - c i r c u i t  t e s t .  The c e l l  was i n i t i a l l y  a t  a n  a m b i e n t  
t e m p e r a t u r e  o f  22OC and t h e  s h o r t  r e s i s t a n c e  was 20 m Q .  The 



c e l l  d e l i v e r e d  c n r r e n t  n n t i l  t h e  c e l l  t e m p e r a t u r e  r e a c h e d  
a p p r o x i m a t e l y  1 4 0 ° c ,  a t  w h i c h  t i m e  t h e  c u r r e n t  d r o p p e d  
s u b s t a n t i a l l y  and t h e  c e l l  t e m p e r a t u r e  b e g a n  t o  f a l l  a g a i n .  
No v e n t i n g  o f  t h e  c e l l  o c c u r r e d .  

The d r o p  i n  c e l l  c n r r e n t  i s  n o t  a s s o c i a t e d  w i t h  a  c o m p l e t e  
d i s c h a r g e ;  r a t h e r  i t  i s  a t t r i b u t e d  t o  t h e  s e p a r a t o r  p o r o s i t y  
b e i n g  s u b s t a n t i a l l y  r e d u c e d  a t  1 4 0 ' ~ .  T e s t s  on o t h e r  c e l l s  
h a v e  r e v e a l e d  t h a t  t h e  s h a r p n e s s  o f  t h e  c u r r e n t  r e d u c t i o n  a t  
1 4 0 ' ~  i s  i n c r e a s e d  i f  t h e  c e l l s  a r e  i n s u l a t e d  t o  m i n i m i z e  
h e a t  l o s s  and  a t  t h e  same t i q e  r e d u c e  t h e  t e m p e r a t u r e  
g r a d i e n t  w i t h i n  t h e  c e l l s .  

The r e s i s t a n c e  o f  t h e  C c e l l s  t o  f o r c e d  d i s c h a r g e  and t o  
o v e r c h a r g e  i s  summar ized  i n  T a b l e  1. The t e s t s  were  
c o n d u c t e d  a t  c o n s t a n t  c u r r e n t  u s i n g  a  f a l l y  c h a r g e d  c e l l  a s  a  
r e f e r e n c e  p o i n t .  T h u s ,  a  300% o v e r c h a r g e  i s  d e f i n e d  a s  t h a t  
c o n d i t i o n  where  a  c e l l  h a s  r e c e i v e d  a  c h a r g e  e q u a l  t o  t h r e e  
t i m e s  i t s  n o m i n a l  c a p a c i t y  b e y o n d  t h e  n o r m a l ,  f u l l y  c h a r g e d  
s t a t e .  A 400% f o r c e d  d i s c h a r g e  i s  d e f i n e d  a s  a  c o n s t a n t  
c u r r e n t  d r a i n  u n t i l  t h e  c h a r g e  e x t r a c t e d  f rom t h e  c e l l  
e x c e e d s  t h e  n o m i n a l  c a p a c i t y  o f  t h e  c e l l  b y  300%. 

The r e s u l t s  p r e s e n t e d  i n  T a b l e  1 a r e  f o r  c e l l s  d e e p  c y c l e d  1 0  
t i m e s  b e f o r e  t h e y  w e r e  o v e r c h a r g e d  o r  f o r c e - d i s c h a r g e d .  A s  
t h e s e  r e s u l t s  show, f o r  o v e r c h a r g e  r a t e s  o f  C/3 o r  l e s s  and 
f o r  f o r c e d  d i s c h a r g e  n o t  e x c e e d i n g  250% t h e r e  was n o  v e n t i n g  
w i t h  f l a m e  o r  e j e c t i o n  o f  c e l l  c o n t e n t s .  F o r  a b u s e  o u t s i d e  
o f  t h e s e  l i m i t s ,  e j e c t i o n  o f  c e l l  c o n t e n t s  o r  v e n t i n g  w i t h  
f l a m e  s o m e t i m e s  o c c u r r e d .  

T a b l e  2 shows s i m i l a r  o v e r c h a r g e  and f o r c e d  d i s c h a r g e  r e s u l t s  
f o r  c e l l s  w h i c h  were  f i r s t  d e e p  c y c l e d  n n t i l  t h e y  l o s t  50% o f  
t h e i r  d e l i v e r a b l e  c a p a c i t y .  I n  t h i s  c a s e  t h e  o v e r c h a r g e  
r e s u l t s  w e r e  u n c h a n g e d  o v e r  t h o s e  o b t a i n e d  a f t e r  1 0  c y c l e s ,  
b u t  t h e  c e l l s  c o u l d  n o t  b e  f o r c e - d i s c h a r g e d  t o  250% w i t h o u t  
v e n t i n g  w i t h  f l a m e .  However,  i t  was n o t e d  t h a t  v e n t i n g  d i d  
n o t  o c c u r  n n t i l  t h e  c e l l s  w e r e  d r i v e n  i n t o  v o l t a g e  r e v e r s a l  
t o  a b o u t  -4 v o l t s .  A s i l i c o n  d i o d e  ( s u c h  a s  1N4005) 
c o n n e c t e d  a c r o s s  t h e  c e l l s  s o  a s  t o  l i m i t  v o l t a g e  r e v e r s a l  t o  
l e s s  t h a n  -1 v o l t  was f o u n d  t o  r e l i a b l y  p r e v e n t  v e n t i n g  i n  
t h e s e  c a s e s .  

C o n n e c t i o n  o f  a  C c e l l  t o  a n  AC m a i n s  c i r c u i t  w i t h  a  15-  
ampere  c i r c u i t  b r e a k e r  c a u s e d  t h e  c i r c u i t  b r e a k e r  t o  o p e n .  
A d d i t i o n a l l y ,  t a b s  w i t h i n  t h e  c e l l  v a p o r i z e d  t o  c a u s e  t h e  
c e l l  t o  b e  o p e n - c i r c u i t e d .  However,  t h e r e  was no  v i s i b l e  
d e f o r m a t i o n  o f  t h e  c e l l .  



IV CONCLUSIONS ,,A,,,,,,,-,,-, 

T h e  lithium-molybdenum disulfide system offers attractive 
characteristics including h i g h  rate capability, successful 
operation u p  t o  7 S ° C ,  a v e r y  low self-discharge rate, a good 
cycle life, and safety characteristics w h i c h  compare 
favourably t o  those o f  o t h e r  lithium cells. Moreover, the 
materials and manufacturing c o s t s  f o r  t h e  system c a n  b e  
effectively controlled, s o  the cells should ultimately b e  
competitive w i t h  currently marketed rechargeable cells. 



Table 1 

DEVELOPMENTAL C CELLS 
(NoN-OPTIMIZED) 

0 ' NO CELL DEFORMATION 

1 = SLIGHT DEFORMATION OR MILD VENTING 

X = VENT WITH FLAME OR EJECTION OF CELL CONTENTS 

INC, = TEST INCOMPLETE 



Table 2 

DEVELOPMENTAL C CELLS 
(NoN-OPTIMI ZED) 

0 ' NO DEFORMAT 1 ON 

X = VENT WITH FLAME OR EJECTION OF CELL CONTENTS 

I NC , = TEST INCOMPLETE 

C RATE 

INC, 

INC, 

INC. 

I NC I 

INC, 

INC, 

C/3 RATE 

0 

0 

x 

x 

0 

0 

OVERCHARGE--150% 

OVERCHARGE--300% 

FORCED D I  SCHARGE--250% 

FORCED D I SCHARGE--400% 

FORCED D I SCHARGE*--250% 

FORCED D I  SCHARGE*--400z 

*WITH DIODE PROTECTION (1f54005 SI DIODE) 

C/10 RATE 

0 

0 

x 

x 

0 

0 

C/5 RATE 

0 

0 

x 

x 

INC a 

I N C ,  
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Q. Somoano, JPL: I ' d  l i k e  to  commend you on the progress you've made. 
That's some very encouraging data. Two questions: (1) Could you 
describe the nature of the electrolyte  you used? (2) Tell us what 
the theoretical energy density i s  i n  terms of watt hours per 
kilogram and number of lithiums per many-sulfide. 

A. S t i l e s ,  NPLI Energy, Ltd.: The f i rs t  question I can ' t  answer for  
you unfortunately. The second question - the energy density as 
quoted here i s  based on the intercolation of .6 electrons per 
molybdenum. I t  i s  possible to  intercolate  more molybdenum than 
that .  That 's  rather an arbi t rary figure. One could achieve a 
higher energy density by incorporating a larger fraction of lithium 
per molybdenum. However one does so a t  the sacr i f ice  of cycle 
l i f e  and also with a wider voltage range during the discharge. 
One can, for  example, charge a l l  the way u p  t o  2.7 volts and have 
i t  discharged down t o  1.1 volts. I f  you did tha t  you would enjoy 
approximately 25% increased energy density. B u t ,  as I say, you 
then have to  accommodate the larger voltage variation and you 
have a penalty in cycle l i f e .  

Q.  Sull ivan, APL: There's two questions: (1) I 'm  wondering how you 
discharge a ce l l  400 percent. I s  i t  with an external power supply? 
(2) You showed a s l ide  where the short-circui t  current of the 
battery dropped dramatically as the temperature went u p  and I'm 
wondering what the mechanism i s  tha t  causes tha t  t o  happen? 

A. S t i l e s ,  NPLI Energy, Ltd.: The separator loses i t s  porosity. The 
fusion of ions from the anode to  the cathode i s  impeded a t  tha t  
temperature. 

Q. Sullivan, APL: And t h a t ' s  designed to happen? 

A. S t i l e s ,  NPLI Energy, Ltd . :  Yes. 

Q. Sullivan, APL: And the f i r s t  one - how do you force discharge? 

A. S t i l e s ,  NPLI Energy, Ltd .  : With a power supply in ser ies  with the 
c e l l ,  With a very large voltage component so tha t ,  no matter what 
happens you maintain constant current. 

Q. Sullivan, APL: What kind of a negative voltage do you get when you 
do that?  

Q. S t i l e s ,  NPLI Energy, Ltd.: On the forced discharge? 

Sullivan, APL: On the forced discharge. 

A.  S t i l e s ,  NPLI Energy, Ltd.: You can go up  to  about - 4 volts before 
you get a venting. 



Q. Sullivan, APL: Per ce l l ?  

A. S t i l e s ,  NPLI Energy, Ltd.: The cel l  has a peculiar character is t ic ,  
actual ly. You don't  actually get  voltage reversal until  you 've 
discharged the ce l l  t o  approximately 200-300% beyond the nominal 
end of discharge. So the property of the cathode prevents voltage 
reversals when you get out there. 

Q. Yen, JPL: I have 3 questions. (1)  I s  your cel l  a lithium limited 
ce l l  or cathode 1 imited cel l ?  (2) Do you add combative additive 
in your cathode? ( 3 )  I saw your cel l  configuration. What material 
i s  the mendral made of? I s  tha t  the cathode current collector? 
You know the C c e l l .  

A. S t i l e s ,  NPLI Energy, Ltd. : I will answer the f i r s t  question for  
now. As f a r  as the lithium i s  concerned I ' l l  jus t  t e l l  you that  
the mol r a t io  of 1 ithium to molybdemum in the cel l  i s  2%- t o  1 - 
2% mols lithium to  1 molybdemum. I would rather not comment on 
the composition of the cathode a t  t h i s  stage. We do have a means 
of providing adequate connectivity b u t  I ' d  rather not discuss how 
t h a t ' s  done. As f a r  as the manderal materials are  concerned - a 
wide variety of materials. I t ' s  not crucial to  the operation of 
the c e l l .  

Q. Yen, JPL: That i s  your current col lector ,  I assume - the mandral? 

A. S t i l e s ,  NPLI Energy, Ltd. : Yeah, the mandral i s  connected by a 
s t r i p  to the center terminal of the battery. The cathode i s  a t  
the center terminal, potentially.  

A. Yen, JPL: Well, I think even though you mentioned that  there ' s  a 
variety of material you can use probably some of the material may 
affect .  

A. S t i l e s ,  NPLI Energy, Ltd.: Oh yes, you can ' t  jus t  use anything. 

Q. Yen, JPL:: Yes, t h a t ' s  what I was asking. What type of current 
collector materials? 

S t i l e s ,  NPLI Energy, Ltd. : I ' d  rather not comment r ight  now. 

Q. Kunigahalli, Bowie State College: In one of the viewgrafts I saw 
3 discharge curves, depending on the number of cycles. Could you 
t e l l  me whether the c e l l s  experienced the voltage degradation on the 
capacity degradation by virtue of increasing the number of cycles? 

A. S t i l e s ,  NPLI Energy, Ltd.: When we cycled we charged a t  constant 
current and then terminated the charge when we reached 2.4 volts.  
Now the 2.4 volts was unchanged during the whole cycle 1 i f e  task. 



A, S t i l e s ,  NPLI Energy, Ltd .  (Con I t ) :  And we discharge the cel l  until  the 
end voltage goes down to 1.3 volts.  And, again, that  1.3 volts was 
unchanged during the en t i re  cycle l i f e  task. So we're forcing jus t  
by the nature of the cycling regime. We're using, we're forcing the 
average voltage to  remain constant during the t e s t .  So, in th i s  t e s t ,  
there i s  no voltage degradation. One could cycle a cell  in a 
different  way. If  you were to  terminate the discharge on the basis 
of time, fo r  example, rather than on voltage, one would see a lower 
average voltage as you increase the cycle number. B u t  the second 
region we used jus t  doesn't allow for  a voltage droop. 





CHARACTERIZATION OF OPEN CIRCUIT VOLTAGE AND CAPACITY 

AS A FUNCTION OF TIME 

Paul W. Krehl and Russell C. Stinebring 
Electrochem Industries 

Div. of Wilson Greatbatch Ltd. 

INTRODUCTION 

Investigations were conducted to determine the effect of halogen/inter- 
halogen addition on the performance characteristics of the Li/SOC12 inorganic 
system. As a result a high energy density battery system was developed: the 
Li/BrCl in SOC12 (L~/BCX) system. 

The open circuit voltage (OCV) of the Li/BCX cell was found to be 3.90 t 
.03V at 24 L 3OC which is more than 0.2V higher than that of Li/SOC12 cells. 
One may speculate that the higher OCV is due to the presence of C12 in solu- 
tion resulting from a partial dissociation of BrC1. It was observed (ref. 1) 
that the addition of By2 in SOC12 also results in an increase in open circuit 
potential. The OCV of the Li/Br2 in SOC12 cell was found to be 3.8V which is 
higher than either Li/SOC12 (3.6V) or Li/Br2 ( 3.5V). It was speculated that 
the higher potential is due to the formation of a complex between Br2 and 
SOC12. Similarly, a complex between BrCl and SOC12 should not be ruled out in 
the case of the Li/BCX cells. 

Figure 1 shows a typical performance curve for fresh Li/BCX D cells 
discharged under a 10 ohm load. The cells exhibited a high voltage plateau 
during the initial stages of discharge and the load voltage decreased to a 
value of 3.5V after approximately 10% of the realized capacity of the cell 
was delivered. 

During investigation into the discharge characteristics under pulsed load 
conditions it was observed that the open circuit potential of the cell changed 
as a function of delivered capacity. Figure 2 shows a comparison of the OCV 
and load voltage versus discharge time for cells subjected to a 0.25A constant 
current discharge at ambient temperature. The current was interrupted period- 
ically so that the OCV could be determined. The initial OCV was 3.93V and 
decreased to approximately 3.67V after 12 hours of discharge. The load 
voltage profile is analogous to the OCV, i.e. the load voltage changes from 
3.83 to 3.27V over the same period of time. The fall of the OCV closer to 
that of one expected for a Li/SOC12 cell suggests that in the initial few 
stages of discharge the concentrations of the more electroactive species are 
reduced. 

Initial room temperature storage tests performed on twelve Li/BCX D cells 
showed that the OCV also varied with time. Figure 3 shows the relationship 



between OCV and time over a test period of 12,000 hours. The initial OCV was 
3.92 ? .02V and decreased to a value of 3.75 2 O.03V after storage for 8,000 
hours at 24 + 3OC. This corresponds to a rate of decrease in OCV of 0.02 + 
.01V per thousand hours. No additional significant change in OCV was observed 
after 8,000 hours. For example, the values for the OCV after 12,300 hours 
were still approximately 3.75 +- .03V 

In a separate experiment the open circuit potential of BrCl versus Li was 
determined. Benzonitrile was used as supporting solvent for the LiAsF6 elec- 
trolyte, and BrCl was dissolved in the solution. An open circuit potential of 
3.77V was observed. This corresponds well with the observed OCV for Li/BCX 
cell after long-term storage. 

The observed behavior of the open circuit potential of the Li/BCX cell 
with respect to both storage time and depth of discharge suggests that there 
may be a relationship between the OCV and cell performance. A test program 
was initiated in this laboratory to observe the effects of long-term room 
temperature storage on both the open circuit potential and cell capacity, and 
to determine if there was any correlation between the two parameters. 

TEST PROCEDURE 

Approximately 350 Li/BCX D cells were stored under room temperature con- 
ditions. An initial OCV measurement was taken two weeks after the date of 
manufacture and subsequent measurements were taken on a monthly basis. At 
each measurement period a group of 10-12 cells representing the full distri- 
bution of observed open circuit potentials was analyzed for capacity retention. 
The test cells were discharged under 10 ohm loads at room temperature. The 
load voltage measurements were taken through the use of a timed sequential 
electrometer coupled with a Hewlett-Packard (HP85) computer. The realized 
capacities were obtained to a 2V cutoff. The OCV was measured with a Keithley 
(~odel 177 ) electrometer. 

RESULTS AND DISCUSSION 

A plot of the OCV versus time for approximately 350 Li/BCX D cells stored 
under ambient temperature conditions is presented in Figure 4. The average 
OCV for fresh cells ( 2 weeks old) was found to be 3.938. However, as the 
storage time increased the OCV gradually decreased until after approximately 
one year the average OCV was 3.783V. The results shown in Figure 4 also 
emphasize the variability in the open circuit potential at each specific 
measurement interval. Initially the open circuit voltages are grouped in a 
very narrow band ranging from 3.922 to 3.945 volts. However, the spread in 
the open circuit potential values continually increased to a range of 3.755 
to 3.876 volts after one year of storage at room temperature. Comparing the 
data obtained from the original Li/BCX D cells stored for 12,300 hours to that 
obtained in this investigation, it may be speculated that the spread in the 
OCV values may begin to narrow as the actual open circuit potentials level at 
approximately 3.75 volts, 



After each OCV measurement was taken, twelve samples were selected for 
rundown so that the original OCV distribution observed in the D cell popula- 
tion was not distorted. The cells were discharged under a 10 ohm load at room 
temperature. The results of the constant load discharge are presented in 
Figure 5. For fresh cells discharged under 10 ohm loads very little variabi- 
lity in realized capacity exists (14.45 $. 0.45 Ah). However, cells subjected 
to longer storage periods exhibit a lower realized capacity and a greater 
variability in cell performance. For example, the average realized capacity 
for cells stored 7 weeks was approximately 13.2 + 1.5 Ah. The capacity for 
cells discharged after a storage period of 26 and 51 weeks showed a slight 
decrease in capacity (13.1 $. 1.4 and 12.4 rt 1.3 Ah respectively), but were not 
significantly different from the cells discharged after 7 weeks. 

These test results show that both the cell open circuit voltage and cell 
capacity decrease with increasing storage duration. However, no correlation 
was imediately evident between the two parameters. The OCV and discharge 
data shown in Figures 4 and 5, respectively, were compared at individual time 
intervals to determine if the realized capacity was a function of the observed 
OCV. It was noted that cells that exhibited open circuit voltages at the 
extreme ends of the observed range could deliver nearly identical capacities. 
For example, cells stored for a period of 30 weeks showed a range in OCV of 
3.914 to 3.790 volts. A particular ce1l.tha-b exhibited an OCV of 3.79V 
delivered 13.8 Ah to a 2.OV cutoff. Similarly, a cell with an OCV of 3.89V 
delivered 13.4 Ah. 

Examination of a plot of OCV versus cell capacity (Figure 6) shows that 
in general cell capacity data is scattered over a wide range of open circuit 
potentials. It can be seen that cells with an OCV of 3.90V produced capacity 
values between 14.6 and 11.5 Ah. Similarly, cells with an OCV of 3.80V 
exhibited a range in realized capacity of 13.8 to 11.7 Ah. 

S W Y  AND CONCLUSIONS 

It is noted from the data presented above that Li/BCX cells lose approxi- 
mately 8% of their rated capacity in the first 2 months of storage. After 
this period of time, little difference is noted in the average realized capa- 
city; however, a significant increase in the range is observed. Over the same 
period of time the OCV falls at a rate of 0.02V per 1,000 hours. After a 
period of 8,000 hours the OCV appears to stabilize at a value of approximately 
3.75V. This may be related to changes in Cln concentration due to self- 
discharge or other reactions. These data indicate that no correlation exists 
between the reduced open circuit voltage and the realized capacity. 
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4 BCX-D Cells 
Capacity vs. Time 

Time, Weeks 

Figure  5.  The average and range of r e a l i z e d  c a p a c i t i e s  of c e l l s  d i s -  
charged under 10 ohm loads  a s  a  f u n c t i o n  of s t o r a g e  t ime .  
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Q. Kunigahal 1  i , Bowie S ta te  College: Would you please t e l l  me the  
mechanism t h a t  i s  causinq t h e  ~ l a t e a u ?  I s  i t  the  anode o r  the  
cathode o r  what may be t h e  reac t ion? 

A. Krehl,  Wilson Greatbatch Ltd.: The h igh  vo l tage plateau? 

Q. Kun igaha l l i ,  Bowie Sta te  College: The low vol tage plateau. I saw i n  
one o f  t he  v iewgra f ts  you showed the  discharge curve showing the  
p l  ateau - 1  ower vo l  tage p lateau? 

A. Krehl,  Wilson Greatbatch Ltd.:  Well, we t h i n k  t h a t ' s  j u s t  t he  base 
so lvent  a f t e r  any o f  t he  d i s s o c i a t i o n  products are  depleted and we 
ge t  t o  the  ac tua l  load vo l tage t h a t  t he  c e l l  i s  going t o  see. The 
c e l l  a c t u a l l y  i s  cathode 1  imi ted.  

Q. Yen, JPL: You mentioned about t h e  h igh  open c i r c u i t  vo l tage o f  over 
3.9 v o l t s  due t o  t h e  a d d i t i o n  o f  PCX. Okay, over t h e  standing and 
the  c e l l  vo l tage decl iw?. Have you done any post-mortum ana lys is  
c o r r e l a t i n g  t h e  PCX content - the  vo l tage dec l i ne  and the  capac i ty  
decl ine.  Do you know anyth ing about the  chemistry? 

A. Krehl,  Wilson Greatbatch Ltd. : I ' m  s o r r y  t o  say we r e a l l y  haven ' t  
done too  many s tud ies  w i t h  respect  t o  tha t .  Some o f  our work was 
done w i t h  the  c e l l .  And the  BRCL a c t u a l l y  showed a  peak I t h i n k  
i t  was a c t u a l l y  3.85 and as the  c e l l  discharged we could see t h a t  
peak gradua l ly  decrease and we g o t  a  increase i n  a  peak a t  about 
4.15 which corresponded t o  bromine - f r e e  bromine. So i t  appeared 
tha t ,  i f  there  was some d i s s o c i a t i o n  the re  and g i v i n g  f r e e  ch lor ine ,  
we are  dep le t i ng  t h a t  and s h i f t i n g  th ings  down t o  bromine, bu t  we 
r e a l l y  haven ' t  done too much i n  t h e  way o f  s tud ies  there.  

Q. Yen, JPL: Have you done any measurement about the  d i s s o c i a t i o n  
constant o f  PCX and the  c o r r e l a t i o n  o f  t h e  concentrat ion o f  PCX 
use r e l a t e d  t o  the  vol tage dec l ine? 

A. Krehl, Wilson Greatbatch Ltd.: We got  a  d i s s o c i a t i o n  constant  
from now. It was i n  a  non-polar so lvent  and i t  was .38. That, 
when we ca lcu la ted o u t  how much f r e e  c h l o r i n e  and f r e e  bromine 
would be i n  a  c e l l .  We came up w i t h  t h e  discharge curve showing 
about 70% o f  t h a t  capaci ty  would be under those i n i t i a l  h igh  
vo l tage plateaus and then the  r e s t  would discharge under t h e  
1  ower plateau. 
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C h a r a c t e r i z a t i o n  s t u d i e s  were  c a r r i e d  o u t  on a  g l a s s  f i b e r  paper  t h a t  i s  
c u r r e n t l y  employed a s  a  s e p a r a t o r  m a t e r i a l  f o r  some LiSOC12 primary c e l l s .  The 
m a t e r i a l  is o f  t h e  non-woven type  made from mic ro f i l amen t s  of E-type g l a s s  and 
con ta in s  an e t h y l  a c r y l a t e  binder.  Resu l t s  from e x t r a c t i o n  s t u d i e s  and t e n s i l e  
t e s t i n g  revealed t h a t  t h e  binder  conten t  and t e n s i l e  s t r e n g t h  of  t h e  paper were 
s i g n i f i c a n t l y  less than  va lues  s p e c i f i e d  by t h e  manufacturer.  Scanning e l e c t r o n  
micrographs revea led  t h e  presence o f  c l u s t e r s  o f  i m p u r i t i e s  many of which were 
high i n  i r o n  content .  Resu l t s  o f  emission spectroscopy revea led  high o v e r a l l  
l e v e l s  o f  i r o n  and l e a c h i n g ,  f o l l o w e d  by a t o m i c  a b s o r p t i o n  measu remen t s ,  
revea led  t h a t  e s s e n t i a l l y  a l l  o f  t h i s  i r on  is so lub le  i n  SOC12- 

INTRODUCTION 

This  work was c a r r i e d  out  i n  c o l l a b o r a t i o n  wi th  S. Subbarao ( see  Figure 1) 
who i s  a Resident Research Associate  f o r  NASA. 

A s  i n d i c a t e d  i n  F i g u r e  2 t h e  e f f o r t  i s  p a r t  o f  NASA's P r i m a r y  L i th ium 
B a t t e r y  Program wich i s  aimed a t  d e v e l o p i n g  f l i g h t  q u a l i t y  Li-SOC12 C e l l s  by 
FY86. One e l e m e n t  o f  t h i s  p rogram i s  b e i n g  d i r e c t e d  t o w a r d s  deve lopmen t  and 
c h a r a c t e r i z a t i o n  o f  t h e  components o f  a s  w e l l  a s  complete  Li-SOC12 c e l l s .  The 
s p e c i f i c  s u b j e c t  o f  t h i s  i n v e s t i g a t i o n  i s  c h a r a c t e r i z a t i o n  o f  t h e  s e p a r a t o r  
m a t e r i a l  t h a t  i s  commonly employed i n  t h i s  t ype  o f  c e l l .  The sepa ra to r  is made 
by Mead Paper Company and is a  non-woven paper made from micro f i l amen t  g l a s s  
f i b e r s  suppl ied  by Johns Manville. 

RESULTS AND DISCUSSION 

Overa l l  phys ica l  p r o p e r t i e s  o f  t h e  paper a r e  given i n  Figure 3. The binder  
conten t  was determined by e x t r a c t i o n  wi th  dichloromethane and a l s o  v e r i f i e d  by 
i g n i t i o n  descr ibed  l a t e r .  The t e n s i l e  s t r e n g t h s  were measured with an In s t ron  
T e n s i l e  T e s t e r .  R e s u l t s  shown t h e r e i n  r e v e a l  t h a t  t h e  o b s e r v e d  v a l u e s  f o r  
binder  con ten t  and t e n s i l e  s t r e n g t h  a r e  apprec iab ly  lower than those  s p e c i f i e d  
by t h e  manufacturer.  

Since t h e  s p e c i f i c  type o f  binder  was not s p e c i f i e d  by t h e  vendor, a  sample 
o f  it was a n a l y z e d  by F o u r r i e r  T rans fo rm I n f r a r e d  A n a l y s i s .  The r e s u l t a n t  
s p e c t r a  is given i n  Figure 4. Comparison o f  t h i s  s p e c t r a  wi th  known s p e c t r a  i n  
t h e  l i t e r a t u r e  (1 )  revea led  t h a t  t h e  binder  is an a c r y l i c .  

Samples  o f  t h e  m a t e r i a l  we re  examined by Scann ing  E l e c t r o n  Microscopy.  
Ana lyses  r e v e a l e d  t h a t  t h e  g l a s s  f i l a m e n t s  a r e  r andomly  o r i e n t e d  and t h e i r  
d i a m e t e r s  r a n g e  i n  s i z e  f rom a p p r o x i m a t e l y  0.2 t o  2  mic rons .  F u r t h e r  it was 
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found t h a t  t h e  m a t e r i a l  con ta in s  sma l l  c l u s t e r s  o f  i m p u r i t i e s  a s  shown i n  Figure 
5. These p a r t i c l e s  a r e  l o c a t e d  t h r o u g h o u t  t h e  r o l l  o f  t h e  pape r ,  Energy 
Dispersive Analysis  (EDAX) o f  t h e s e  p a r t i c l e s  revealed t h a t  most o f  them con ta in  
app rec i ab l e  amounts o f  i r o n  a s  shown i n  Figure 6. 

Emission Spectrographic  Analysis  o f  t h e  m a t e r i a l  revealed t h a t  its o v e r a l l  
i r o n  con ten t  was 0.48%, a s  shown i n  F igure  7, and t h i s  va lue  is somewhat higher  
than t h a t  claimed by t h e  manufacturer. Although t h i s  amount o f  i r on  is low i n  
t e rms  o f  percentages,  i t  is high from a  contaminat ion po in t  o f  view i n  t h a t  very 
low l e v e l s  o f  i r o n  i n  t h e  p a r t s  p e r  m i l l i o n  r a n g e  can  a d v e r s e l y  a f f e c t  
performance of Li-SOC12 c e l l s .  Figure 7  a l s o  shows t h a t  t h e  amount o f  m a t e r i a l  
q q l o s t  on i g n i t i o n w  was 3.04% and t h i s  s h o u l d  c o r r e s p o n d  t o  t h e  b i n d e r  c o n t e n t ,  
This value is i n  good agreement wi th  t h e  binder  con ten t  determined by e x t r a c t i o n  
a s  g i v e n  i n  F i g u r e  1. 

Samples o f  t h e  m a t e r i a l  were a l s o  leached i n  S0Cl2 s o l u t i o n  f o r  24 h r s  and 
t h e  e x t r a c t  was a n a l y z e d  f o r  i r o n  by Atomic Abso rp t ion .  R e s u l t s  showed t h a t  
e s s e n t i a l l y  a l l  t h e  i ron  is s o l u b l e  i n  SOC12, 

Based on t h e  above f i nd ings  c a l c u l a t i o n s  were c a r r i e d  o u t  t o  e s t i m a t e  t h e  
amount  o f  i r o n  t h a t  t h e  s e p a r a t o r  would c o n t r i b u t e  t o  a  t y p i c a l  "Dl1 s i z e  Li- 
~ 0 ~ 1 2  c e l l .  Resu l t s  i nd i ca t ed  t h a t  t h e  amount o f  i r o n  would correspond t o  about 
150 ppm which is q u i t e  high i n  regard t o  t o l e r a b l e  l e v e l s  o f  i r o n  i n  t he se  c e l l s  
( 2 ) .  

CONCLUDING REMARKS 

A s  i nd i ca t ed  i n  Figure 8, t h i s  s e p a r a t o r  m a t e r i a l  does no t  conform t o  t h e  
m a n u f a c t u r e r ' s  s p e c i f i c a t i o n s ,  h a s  l ow  p h y s i c a l  s t r e n g t h ,  and a l s o  c o n t a i n s  
i m p u r i t i e s  t h a t  a r e  known t o  be d e l e t e r i o u s  t o  ope ra t i on  of Li-SOC12 c e l l s .  In 
i ts presen t  form t h e  s epa ra to r  would not  be c l a s s i f i e d  a s  of  high enough q u a l i t y  
f o r  a e r o s p a c e  a p p l i c a t i o n s .  F u r t h e r ,  t h e  m a n u f a c t u r e r  h a s  n o t  i n d i c a t e d  a  
w i l l i n g n e s s  t o  d e v e l o p  a  h i g h  q u a l i t y  s e p a r a t o r .  On t h i s  b a s i s  it w i l l  be 
n e c e s s a r y  t o  l o c a t e  a n o t h e r  m a n u f a c t u r e r  t h a t  can  s u p p l y  t h e  d e s i r e d  h i g h  
q u a l i t y  m a t e r i a l .  I n v e s t i g a t i o n s  a r e  c u r r e n t l y  underway t o  l o c a t e  s u c h  a  
manufac t u r e r  . 
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Q. Roth, NASA HQ: I was wondering - t h i s  i s  more of a general question - 
not only to  ask yourself bu t  of the people here. What you said about 
the a b i l i t y  of NASA to  get supplies to  give them the type of materials 
they want i s  an across-the-board problem. And I'm just wondering - 
i s  i t  tha t  s ignif icant  a problem tha t  i t ' s  going t o  cause trouble now 
and in the future - and I guess I 'rn asking everybody here the same 
question. We don't  buy much of anything i n  high quantit ies.  

A. Frank, JPL: I guess t h a t ' s  a good subject. I'm just running into 
i t  now a t  this level. Perhaps someone e lse  wants to  address i t .  
Well I know tha t ,  from JPL's point of view, i t ' s  the same thing. 
Small quantit ies we are  not interested i n  - one has t o  get  the right 
source eventually i f  the problem i s  indeed one tha t  would demand tha t  
i t  can be done one way or another and t h a t ' s  what we're in the process 
of doing here. 

Q. Roth, NASA HQ: Did you ever get the feeling you might want t o  do i t  
yourself? 

A. Frank, JPL: Yes, we are  doing i t  ourself. We t r ied  for  example to  
eliminate these impurities by dissolving them. B u t  i f  we can devise 
a process and then go t o  some other company and have them use our 
procedures. We will do i t  - e i ther  that  o r  by obtaining a bet ter  
source. So we're looking a t  both avenues here on this particular 
problem. 

Q. Osterhoudt, Eastman Kodak: What price a re  you paying for  this per 
square foot? 

A. Frank, JPL: Actually we pay for  i t  by the pound. I t ' s  something 
l ike  $10 a pound or in tha t  range. B U ~  we're not interested i n  the 
cost. 

Q. Osterhoudt, Eastman Kodak: What you be willing to  pay for  something 
that  would work? No I 'm serious - premium price for  premium 
qua1 i ty? 



A. Frank, JPL: Yes, yes o f  course f o r  manned space f l i g h t .  

Q. Osterhoudt, Eastman Kodak: I d i d n ' t  understand t h a t  p a r t .  

A. Frank, JPL: Yes, i f  i t  could n o t  be obta ined i n  a  c o n d i t i o n  s u i t a b l e  
f o r  NASA, we would be cons ider ing  a  small developmental c o n t r a c t  t o  
ob ta in  the  necessary q u a l i t y .  

COMMENT 

U n i d e n t i f i e d :  I would l i k e  t o  comment - i f  you go back 14 years, 
t h i s  b a t t e r y  workshop g o t  s t a r t e d  because n i c k e l  cadmium c e l l s  
were f raming du r ing  charge - f o r  t he  OAO spacecraf t  - a  very  
ser ious  problem f o r  NASA. There were some o ther  problems as we l l ,  
and the  b a t t e r y  separator  manufacturer was present.  And we asked 
him about t h a t  problem and he had p u t  i n  some we t t i ng  agent 
because somebody had asked him t o  do i t. There were some o ther  
bas is  o f  t h e  problem. But  he a l s o  go t  up and made the  same 
statement - "You t e l l  us what you want and w e l l  1  g i v e  i t  t o  you. 'I 
And we're s t i l l  us ing  t h e  same separator  today. 

Q. Levy, Sandia Nat ional  Lab: Have you noted any s p e c i f i c  problems 
due t o  t h i s  separator o r  a r e  you j u s t  con jec tu r i ng  t h a t  t h i s  
might  cause some problems. 

A. Frank, JPL: We're i n  t h e  process o f  doing t h a t  r i g h t  now, Sam. 
We a r e  b u i l d i n g  t h e  pro to type c e l l s  and we are  going t o  make the  
vo l tage measurements. From, w e l l  f i r s t  of a l l  the  physical  
p rope r t i es  are  q u i t e  evident.  One could n o t  use t h i s  i n  
f a b r i c a t i n g  the  c e l l s .  When you go t o  the  r o l l i n g  operat ions the  
s t rengths  would be inadequate and t h a t ' s  most l i k e l y  r e l a t e d  t o  
the  binder.  A  d i r e c t  answer t o  your  quest ion i s  no, b u t  we a re  
i n  t h e  process o f  doing it. And i n  the  l i t e r a t u r e  the re  i s  
evidence t h a t  these l e v e l s  of i r o n  cause severe vo l tage r e g u l a t i o n  
problems. So w e ' l l  be v e r i f y i n g  i t  s h o r t l y .  

Q. A l l vey ,  S a f t  America, Inc.:  Your 150 ppm o f  i r o n  seemed h igh  so I 
assume t h a t ' s  a  s p i r a l  round con f i gu ra t i on .  

A. Frank, JPL: Yes. 
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ABSTRACT 

The kinetics of the heat producing processes in undischarged 

Li/SOC12 cells under open circuit conditions have been measured by 

heat-conduction microcalorimetry. The cells studied, Honeywell 

type G2666 reserve cells, were activated as needed and the rate of 

open circuit heat output determined as a function of time since 

activation and temperature. The results at each temperature can 

be described by an equation of the form q = ~kt' where q is the 

rate of heat output, B is the heat produced per unit of reaction, 

k and x are empirical constants, and t is the time since 

activation. Both x and k are found to be functions of 

temperature; therefore, accelerated testing at elevated 

temperatures is probably not valid for these cells until, the 

processes involved are better-understood. 



INTRODUCTION 

Shelf life testing of primary batteries is usually done at 

elevated temperatures in order to shorten the time required for 

the tests. The results at the elevated temperature are then 

extrapolated to room temperature. The results of such a procedure 

are valid provided that no change in the mechanisms of the 

parasitic processes occurs between room temperature and the 

temperature at which the tests were done. The work described in 

this report was designed to determine the kinetic constants 

necessary for the extrapolation of kinetic data on Li/SOC12 cells 

over the temperature range from 25 to 75'~. 

A second objective of the work described in this report was 

to characterize as far as possible the parasitic processes which 

occur in Li/SOC12 cells since these processes may be important in 

understanding the potential hazards of these cells. 

MATERIALS 

The type G2666 Li/SOC12 reserve cells were purchased from 

Honeywell. These cells are 0.28 amp-hour cylindrical cells 

approximately 0-5" dia. by 0.8" long. The cell electrolyte, 

LiA1C14 dissolved in SOC12, is contained in a glass ampoule within 

the cell. The cell is activated when desired by breaking the 

glass ampoule by denting the stainless steel case in the center of 

the bottom of the cell. 

EQUIPMENT 

The calorimeter used to measure the heat output of the cells 

was a Tronac Model 351 RA. The constant temperature bath in this 
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calorimeter has an upper limit of 45O~. Therefore, when 

measurements were made at temperatures above 45'~ the calorimeter 

insert was moved to a Hart Scientific Model 5024 water bath. The 

electronics were thermostatfed at 2 5 O ~  in the Tronac air bath 

during these measurments. 

RESULTS 

The results on unactivated cells are given in Table 1. These 

data show that there was no significant heat production present in 

the cells prior to activation except at 65'~ and above. 

The results obtained on cells activated and kept at 25 or 

65'~ are shown in Figure 1 as a plot of In q against In t where q 

is the rate of heat production in microwatts and t is the time in 

seconds since activation. These results show that the cells 

follow a rate law of the form 

q = ~ k t ~  (1) 

where both k and x are functions of temperature. The constant B, 

the heat produced per unit of reaction, is probably not a function 

of temperature. The process producing heat under open circuit 

conditions is probably the direct reaction of Li with SOC12, the 

same reaction occurring when the cell is under' load. The enthalpy 

change for the closed circuit cell reaction has been shown to be 

constant over the temperature range used in this study (1,2). 

Figure 2 shows data taken on cells which have been cycled 

between 25Oc and various temperatures up to 75'~. These data 

indicate that the rate of heat production is a function of the 

temperature and time since activation, but not of the temperature 

history of the battery. 



DISCUSSION 

At the time this work was begun, it was expected that the 

kinetics of heat production would follow the kinetics predicted 

from a parabolic film growth model. Data collected in a previous, 

but much abbreviated study, had suggested such a possibility (3). 

Also, much previous work has indicated that the growth of a LiCl 

passivation layer controls the kinetic properties of Li/SOC12 

cells ( 4 , s ) .  However, three characteristics of the data in Figure 

1 suggest that a parabolic film growth model is either incorrect 

or at least not sufficient. First, the slope of the In p versus 

In t curves are not -0.5; second, the slope changes with 

temperature; and third, cells which have been cycled to higher 

temperatures do not show a decreased heat production rate at lower 

temperatures when compared to cells which have been held at the 

lower temperature for the same period of time since activation. 

The results of this study clearly show that either the 

mechanism of the heat producing reaction changes or the relative 

rates of the heat producing reactions change as a function of 

temperature. Thus, we are forced to conclude that accelerated 

testing of Li/SOC12 cells must be regarded with suspicion until 

the parasitic processes are more fully understood so that their 

kinetics may be modeled as a function of temperature. 
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Cell - 

Table 1 

Heat Produced by Unact ivated C e l l s  

Temperature, OC Heat Output, uW 



Constant Temperature Data 

F i g u r e  1. A p l o t  o f  I n  q ,  t h e  r a t e  of h e a t  produc%i;on i n  uW, v e r s u s  
I n  t ,  t h e  t i m e  s i n c e  a c t i v a t i o n  i n  s e c o n d s ,  f o r  cel ls  a c t i v a t e d  and 
m a i n t a i n e d  a t  c o n s t a n t  t e m p e r a t u r e .  The l i n e s  a r e  l i n e a r  l e a s t  s q u a r e  
f i t s  t o  t h e  d a t a  shown. 



F i g u r e  2 .  Data t a k e n  on ce l ls  h e l d  a t  250C e x c e p t  d u r i n g  measurement 
a t  t h e  i n d i c a t e d  t e m p e r a t u r e s .  Measurement a t  e l e v a t e d  t e m p e r a t u r e  re- 
q u r e d  t h a t  t h e  ce l l s  be h e l d  a t  t h e  e l e v a t e d  t e m p e r a t u r e  from 1 t o  5  
days .  The l i n e s  r e p r e s e n t  t h e  250C and 650C c o n s t a n t  t e m p e r a t u r e  d a t a  
a s  shown i n  f i g u r e  1. 



RELATED STUDIES IN LONG TERM LITHIUM BATTERY STABILITY 

R. J. Horning and D. L. Chua 
Honeywell Power Sources Center 

Horsham, PA 19044 

INTRODUCTION 

The continuing growth of the use of lithium electrochemical systems in a 
wide variety of both military and industrial applications is primarily a 
result of the significant benefits associated with the technology such as high 
energy density, wide temperature operation and long term stability. The 
stability or long term storage capability of a battery is a function of 
several factors, each important to the overall storage life and, therefore, 
each potentially a problem area if not addressed during the design, develop- 
ment and evaluation phases of the product cycle. Design (e.g., reserve vs 
active), inherent material thermal stability, material compatibility and 
self-discharge characteristics are examples of factors key to the storeability 
of a power source. 

A significant amount of activity at Honeywell is directed toward 
characterizing and improving where necessary the storage affecting aspects of 
lithium batteries. This discussion reviews briefly, three segments of this 
work, the results of which are quite positive and as such, add to the con- 
fidence level associated with lithium units. These are: 

o Long term storage evaluation of electrolytes and cell systems 
used in Army mines batteries. 

o Material compatibility of thionyl chloride electrolyte with 
stainless steels used in reservoirs of reserve batteries. 

o Terminal seal glass corrosion in L ~ / V ~ O S  cells and TA-23 glass as 
a corrective measure. 

RELATED MATERIAL STUDIES 

ELECTROLYTES (ORGANIC AND INORGANIC) 

Honeywell currently has two 10-year accelerated storage programs to 
assess the material compatibility and stability of both organic and inorganic 
electrolytes in reserve cells and ampuls. A total of 2100 cells and 10,000 
ampuls comprise these extensive storage plans. The organic electrolytes: 
~i/2M LiAsFs, 0.4M LiBF&*Methyl form ate/^^^^, while the inorganic is 
~ i /  lMo~iAIClg.Thionyl Chloride/SOC12. Both systems are stored at 64'~ (147'~) 
to 84 C (183 F) environments and tested annually. Voltage monitoring for 



cells occurs monthly to determine if any reserve cells have prematurely 
activated. For ampuls, monitoring occurs more frequently to determine the 
number of fractures and the physical condition of the liquid. Fracturing 
is monitored because gas formation is a characteristic of electrolyte deteri- 
oration. Figure 1 shows the dimensions of cell and glass ampul. 

The maximum adjusted storage times for the organic electrolyte ampuls is 
6.4 years at a diurnal cyclic temperature, 32/71°c (90 to 160'~). Predictions 
for this cyclic environment, based on Arrhenius plots, show that these ampuls 
will store without fracturing for 15 to 20 years. The Army storage require- 
ment is a minimum of 10 years at the same environment. Figure 2 demonstrates 
an Arrhenius plot for machine manufactured ampuls. The median time at which 
50% of an ampul lot fractures is chosen as the relative point of comparison 
between lots. The inorganic thionyl chloride electrolyte shows excellent 
storage capability with no ampul fracture after 4.1 years at the maximum 84'~ 
environment. 

Figure 3 compares the yearly cell test results completed for the L ~ / V ~ O ~  
cells for two lots. The effect of reserve storage time on cell output is 
most pronounced at the -43'~ (-45'~) test temperature with an apparent maximum 
capacity loss of 40% from the baseline value. However, the output at high 
temperature discharge is relatively unchanged for cells having identical 
storage exposure meaning a true capacity loss has not occurred. Cell impedance 
change as a result of anode filming with outgassing materials during high 
temperature storage is considered the cause of the change. This is finite 
and will stop once all outgassing materials have been consumed. 

The reserve Li/SOC12 cell shows excellent performance at both the cold 
and hot test temperatures after 3-year storage. Figure 4 presents the cell 
life values for two lots across the storage environments and shows the small 
deviation from baseline performance. 

MATERIALS OF CONSTRUCTION 

Metal Reservoir (Thionyl Chloride) 

Stainless steel reservoirs are used in reserve Li/SOC12 batteries. 
Specific types of stainless steel most commonly utilized are 321 S.S. and 
316L S.S. Presented below are evidences for the corrosion resistance of 
these materials to neutral (1.5M LiA1C14/SOC12) glectrolyte when subjected 
to long term storage at elevated temperature (71 C). 

Electrolyte analysis for iron concentration by U.V. absorption techniques 
showed only a slight increase after 12-month storage at 71'~. SEM photo- 
micrographs of the steel surfaces revealed the formation of a protective film 
which can either eliminate or reduce further material corrosion. The exist- 
ence of this film is shown in Figure 5 for both 316L S.S. and 321 S.S. 
Additional SEM observations of the surfaces indicated film formation to be 



more rapid during their initial period of storage and with the 321 S.S. 
exhibiting higher degree of corrosion (based on Fe analysis) than 316L S.S. 
Metallographic analysis of the specimens showed no visible corrosion into 
the specimens, thus rendering additional support to the presence of a pro- 
tective film on the 321 and 316L stainless steel's surfaces when exposed 
to SOC12. 

Glass-To-Metal Seal (TA-23 Glass) 

Glass corrosion has been clearly identified as a failure mode in Li/S02 
system but also exists in other systems such as Li/V205 and Li/s0c12 in 
varying degrees. The corrosion mechanism was found to involve underpotential 
disposition of lithium metal onto the glass initiating at the glass/metal 
interface maintained at the lithium potential. The corrosion process causes 
the glass to become conductive so that once the glass is traversed, a con- 
ductive path will cause the cell to self-discharge and deplete the remaining 
capacity. The path presented in this section will focus only on the Li/V205 
system. 

The magnitude of corrosion in Li/vzo5 system with 9013 glass has been 
estimated using the radial corrosion distance outward from the pin across the 
glass surface. Corrosion rates, based on the measured corrosion distance 
and the age of the cell, were calculated and correlated to the integrated 
average temperature over the life of the cell using an Arrhenius-type 
relationship. This is shown in Figure 6. Fitted equation was obtained using 
the least squares, method. This equation can be used for predicting time to 
failure for existing cglls. Non-accelerated cells noted in Figure 6 were 
cells stored between 4 C and 57'~ for varied periods of time. Radial 
corrosion distance has been shown to be a viable means of quantitizing the 
magnitude of glass corrosion in L~/v~O* cells. 

An approach to resolving the glass corrosion in Li/V205 cells is to 
change the glass from 9013 to TA-23 developed by Sandia National Laboratories. 
Hardware with TA-23 glass was submitted to an accelerated test. plan (+71°c 
storage); with cells removed weekly for a 7-week period. Each cell, after 
storage, was discharged and postmortemed. Results of the postmortems showed 
no sign of corrosion (Figure 7). 

SUMMARY 

A key benefit of lithium based battery systems is the capability to 
store over a wide temperature range for very long periods of time. There 
are many factors important to this capability and a major portion of research 
and development resources have and continue to be dedicated to the characteri- 
zation and improvement of the long term stability of lithium systems. The 
three examples discussed herein offer positive consideration to this area. 



o Mine system cells and electrolytes in a 10-year scheduled program are 
providing good storage data after 4 and 3 years, respectively, so 
far. 

o Thionyl chloride electrolytes have been shown to be compatible with the 
stainless steels most often used in reserve battery reservoirs. 

o Glass corrosion can occur in L ~ / V ~ O ~  systems with slightly less rapidit 
than in Li/S02 units. Sandia's TA-23 glass appears to be equally 
effective in solving the problem. 
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CELL AMPUL 

F i g u r e  1. C e l l  and ampul used  f o r  l o n g  t e r m  s t o r a g e  
e v a l u a t i o n s .  
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Figu re  2 .  Ar rhen ius  p l o t  f o r  machine 
manufactured ampuls. 
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Figu re  3 .  Capac i ty  v s .  s t o r a g e  t empe ra tu r e  
f o r  Li/V205 cel ls .  
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Figure  4 .  Reserve c e l l  run t ime t o  2 . 5  v o l t s  v s .  s t o r a g e  
t ime and temperature  (Li/SOC12 system).  



321 S.S.  316L S .S .  

Before exposure t o  e l e c t r o l y t e  

Af t e r  exposure t o  e l e c t r o l y t e  f o r  12 months a t  710C 

Figure  5.  SEM photomicrographs of t h e  s u r f a c e s  of 321 S .S .  
and 316L S.S.  b e f o r e  and a f t e r  exposure t o  t h e  n e u t r a l  
e l e c t r o l y t e  s o l u t i o n  (1.5M LiA1Clq/SOC12). 
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Q. Barnes, NSWC: In your work with the  ampules, you t a lk  about no 
breakage. I s  t ha t  on passive storage o r  is t h a t  a f t e r  a period 
of vibration? 

A. Chua, Honeywell: That 's  on passive storage. I should, however, 
mention t h a t ,  a s  par t  of the  analysis  of the  storage we a l so ,  once 
a month, withdraw a sample fo r  ACM analysis .  



TESTING OF CANDIDATE BATTERIES FOR 
GLOBAL POSITIONING SYSTEM 

James A. Barnes, F. C. DeBold, 
R. Frank B i s ,  Susan Buchholz, 

P a t r i c k  Davis, and L. A. Kowalchik 

Naval Surface Weapons Center  
S i l v e r  Spring, Maryland 20910 

ABSTRACT 

Three l i t h i u m  b a t t e r i e s  which have been proposed as candida tes  f o r  use  
i n  t h e  Global Pos i t i on ing  System have r e c e n t l y  been s t u d i e d  by Code R33 of  
t h e  Naval Surface Weapons Center (NSWC). The b a t t e r i e s  were discharged a t  
s e v e r a l  r a t e s  and temperatures  both  before  and a f t e r  environmental t e s t i n g .  
B a t t e r i e s  were heated i n s i d e  a  c losed  chamber u n t i l  t hey  vented. Samples of  
t h e  vented gases  were analyzed,  e s p e c i a l l y  f o r  components which might be  
t o x i c .  The t e s t  r e s u l t s  repor ted  i n  t h i s  paper r a i s e  concerns about each of 
t h e  proposed b a t t e r i e s .  

I NTRODUCTION 

We were tasked t o  review t h r e e  l i t h i u m  b a t t e r i e s  which were proposed by 
prime c o n t r a c t o r s  f o r  use  i n  t h e  Global Pos i t i on ing  System. The b a t t e r i e s  
a r e  t o  provide "back-upt' power f o r  computer memory c i r c u i t s  w i t h i n  t h e  
system. Our review included t h e  d ischarge  c h a r a c t e r i s t i c s  of  t h e  b a t t e r i e s  
under a  v a r i e t y  of cond i t i ons  inc luding  d ischarge  a f t e r  v i b r a t i o n  a t  low and 
h igh  temperatures .  Because t h e  b a t t e r i e s  may be used i n  an  environment 
c losed  t o  t h e  atmosphere, we obtained a n a l y t i c a l  d a t a  on t h e  gases  which 
were r e l ea sed  when t h e  b a t t e r i e s  were hea ted  u n t i l  they  vented. This  paper  
summarizes t h e  r e s u l t s  of our  s tudy;  a d d i t i o n a l  d e t a i l s  o f  t h i s  program w i l l  
b e  a v a i l a b l e  elsewhere. 1 

The des ign  c h a r a c t e r i s t i c s  of  t h e  t h r e e  l i t h ium b a t t e r i e s  a r e  l i s t e d  i n  
Table 1. 

We purchased t e s t  l o t s  of  100 of  each of t h e  candida te  b a t t e r i e s  
d i r e c t l y  from t h e i r  manufacturers.  The b a t t e r i e s  were b u i l t  t o  
s p e c i f i c a t i o n s  developed by t h e  manufacturers i n  conjunct ion wi th  t h e  prime 
c o n t r a c t o r s  designing t h e  Global Pos i t i on ing  System. As i s  c l e a r  from Table 
1, t h e  des igns  of t h e  d i f f e r e n t  c o n t r a c t o r s  requi red  b a t t e r i e s  wi th  d i f f e r e n t  
e l e c t r i c a l  c h a r a c t e r i s t i c s .  

EXPERIMENTAL PROGRAM AND RESULTS 

The experimental  program used f o r  t h i s  p r o j e c t  was very s i m i l a r  t o  our  
s tandard  program which has been descr ibed  previously,.2 Af t e r  an  i n i t i a l  
inspec t ion ,  we measured t h e  open c i r c u i t  vo l t age  (OCV) and AC r e s i s t a n c e  
(ACR) a t  1000 h e r t z  of  each b a t t e r y .  Then t h e  vo l t age  under s e q u e n t i a l  



loads  o f  1000, 100, and 10  ohms was measured. The ACR measurements were 
then repea ted .  The r e s u l t s  of  t h e s e  non-destruct ive t e s t s  a r e  summarized i n  
Table 2. 

DISCHARGE TESTS 

Discharge tests were run  on t h r e e  t o  f i v e  b a t t e r i e s  o f  each type  a t  
bo th  t h e  f o u r  month and 24 hour r a t e s .  S tud i e s  a t  t h e  l a t t e r  r a t e s  were 
conducted a t  s e v e r a l  temperatures  and be fo re  and a f t e r  v i b r a t i o n  t e s t i n g .  

Low Rate Discharge 

Room temperature  d i scharge  a t  t h e  f o u r  month r a t e  produced p r e d i c t a b l e ,  
acceptab le  behavior  from a l l  t h r e e  b a t t e r y  types .  Voltages du r ing  d ischarge  
were q u i t e  s t a b l e  u n t i l  end-of- l i fe  f o r  the S02C12/C12 and SOC12 
systems. The v o l t a g e  of  t h e  SOC12/BrC1 b a t t e r i e s  dropped slowly from 3.9 
v o l t s  a t  t h e  beginning o f  d i scharge  t o  a p l a t e a u  o f  about 3.6 v o l t s  a f t e r  
one month. 

Higher Rate Discharge 

Room temperature  d i scharge  a t  h ighe r  r a t e s  a l s o  gave accep tab l e  
r e s u l t s .  The vo l t age  o f  t h e  SOC12/BrC1 b a t t e r i e s  under a 50 ohm load  
dropped from an i n i t i a l  va lue  o f  3.7 v o l t s  t o  a p l a t e a u  va lue  o f  3.5 v o l t s  
a f t e r  a few hours .  About 28 hours  i n t o  d i scharge ,  t h e  b a t t e r y  v o l t a g e s  
began t o  g radua l ly  drop;  bu t  they d i d  n o t  reach  t h e  tests '  2-volt cu t -of f  
u n t i l  a f t e r  more than  50 hours o f  d i scharge .  

Under a s i m i l a r  50 ohm load ,  t h e  S02C12/C12 b a t t e r i e s  d e l i v e r e d  a 
s t eady  3.3 t o  3.6 v o l t s  a t  room temperature  u n t i l  about  48 hours  i n t o  t h e  
t e s t .  Then t h e i r  loaded v o l t a g e s  r a p i d l y  dropped t o  below one v o l t  w i t h i n  
1 t o  3 hours .  

A t  ambient temperature ,  t h e  SOC12 b a t t e r i e s  d e l i v e r e d  a s t eady  6.9 
v o l t s  under  a 200 ohm load f o r  24 hours .  The i r  v o l t a g e s  t hen  began t o  d r o p  
u n t i l  they  reached t h e  experiment 's  3-vol t  l i m i t  a t  about 30 hours .  

Discharge behavior  a t  71°C was very  s i m i l a r  t o  t h a t  observed a t  room 
temperature .  A s  might be  expected,  loaded v o l t a g e s  increased  one o r  two 
t e n t h s  o f  a v o l t  over  room temperature.  The d e c l i n e  o f  v o l t a g e  a t  t h e  end 
o f  d i scharge  t y p i c a l l y  began 1 t o  3 hours  e a r l i e r  t han  a t  ambient 
temperature .  

A temperature  of  -50°C had a marked e f f e c t  on t h e  d i s cha rge  behavior  o f  
t h e  t h r e e  b a t t e r i e s .  Under a 50 ohm load ,  t h e  v o l t a g e  o f  t h e  s O C 1 2 / B r c 1  
b a t t e r i e s  dropped from about 3.4 v o l t s  a t  t h e  beginning o f  d i s cha rge  t o  a 
va lue  of 2.8 v o l t s  a f t e r  3 hours .  The v o l t a g e  remained a t  t h i s  p l a t e a u  
u n t i l  i t  dropped t o  t h e  experiment 's  2-volt  cu t -of f  a t  about  23 hours .  Thus 
t h e s e  b a t t e r i e s  de l ive red  only about 40% o f  t h e  ampere hour c a p a c i t y  
r e a l i z e d  a t  room temperature .  Under t h e  same low tempera ture  l oads ,  t h e  
v o l t a g e  o f  t h e  S02C12/C12 b a t t e r i e s  dropped t o  z e r o  and d i d  n o t  



recover during t h e  24 hour t e s t ;  thus no capaci ty  was recovered from these  
b a t t e r i e s  a t  -50°C. The vol tage  of the  SOC12 b a t t e r i e s  a t  t h i s  
temperature under a  200 ohm load never exceeded 3 v o l t s  and dropped t o  
2 v o l t s  a f t e r  24 hours. Since t h e  minimum acceptable discharge vol tage  f o r  
t h i s  b a t t e r y  is g r e a t e r  than 3 v o l t s ,  no usable capaci ty  was ava i l ab le  a t  
low temperature even though the re  was some current  flow. 

Discharge Capaci t ies  

Discharge c a p a c i t i e s  were measured under severa l  d i f f e r e n t  condit ions.  
Four o r  f i v e  b a t t e r i e s  of each type were discharged a t  room temperature 
under loads of  50 o r  200 ohms a s  described e a r l i e r .  These discharges were 
completed wi th in  a month o r  two a f t e r  we received the  b a t t e r i e s .  
Twenty-four f r e s h  b a t t e r i e s  of each type were v ibra ted  according t o  
MIL-STD-810C a t  71°C. Separate l o t s  of 24 b a t t e r i e s  were v ibra ted  i n  t h e  
same manner a t  -50°C. Af ter  v ib ra t ion ,  a l l  of these  b a t t e r i e s  were 
discharged a t  room temperature using the  same loads a s  i n  the  previous 
t e s t s .  Because severa l  months elapsed between the  o r i g i n a l  discharges and 
the  post-vibrat ion discharges,  f i v e  unvibrated b a t t e r i e s  of each type were 
discharged a s  c o n t r o l s  f o r  the  experiment. 

The f i v e ,  f r e s h  SOC12/BrC1 b a t t e r i e s  de l ivered  an average of 3.48 
ampere hours t o  a  2-volt l i m i t .  The c a p a c i t i e s  obtained ranged from 3.0 t o  
3.9 ampere hours. The capac i t i e s  obtained from t h e  24 c e l l s  v ibra ted  a t  
71°C ranged from 1.8 t o  3.5 ampere hours with an average of 2.57. The c e l l s  
v ibra ted  a t  -50°C l a t e r  de l ivered  2.0 t o  3.6 ampere hours a t  room 
temperature; t h e i r  average capacity was 2.82 ampere hours. The capac i t i e s  
of the  f i v e  c o n t r o l  b a t t e r i e s  ranged from 2.5 t o  3.6 with an average of 3.23 
ampere hours. 

The S02C12/C12 b a t t e r i e s  gave s i m i l a r  r e s u l t s  when discharged a t  
room temperature through a load of 50 ohms t o  a  2-volt l i m i t .  The f re sh  
c e l l s '  c a p a c i t i e s  ranged from 3.0 t o  3.4 with an average of 3.14 ampere 
hours. Af te r  hot  v ib ra t ion ,  the  range was 2.8 t o  3.1 with an average of 
3.01 ampere hours. The samples v ibra ted  a t  low temperature yielded 2.7 t o  
3.2 ampere hours wi th  an average of 2.95. The con t ro l  samples varied from 
2.7 t o  3,0 wi th  an average of 2.91. 

The bobbin const ruct ion  of the  SOC12 c e l l s  i n  combination with an 
unwelded case  gave r i s e  t o  ser ious  problems during discharge a f t e r  low 
temperature v ib ra t ion .  Four f r e sh  b a t t e r i e s  discharged through a 200 ohm 
load a t  room temperature de l ivered  0.91 ampere hours capacity t o  a  4-volt 
l i m i t  with no s i g n i f i c a n t  va r i a t ions .  The capac i t i e s  of the  four con t ro l  
b a t t e r i e s  discharged severa l  months l a t e r  ranged from 0.87 t o  0.96 ampere 
hours with an  average of  0.95. Of 24 b a t t e r i e s  v ibra ted  a t  71°C, two 
del ivered c a p a c i t i e s  of  only 0.40 ampere hours while t h e  capac i t i e s  of t h e  
o the r  22 u n i t s  ranged from 0.84 t o  1.0 ampere hours with an average of 
0.91. Af ter  low temperature v ib ra t ion ,  only 6 of 24 b a t t e r i e s  could d e l i v e r  
more than 0.8 ampere hours a t  room temperature. Five b a t t e r i e s  had no 
usable capaci ty  while the  remaining samples de l ivered  0.1 t o  0.7 ampere 



hours .  Upon in spec t ion ,  we found t h a t  t h e  c e l l s  i n  many of  t h e s e  b a t t e r i e s  
had leaked and t h a t  co r ros ion  o f  t h e  c e l l  c a s e s  and connectors  had occur red .  

The d i scha rge  c a p a c i t i e s  a r e  summarized i n  Table 3 .  The S02C12/C12 
b a t t e r i e s  e x h i b i t e d  a  r a t h e r  wide range of  c a p a c i t i e s ,  bu t  c a p a c i t y  was n o t  
a f f e c t e d  by v i b r a t i o n  a t  e i t h e r  of  t h e  temperature  extremes. The f r e sh  
SOC12/BrC1 samples had t h e  same wide range of  c a p a c i t i e s ,  and t h e s e  
c a p a c i t i e s  were adve r se ly  a f f e c t e d  by v i b r a t i o n .  The unvibrated SOC12 
b a t t e r i e s  showed l i t t l e  v a r i a t i o n  i n  c a p a c i t i e s ;  un fo r tuna t e ly ,  some of  
t h e s e  b a t t e r i e s  f a i l e d  under h igh  temperature  v i b r a t i o n  and 75% o f  t h e  
sample f a i l e d  a f t e r  v i b r a t i o n  a t  low temperature .  

HEATING TESTS 

Fresh samples o f  each of  t h e  b a t t e r i e s  were hea ted  i n s i d e  a  2.8 l i t e r  
p re s su re  v e s s e l  u n t i l  t h e  c e l l s  vented.  Heating a t  about 20°C p e r  minute 
was accomplished by wrapping each b a t t e r y  w i th  e l e c t r i c a l  hea t ing  tape.  
During each t e s t  t h e  temperature  of  t h e  o u t s i d e  of  t h e  b a t t e r y ,  t h e  ambient 
temperature  i n s i d e  t h e  p re s su re  v e s s e l ,  t h e  b a t t e r y ' s  open c i r c u i t  vo l t age ,  
and t h e  p re s su re  i n  t h e  v e s s e l  were monitored. For most experiments,  t h e  
chamber contained a i r ;  b u t  i n  some experiments ,  t h e  a i r  was removed wi th  a  
vacuum pump, and t h e  chamber was r e f i l l e d  wi th  e i t h e r  helium o r  oxygen. 

Each o f  t h e  SOC12/BrC1 b a t t e r i e s  f a i l e d  wi th  a  loud "BANG" when t h e  
temperature  o f  t h e  b a t t e r y ' s  w a l l  was between 200 and 300 degrees  Cels ius .  
The f o r c e  o f  t h e  b a t t e r y  f a i l u r e  was o f t e n  g r e a t  enough t o  rock t h e  
s t a i n l e s s  s t e e l  chamber on i t s  suppor t s .  When t h e  b a t t e r i e s  f a i l e d ,  t h e  
p re s su re  i n  t h e  chamber spiked t o  over  100 pounds p e r  square  inch gage 
( p s i g )  except  i n  t h e  experiment i n  which t h e  chamber contained helium. I n  
t h i s  l a t t e r  c a s e ,  t h e  maximum p re s su re  recorded was l e s s  than 50 ps ig .  When 
we opened the chamber a f t e r  each experiment,  we found t h a t  t h e  c e l l  c a se s  
had been rup tured  and t h a t  t h e i r  con ten t s  were s c a t t e r e d  about t h e  chamber. 

Fresh S02C12/C12 b a t t e r i e s  behaved i n  a  manner gene ra l l y  very  
s i m i l a r  t o  t h a t  de sc r ibed  f o r  t h e  SOC12/BrC1 samples,  except  t h a t  t h e  
events  a s s o c i a t e d  w i t h  b a t t e r y  f a i l u r e  were l e s s  v i o l e n t .  It i s  d i f f i c u l t  
t o  q u a n t i f y  t h e  loudness  o f  a  r e p o r t  o r  t h e  degree o f  ca se  r u p t u r e ,  bu t  t h e  
p re s su re  s p i k e s  a s s o c i a t e d  wi th  t h e  ven t ing  of  t h e s e  b a t t e r i e s  were on ly  
h a l f  t h a t  observed f o r  t h e  f i r s t  system. 

The SOC12 b a t t e r i e s  f a i l e d  i n  a  much more benign manner. A s  t h e  
tempera ture  increased  from 200' t o  300°C, t h e  two c e l l s  would vent  q u i e t l y .  
Often t h e  moment o f  c e l l  f a i l u r e  could be  i d e n t i f i e d  only from s l i g h t  
i nc reases  i n  chamber p re s su re .  The e x i s t e n c e  o f  two d i s t i n c t  p r e s su re  
i nc reases  l e a d s  u s  t o  surmize t h a t  t h e  two c e l l s  i n  t h e s e  b a t t e r i e s  o f t e n  
vented independent ly .  The maximum p re s su re  observed r a r e l y  reached 20 
ps ig .  Upon examinat ion a t  t h e  end of each experiment,  we normally found t h e  
c e l l s  s t i l l  i n t a c t  i n  t h e i r  b a t t e r y  c a s e ;  t h e  c e l l s  had vented through t h e  
end c losed  w i t h  t h e  crimp s e a l ,  bu t  t h e  ven t ings  were mild enough s o  t h a t  
most o f  t h e  c e l l s '  c o n t e n t s  remained i n s i d e  t h e  case .  



GAS ANALYSIS 

Gas samples were removed from t h e  p re s su re  chamber a f t e r  each b a t t e r y  
had vented du r ing  t h e  hea t ing  t e s t s  j u s t  de sc r ibed ,  These samples were 
taken  i n  s t a i n l e s s  s t e e l  p r e s su re  b o t t l e s  t o  another  l abo ra to ry  f o r  
q u a l i t a t i v e  and q u a n t i t a t i v e  a n a l y s i s  u s ing  gas  chromatography and mass 
spectrometry . 3  Severa l  weeks o f t e n  e lapsed  between b a t t e r y  vent ing  and 
gas  a n a l y s i s ,  s o  t h e  a n a l y s i s  would no t  be expected t o  i d e n t i f y  any 
t r a n s i e n t  s p e c i e s ,  

The t o t a l  amount o f  gas  i n  t h e  p re s su re  v e s s e l  a f t e r  a  ven t ing  was 
c a l c u l a t e d  from t h e  temperature  and p re s su re  d a t a  recorded during and a f t e r  
t h e  event .  We c a l c u l a t e d  t h e  t o t a l  q u a n t i t y  of  t o x i c  gases  r e l ea sed  by a  
b a t t e r y  ven t ing  by s u b t r a c t i n g  background gases  (such a s  helium o r  n i t r o g e n )  
and non-toxic products (such a s  carbon d iox ide )  from t h e  t o t a l ,  We then  
assumed t h a t  t h e s e  t o x i c  gases  would be evenly d i sbursed  throughout a  c lo sed  
volume o f  85 m3 (3000 f t 3 l e  We then  c a l c u l a t e d  t h e  concen t r a t i on  of 
t h e s e  t o x i c  gases  i n  p a r t s  p e r  m i l l i o n  by volume. The r e s u l t s  of t h e s e  
c a l c u l a t i o n s  f o r  each b a t t e r y  t e s t e d  a r e  summarized i n  Table 4. 

CONCLUSIONS 

During t h i s  eva lua t ion  program, we i d e n t i f i e d  s e v e r a l  i s s u e s  and 
concerns.  W e  a r e  very concerned about t h e  s a f e t y  of  t h e  ~ 0 C l ~ / ~ r C l  and 
SO C 1  / C 1 2  b a t t e r i e s  because t h e i r  c e l l  c a s e s  repea ted ly  fragmented 

2 .  2  
du r lng  hea t ing  t e s t s .  The q u a n t i t i e s  of  t o x i c  gases  r e l ea sed  by some 
samples of  t h e  SOC12/BrC1 b a t t e r y  under t e s t  cond i t i ons  were a l s o  q u i t e  
h i g h  r e l a t i v e  t o  t h e  o t h e r  b a t t e r i e s .  Concerns about capac i ty  v a r i a b i l i t y  
and performance a t  low temperatures  .of t h e s e  two b a t t e r i e s  have a l s o  been 
mentioned. The behavior  of  t h e  SOC12 b a t t e r i e s  i s  such t h a t  we a r e  n o t  
ove r ly  concerned about t h e i r  s a f e  u se  i n  t h e  Global Pos i t i on ing  System, bu t  
t h e i r  performance a f t e r  v i b r a t i o n  and a t  low temperature  causes  s e r i o u s  
concerns a s  t o  whether o r  no t  t he se  b a t t e r i e s  could meet a l l  t h e  
requirements of  t h e  system. 
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TABLE 1 
BATTERY DESIGN CHARACTERISTICS 

CELL CELL CELLS I N  
CHEMISTRY* CONSTRUCTION SIZE BATTERY VOLTAGE CAPACITY 

SOC12 / B r C 1  S p i r a l  AA 2 i n  P a r a l l e l  3.9 V 4 Ahr 

So2C12/C12 S p i r a l  A A 2 i n  P a r a l l e l  3 .9  V 4 Ahr 

SOC12 Bobbin 213 AA 2 i n  S e r i e s  7.4 V 1 Ahr 
Crimp s e a l  

* A l l  c e l l s  c o n t a i n e d  l i t h i u m  anode and ca rbon  c u r r e n t  c o l l e c t o r s .  

TABLE 2 
NON-DESTRUCTIVE TEST RESULTS 

ACR 
OCV ACR LOADED VOLTAGE ( ~ o l  t s ) AFTER 

CELL TYPE ( v o l t s )  ( a )  ioooa 1 oosl 1 oa LOADS 

R e s u l t s  r e p r e s e n t  t h e  average v a l u e  f o r  measurements on 100 b a t t e r i e s  o f  
each  type .  

TABLE 3 
AVERAGE CAPACITIES (AMPERE HOURS ) 

AFTER VIBRATION 
CELL TYPE FRESH HOT COLD CONTROL 

"Average n o t  meaningful ,  s e e  t e x t .  



TABLE 4 
TOXIC GAS CONCENTRATIONS (PPM) CALCULATED 

FOR A VOLUME OF 85 m3 

BATTERY CHAMBER 
CONDITION GAS H2S H C 1  SO2 CS2 

PART A: S0c12/Brc1 BATTERIES 

F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
Discharged 
Discharged 

A i r  
A i r  
A i r  
A i r  
He 1 iurn 
H e  1 iurn 
Oxygen 
Oxygen 
A i r  
A i r  

PART B : so2c12/c12 BATTERIES 

F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
Discharged 
Discharged 

A i r  
A i r  
He 1 iurn 
He 1 iurn 
Oxygen 
Oxygen 
A i r  
A i r  

PART C : SOC12 BATTERIES 

F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
F r e s h  
Discharged 
Discharged 

A i r  
A i r  
A i r  
A i r  
A i r  
H e  1 iurn 
H e  1 iurn 
Oxygen 
Oxygen 
A i r  
A i r  



Q. Felder, General Electric: Why was there a - 54 degree requirement? 
For a communications system in a submarine tha t  seems kind of low. 

. Barnes, NSWC: The submarine people asked the same thing. In f a c t ,  
the bigger and broader question i s  why do we need a backup with s ix 
month capabili ty when, as  we in the Navy recognize, a submarine 
loses power for  s ix  months, the memory i s  going to  be a very small 
part  of i t .  The current goal i s  t o  produce a common system for a l l  
services. And, therefore, there was a canvassing of a l l  services 
to  define the very worst possible use scenarios. And 54 degrees 
is a type of temperature that  one might see i n  the Artic. The high 
in temperature i s  a desert  or  s i t t i n g  on a runaway in California 
type temperature. So the temperature extremes and the l i fe t ime 
extremes were non-Navy driven. B u t  then when they looked for  the 
worst place to  p u t  t h i s ,  they decided the submarine was perhaps 
the most r e s t r i c t ive  environment which i s  why we ended up during 
the testing. 

A. Willis, Boeing: We have an application where we use a single AA 
BCX cell  for  memory retention. We have a six-month requirement 
and I notice your 24 hour rate .  We use a 5,000 hour ra te  because 
tha t  meets our application. In general we've had very good success 
with the t e s t  data on small sample l o t  and i t  looks l ike  we're 
going ahead with that .  I t  does not have the low temperature 
requirement. However, we have tested the PCX a t  intermittent periods 
of 93 degrees under tha t  ra te  because of the desert application and 
found i t  s t i l l  very satisfactory for  tha t  application. 

A. Barnes, NSWC: We have, in our t e s t  program, included 4 month 
discharge. B u t  Jerry told me to  l imit  t h i s  to  20 minutes, so I 
d idn ' t  bring a l l  of the viewgraphs. I t r ied  to pick representative 
ones. 

Q. Roth, NASA HQ: You used the term "remember these a re  only engineering 
i tems. " Does tha t  mean that  these are  bet ter  or worse than what you 
would get in production or what have you? 

A. Barnes, NSWC: I know that  the folks from Electrochem Industries are  
standing here. I don't  know about Union Carbide. I think you bet ter  
ask them. What I did want to  say was that  I know from what I said 
t h i s  morning they are  making changes - improvements - so I don't  
know what would happen i f  we got samples from them today. This i s  
what happened to  the small sample we got 15 months ago. Does 
someone EI want to  make any other comment? 

Q. Cecil, Electrochemical Industries: The bat ter ies  tha t  they used were 
production bat ter ies .  The assembly of the battery pack were 
engineering samples. 



Hodosh, Power Conversion: You made the statement that ,  a f t e r  the work 
was done, you made a recommendation and i t  was so r t  of turned down 
because the user said they wouldn't use i t  under any circumstances. 
I t ' s  kind of l ike  catch-22. I think I read you correctly and I 
imagine the reason f o r  continuing and doing additional work i s  that  
you hope to  convince the user, I guess eventually, that  perhaps he 
should use i t .  I ' d  l i ke  to  hear an end t o  that .  

Barnes, NSWC: As w i t h  a l l  big systems - they ' re  mu1 t i p l e  level users. 
We are  dealing with the electronics people who a re  developing the 
equipment. B u t  they, in turn, must negotiate with the folks who are 
in charge of the various platforms. Because submarines are  most 
res t r ic t ive ,  the people in charge of the submarine type desk were the 
people of most in te res t  in these negotiations. A t  t h i s  point, the 
electronics people, tha t  i s ,  the people developing the GPS, are  back 
talking, a t  the policy level ,  with the submarine people, weighing 
the re la t ive  merits of having anything tha t  might release any toxic 
substance on the submarine as contrasted with the desire to  produce 
a piece of equipment that  will  be common t o  a l l  three services. And 
t h a t ' s  a pol icy-level issue. The submarine people's objection was 
categorical. They did not dispute our numbers. They did not question 
whether or  not someone could survive i f  one of these bat ter ies  were 
to  vent. They simply said,  "you a re  talking about toxic materials. 
We don't  think the need i s  great enough. Thank you very much." 
And or now i t ' s  a policy decision separate from our technical 
discussion. 

Osterhoudt, Eastman Kodak: You said they rejected lithium bat ter ies .  
I s  lithium the v i l la in  or i s  i t  the cathodes? 

Barnes, NSWC: I t  was the toxic material. 

Osterhoudt, Eastman Kodak: You mean the cathode. 

Barnes, NSWC: The gases which were released when the battery vented, 
yes. I don't know how they would react i f  someone happened to propose 
a lithium battery tha t  did not vent toxic materials. 

Halpert, JPL: Jim, do I understand from your discussion that  the heat 
tape t e s t  i s  a standard t e s t  for  1 ithium ce l l s  fo r  a l l  applications 
or only for certain appl ications? 

Barnes, NSWC: The heat tape t e s t  i s  one of three t e s t s  called for in 
NAVSEA instruction 9310-1-A to  be r u n  on any lithium battery proposed, 
inside a piece of equipment, for  a NAVY system. So, yes, the heat 
tape i s  a standard t e s t .  The other two standard t e s t s  are  short- 
c i r cu i t  and discharge in the voltage reversal and coming in the next 
revision of the instruction of the instruction will be a charging 
t e s t  as appropriate. 





C. T. Dils and K. F. Garoutte 
Honeywell Power Sources Center 

INTRODUCTION 

Recent development and test effort at Sandia National Laboratories 
and Honeywell Power Sources Center has been directed at high rate Lithium- 
Thionyl Chloride batteries which address applications previously specifying 
thermal batteries. These applications typically demand reserve batteries 
having rapid rise times, high power capability, with operational life profiles 
extending from minutes up to 1 or 2 hours. This development work has result- 
ed in the generation of battery parametric design information and concepts 
in a reserve mode for high rate applications. 

Data obtained to date indicate that for some applications, the L ~ / S O C ~ ~  
reserve systems being developed will have advantages over thermal batteries. 
These advantages occur primarily in terms of rate capability per unit volume, 
lower battery operating temperatures, longer life, and in some cases, improved 
rise time. 

BATTERY DESIGN 

A cross section of one such reserve 16-volt battery is presented in 
Figure 1. The battery contains five (5) torroidal shaped cells packaged in 
nested or stacked individual plastic cups. 

Electrolyte is held in reserve within a stainless steel welded bellows 
assembly located on one end of the battery. Surrounding the outside of this 
bellows assembly is a pressure plenum containing Freon gas which provides the 
pressure required to collapse the bellows and thereby transfer electrolyte to 
the cells upon battery activation. This highly reliable approach has been 
used on key development programs at Honeywell where rapid omnipositional 
activation of a reserve battery is required. In particular, it has found 
application in underwater Navy mines/buoy programs. 

Battery activation is accomplished when a piston actuator assembly 
protruding through the terminal plate of the battery assembly is electrically 
initiated. The actuator output shaft moves a sealed nickel diaphragm forcing 
an internal cutter within the battery through the seal holding electrolyte 
within the bellows assembly. Cutting of this sealactivates the battery by 
allowing the Freon pressurized bellows system to function as described above. 

* 
The battery development work presented in thispaper was funded by 
Sandia National Laboratories. 



The battery design contains a nickel burst diaphragm which functions as 
a safety vent under abusive extremes of temperature and pressure. The vent 
is designed to release internal pressure when the diaphragm deflects into a 
sharpened lance at a preset internal pressure. Overall battery dimensions are 
2.2'' high x 3.14" in diameter and the unoptimized battery weight is approxi- 
mately 2.25 pounds. All structural components are 316L stainless steel and 
hermeticity is achieved through TIG welded construction. Glass-to-metal seals 
and a safety vent are provided within the terminal place housing. 

Figure 2 is a photograph of an assembled battery after fabrication. 

SAFETY TEST PARAMETERS 

Prototype batteries have been assembled and successfully dischar ed to 6 a s ecified load profile across the temperature range of interest (32 F to 8 111 F). In addition, a series of five (5) batteries have been subjected to 
abusive safety testing. Safety characteristics were evaluated under the 
following conditions : 

A - Short circuit of a freshly activated battery at +70° 
B - Short circuit of a partial18 discharged battery (discharged 

through one profile) at -1-70 C 

C - Sho6t circuit of a battery discharged through one profile at 
-40 C and then heated to +70 C prior to shorting 

D - Reverse discharging of a battery previously discharged through 
one cycle of the profile at 22O~, then heated to +70°c and 
discharged into reversal under a 2 amp constant current 

E - Charging of a fresh battery activated at +70°c and subsequently 
charged at 0.2A, 1.OA and 2.OA rates. 

TEST FACILITY 

The above described testing was conducted in the special test laboratory 
at Honeywell Power Sources Center. Test responsibilities include both 
acceptance and development testfng. All testing is done to written require- 
ments and with calibrated equipment traceable to the National Bureau of 
Standards. 

Encompassing 5300 sq. ft,, the lab is comprised of three major areas: 

- Temperature and humidity testing, non-hazardous discharge and 
storage. 

- Small cell hazard testing and postmortem <20 Ahr. 



- Large cell hazard testing and discharge on units >20 Ahrs. 
Testing conducted uses either hard wired permanent test stations designed 

and built by us or soft wire temporary test setups. 

Test capabilities within these areas include: 

0 0 - Temperature -70 C to +230 C, constant, cyclical and programmable 
- Resistive and current testing to 250A, constant and pulse 
- Load timing to 3 ms (computer controlled) 
- Humidity and temperature, constant and cyclic 
- Data acquisition via chart recorders, analog and digital 
oscilosco~es , data loggers and computers (mainf rame and 
desk top) 

- Vibration - sinusoidal., small cells 
- Drop testing - half sine and trapezoidal 
- Computer control and monitoring of chamber temperature with shutoff 
control and off-site monitoring 24 hours a day. 

FACILITY FOR ABUSE TESTING 

All abuse testing is conducted in the Special Test Lab (STL). The STL 
has a floor space of 30' x 40' with about 24,000 ft3 volume. The room is 
equipped with an air "scrubber" tank. The tank is charged with a sodium 
hydroxide and water solution. Room air is drawn through a spray of the 
solution at 2000 cfm to an outside exhaust. This minimizes airborne pollutants 
to the outside of the STL and building. 

There are ten environmental temperature chambers designed to reduce 
the effects of explosions. These chambers (Figure 32 are capable of control- 
ling the operating temperature between -60'~ and 120 C. They have been 
tested successfully by heating to destruction of fresh L ~ / s o C ~ ~  cells as big 
as 500 Ah capacity and were designed to handle cells to 1000 Ah capacity. 

The room is instrumented via ports through the walls. The area has 
restricted access during safety testing. Whenever there is a potential 
safety hazard, personnel entering the area must have Safety Committee 
approval, use respirators as needed, and must be assisted by at least one 
other person (buddy system) before entry. All test chambers are computer 
monitored with limit-sense for alarm. Alarm coverage is provided 24 hours 
per day. The alarm may be analyzed from a remote Zerminal which allows 
rapid assessment of the problem. Temperatures are scanned every 10 minutes 
and recorded and printed once every four hours. 



TEST RESULTS 

As would be expected, the battery vent functioned effectively during 
the short circuit test of a freshly activated battery and during the 
charging test of a freshly activated battery. The three remaining units 
from which a portion of the capacity had been removed prior to abusive testing 
did not vent during abuse but did exhibit heating and slight-to-noticeable 
deformation. None of the tests demonstrated l'violenhll reactions; i.e., 
exploding under any of the above abuse conditions. 

Data associated with the charging of a fresh battery activated at +70°c 
and subsequently charged at O.lA, 1.OA and 2.OA rates until battery venting 
was achieved is presented in Figure 4. This data is representative of the 
most severe conditions noted during the series of 5 abuse tests. The graph 
shows that a battery rise time of slightly under 70 ms was recorded to 
reach the 12.0 volt level. This is typical for reserve batteries employing 
this design concept. 

During the 0.1A charge, the battery temperature stabilized at 75'~~ while 
the battery voltage climbed steadily initially and then stabilized slightly 
over 20 volts. 

The charging current was then increased to 1.OA with a resultant 
0 increase in battery temperature to 88 C prior to stabilization. The charging 

current was then increased 60 2.OA kevel which resulted in a rapid rise in 
battery temperature from 88 C to 92 C within a five-minute isterval. At this 
point, the battery safely vented. A peak temperature of 104 C was recorded 
two minutes after venting. 

After the completion of the series of five (5) safetylabuse tests, the 
batteries were disposed of in the STL via puncturing each unit hydraulically 
under water. Figure 5 depicts the units after piercing and removal from the 
hydraulic fixture prior to disposal. 

SUMMARY AND CONCLUSIONS 

A reserve Lithium-Thionyl Chloride Battery concept has been developed 
and is currently undergoing feasibility testing in terms of performance, 
safety, and abusive conditions. The objective of this testing is to demon- 
strate the feasibility of employing a battery of this type to replace thermal 
batteries in certain applications. 

In summary: 

o Excellent performance of a Li/SOC12 reserve battery has been 
obtained across the temperature range of interest, O'C to +44O~. 

o Performance improvement over the thermal battery usage is greater 
by a factor of 3 when discharge time and energy density are compared. 



o Performance over an expanded temperature range is also possible; 
for instance, at -40°c, satisfactory performance was demonstrated 
against typical thermal battery specifications. 

o Safety and abusive testing was successfully accomplished on a series 
of five units. This series of tests did not reveal any abnormal 
condition due to the abusive nature of the tests performed. The 
battery vent functioned effectively during fresh short circuit and 
during battery charging. Three remaining tests did not vent during 
abuse, but did exhibit heating and slight deformation. None of 
the tests demonstrated "violent" reactions; i.e., exploding, under 
any condition of abuse. 

o Further performance improvements can be achieved with additional 
development, particularly with regard to battery weight and volume 
reductions. 





Figure 2. Assembled Li/SoC12 reserve battery.  

Figure 3. Special test laboratory t e s t  setup. 
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Figure 4. Constant current charging test a t  70°C. 



Figure 5. Safetylabuse test  units prior to  disposal. 



Roth, NASA HQ: 1 was wondering, in any of these t e s t s ,  did you t r y  
to  find out what the toxic constitutents are  tha t  came off?  And the 
reason I asked tha t  question i s  some people take certain measurements 
and not others and what I guess I don't  see i s  any across the board 
systematic approach to  a l l  these where everybody i s  tending to  t r y  
t o  ge t  the same data so tha t  they can pass i t  among each other. 

Dils, Honeywell: We did not analyze any of the gasses off of these 
t e s t s .  There has been work done there. I can ' t  discuss i t .  Maybe 
Dr. Chua would have some information. 

Chua, Honeywell: There have been some analysis and basically the 
r e su l t  i s  consistent w i t h  what Dr. Barnes percent is - basically 
hydrochloric acid and sulfur  dioxide. The analysis was not on the 
particular s e t  b u t  on another program. I t ' s  basically SOp and 
hydrochloric acid - the major gas species. 

Roth, NASA HQ: Yeah, I guess the thought in my mind was looking a t  
the other percentages - parts per million and that  so r t  of thing - 
to  see i f  i t  varies cel l  t o  ce l l  o r  type to  type. 

Chua, Honeywell : That's hard t o  say. 

Barnes, NSWC: In response to the question of safety - there certainly 
i s  a great deal of var iabi l i ty  depending on how the cel l  is opened 
and whether or  not the cel l  has been par t ia l ly  or fu l ly  discharged 
or whether i t ' s  a fresh ce l l .  So tha t ,  yes, you do get a l o t  of 
var iab i l i ty  depending on what regime you decide to  run for  your 
t e s t  program. 

Felder, General Electric: I t h i n k  I must have missed i t .  What's the 
application of these batteries? 

Dils, Honeywell: They were being evaluated against a thermal battery 
appl ication. 

Felder, General Electric: For what? What application? 

Dils, Honeywell: I can ' t  answer that.  

Levy, Sandia National Lab: Since some of those ce l l s  vented in some 
way other than they're normally supposed to ,  i s  there anything in 
tha t  battery design tha t  could possibly have blocked off the safety 
vent? 

Barnes, NSWC: Not that  we could find. We took one battery pack apart 
and i t  was as typical of low production battery packs made from 
standard ce l l s  held together w i t h  glue and shrink wrap. I t  was not 
heavily potted or  anything l ike  tha t .  
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1. Introduction 

Reserve-bipolar Li/SOC12 batteries are preferred for mili- 
tary applications which require: 

o Prolonged uncontrolled storage. In the reserve mode the 
storability of a Li/SOC12 battery is essentially indef- 
ini te. 

o Safety prior to use. As the two active battery materials 
are stored in separate hermetic containers there is no 
possibility of a hazardous runaway reaction. It should be 
noted that this is not necessarily the case for reserve 
batteries employing solid anode and cathode materials. 

o Very high specific power levels due to the bipolar design 
and the liquid catholyte. 

This paper describes the design, performance and safety of a 
fully engineered, self-contained Li/SOC12 battery as the 
power source for an underwater Navy application. In addition 
to meeting the performance standards of the end user this 
battery has been successfully tested under the rigorous' 
safety conditions of NAVSEA Instruction 9310.1A for use on 
land, aircraft and surface ships. 

2. Battery Design and Performance 

A schematic cross section of the battery is given in Figure 
1. Prior to activation the catholyte and dry battery stack 
are separated by a burst disk in the central bulkhead. The 
stack itself consists of ten 25 cell series modules, During 
construction the dry stack is potted in epoxy with individual 
bus wires running down the outer surface of the epoxy shell. 

The bus wires run to a terminal board at the base of the bat- 
tery. The individual modules are connected in parallel to 
yield the required capacity and voltage upon activation. Per 
NAVSEA Instruction 9310.1A the modules are connected through 
protective diodes to prevent charging. In addition each 



module is protected from short circuit by fusing both the 
negative and positive bus wires. 

Undersea activation of the battery occurs when water pressure 
bursts the disk above the piston and a bursting pressure is 
transmitted to the disk between the reservoir and the dry 
stack. As the device sinks increasing hydrostatic pressure 
fills the battery stack with electrolyte. 

In its intended application the battery is required to pro- 
vide hotel power and multi-kilowatt pulse power. A typical 
discharge curve for the battery is given in Figure 2. The 
total energy drained from the battery corresponds to 850 Wh. 

The complete battery measures 29.5 cm in length, 12.7 cm in 
diameter and weighs 11.4 kg. This yields energy densities of 
0230 Wh/l and 75 Wh/kg. The gravemetric energy density is 
strongly influenced by the heavy case (60% of the battery 
weight) required for deep undersea operation, 

3. Safety 

Operational Safety: The battery is intended for operation in 
unmanned devices and hence safety of activated batteries dur- 
ing discharge is not an issue. It is an issue during devel- 
opment and if device recovery is contemplated. 

During preliminary development of the battery venting after 
discharge but prior to full energy depletion (approximately 
24 hrs) was observed approximately 50% of time. The source 
of these vents was identified as the growth of lithium den- 
drites driven by the leakage currents in the common electro- 
lyte bipolar filling manifold. 

The solution to this problem was to clear the manifold of 
electrolyte after battery activation. This is accomplished 
by partially filling the reservoir with argon. Once the bat- 
tery is filled the electrolyte bursts a rupture disk between 
the stack and an overflow reservoir. Upon rupture of this 
disk the piston forces electrolyte out and argon into the 
filling manifold. By clearing the manifold leakage currents 
are virtually eliminated and no dendritic ventings have been 
observed in six consecutive tests. 

Short Circuit Safety: By design the battery is fused to 
assure complete safety durinq short circuit. This is com- 
bined with- internal depletion resistors to fully deactivate 
the battery prior to retrieval. 

Nonetheless, NAVSEA Instruction 931 0 .'lA calls for short cir- 
cuit tests with all fuses and diodes removed. This test was 



carried out at the systems level by heating the electrolyte 
reservoir of a shorted battery. 

After 26 minutes of heating the reservoir temperature reached 
230°C and the battery activated. The behavior of the battery 
after activation is depicted in Figure 3. To summarize, 54 
seconds after activation there was a mild vent with no vis- 
ible movement of the system. The maximum temperature reached 
was 5 0 6 " ~  10 minutes and 15 seconds after activation. Maxi- 
mum short circuit current was 42 amps and a 10 psig pressure 
spike was observed above the battery vent. The battery 
presented no fire or explosive hazards. 

Reserve Safety: The two areas of concern for an unactivated 
battery are: 

o Maintenance of reserve integrity during shock and vibra- 
t ion 

o Safety during a conflagration test 

Batteries of an early design passed vibration testing but 
failed shock by rupture of the electrolyte burst disk when 
subjected to 330g for 1 msec. A failure analysis led to the 
conclusion that this resulted from mixing of the argon with 
the electrolyte and the development of stress concentrations 
at the disk. 

The solution was to place the baffle shown in Figure 1 
between the bulk of the reservoir and the burst disk. With 
the baffle design the batteries are capable of: 

o Passing both shock and vibration 
o Delivery of full capacity after both shock and vibration 
o A 3.8 to 1 safety margin in the shock test 

Conflagration tests in accordance with NAVSEA Instruction 
9310.1A have been carried out at the systems level. Accept- 
ance, while subjective is generally deemed as the absence of 
any fragmentation or flame. 

An extensive testing, analysis and design program was imple- 
mented to meet this standard. Specific activities have 
included : 

o Analytical calculation of reaction rates and battery 
internal pressure. 

o Structural analysis of the battery casing and design as 
required to assure its integrity in a worst case 
situation. 



o Introduction of a nonfragmentary burst disk. 

Results of the reaction time-pressure analysis are summarized 
in Figure 4. The analysis showed reaction times of: 

200 msec worst case 
500 msec best estimate 
1000 msec best case 

Based on' this analysis the bulkhead between the reservoir and 
the stack was designed to accomodate the worst case reaction 
time. In Figure 4 results of experimental verification of 
the case integrity are given. 

The safety vent was changed to a nonfragmentary design with 
an increased rim thickness to assure weld integrity. This 
redesign was accompanied by modification of the vent hole 
pattern in the piston as shown in Figure 5. The new design 
eliminates excessive pressure at the center of the safety 
disk and reduces the blow torch phenomena typical of bipolar 
batteries venting up the fill hole. 

The result of this through analysis and design to conflagra- 
tion safety standards is graphically demonstrated in Figure 
6. Although the system shows the effects of conflagration no 
fragmentation has occured and no flame was emitted during the 
test. 

4. Conclusions 

The Li/SOC12 system has potentially the highest energy and 
power density of any primary power source. Concerns with 
regard to battery safety increase with both energy and power 
density. 

Development of the battery described in this report demon- 
strates that with careful engineering safe-reserve-bipolar 
Li/SOC12 are achievable. 

To our knowledge this is the first reserve Li/SOC12 battery 
to have complied with the standards in NAVSEA Instruction 
9310.1A. The lessons learned in this program are presently 
being applied at Altus to the development of larger, higher 
energy density batteries. 
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THEORETICAL PRESSURES 

REACTION 
TIME (SECS) 

TEST PRESSURES 

*Lost pressure 
**Battery top failed 

(PSI) P2 (PSI) 

1345 1088 
2588 2058 
3508 2720 
4347 3579 

Figure  4. Ba t t e ry  p r e s s u r e  tes t .  





F i g u r e  6 .  System l e v e l  b a t t e r y  c o n f l a g r a t i o n  test. 



HIGH RATE DISCHARGE STUDIES OF LI/S02 BATTERIES 
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ABSTRACT 

A b a t t e r y  composed of twelve l i t h i u m / s u l f u r  d iox ide  "D" s i z e  c e l l s  i n  
s e r i e s  was forced discharged a t  21 amperes. This  cu r r en t  was e s t a b l i s h e d  by 
t h e  proposed use of the  b a t t e r y  and represen ted  a d i scharge  condi t ion  which 
the  b a t t e r y  manufacturer f e l t  might produce vent ing.  Discharge of the  b a t t e r y  
i n t o  vo l t age  r e v e r s a l  r e s u l t e d  not  only i n  cells vent ing  but a l s o  i n  the 
v i o l e n t  rup tu re  of a t  l e a s t  one c e l l .  

INTRODUCTION 

The Lithium Systems Safe ty  Group a t  the Naval Surface Weapons Center was 
r e c e n t l y  asked t o  e v a l u a t e  a b a t t e r y  under cons ide ra t i on  f o r  use i n  a p iece  of 
Navy equipment. The prospec t ive  user  asked us t o  determine the b a t t e r y ' s  
vo l t age  response under forced d ischarge  a t  21 amperes and t o  c h a r a c t e r i z e  any 
s a f e t y  hazards  a s soc i a t ed  with t h i s  d i scharge .  The Navy user  provided us wi th  
s eve ra l  samples of a b a t t e r y  which had been proposed f o r  the  equipment by the  
equipment ' s manufacturer . This  paper b r i e f l y  d e s c r i b e s  our tests and some of 
the  more dramatic  r e s u l t s  which we obtained.  The experimental r e s u l t s  and the  
d a t a  c o l l e c t e d  a s  a p a r t  of t h i s  e v a l u a t i o n  o f f e r  s eve ra l  l e s sons  t o  the 
community of l i t h ium b a t t e r y  users .  

EXPERIMENTAL DES I G N  

The sample b a t t e r i e s  were f i r s t  cha rac t e r i zed  by phys ica l  i n spec t ion  and 
the  measurement of t h e i r  open c i r c u i t  vo l t age  and AC impedance. Forced 
d ischarges  were e f f e c t e d  using a DC power supply l im i t ed  t o  21 amperes and 36 
v o l t s  ( t h e  open c i r c u i t  vo l tage  of t he  b a t t e r i e s ) .  Ba t t e ry  p o t e n t i a l  and 
b a t t e r y  temperature were measured a t  r egu la r  i n t e r v a l s  throughout the  
experiment. The p o t e n t i a l  drop ac ros s  a c a l i b r a t e d  shunt was used t o  measure 
the  cu r r en t  a c t u a l l y  flowing i n  the c i r c u i t .  A l l  d i scharges  were conducted i n  
a f a c i l i t y  designed fo r  hazardous t e s t i n g .  

BATTERIES TESTED 

A l l  of the  sample b a t t e r i e s  contained 12 high-rate  "D" s i z e  
l i t h i u m l s u l f u r  d iox ide  c e l l s  connected i n  s e r i e s .  Each b a t t e r y  was fused a t  
30 amperes wi th  a "slow-blow" fuse.  The b a t t e r i e s  contained two hexagonal 
l a y e r s  of s i x  c e l l s  held toge ther  one on top of the  o t h e r  wi th  e l a s t i c  cement 
and enclosed i n  ou t e r  wrap of p l a s t i c  f i lm  and cardboard. 

The b a t t e r i e s  were de l ive red  to  us by the Navy engineer  who was 
cons ider ing  them f o r  use i n  a piece of equipment. He had obtained the 
b a t t e r i e s  from the  con t r ac to r  who was developing the equipment. The 



c o n t r a c t o r  had i n  t u rn  obtained the b a t t e r i e s  from a manufacturer who had 
b u i l t  t he  c e l l s  and assembled the  ba t t e ry .  Upon in spec t ion ,  it was c l e a r  t o  
us t h a t  some of the  b a t t e r i e s  had been used and/or had developed i n t e r n a l  
problems during the  course of t h i s  handling. The r e s u l t s  repor ted  i n  t h i s  
paper r ep re sen t  d a t a  obtained on a b a t t e r y  which exh ib i t ed  no physical  o r  
e l e c t r i c a l  i n d i c a t i o n  of use o r  d e t e r i o r a t i o n .  

I n  order  t o  ob ta in  as much information a s  poss ib le  about the  b a t t e r y ,  we 
asked t h e  manufacturer f o r  information about t he  b a t t e r y ' s  h i s t o r y .  The 
a v a i l a b l e  records  ind ica t ed  t h a t  the b a t t e r i e s  were probably assembled i n  mid- 
1979, a time cons i s t an t  wi th  the  d a t a  code on the  cells which showed t h a t  they 
had been b u i l t  i n  April  of 1979. 

The manufacturer 's  r e p r e s e n t a t i v e  was very he lp fu l  t o  us when we sought 
t h i s  information but was q u i t e  su rp r i s ed  t o  l ea rn  t h a t  we planned t o  eva lua t e  
b a t t e r i e s  which were then four  years  o ld .  We were t o l d  t h a t  our r e s u l t s  would 
have only general  a p p l i c a b i l i t y  r e l a t i v e  t o  the  behavior of a b a t t e r y  b u i l t  i n  
1983 because the cons t ruc t ion  and performance of t he  c e l l s  had been modified 
and improved seve ra l  t imes s i n c e  our b a t t e r i e s  were b u i l t .  Upon 
c l a r i f i c a t i o n ,  we learned t h a t  a l though the c e l l s  b u i l t  i n  1983 r e t a ined  the 
same d e s c r i p t i o n  and ca t a log  number used i n  1979, t he  c e l l s  a c t u a l l y  were 
d i f f e r e n t  enough t h a t  the manufacturer 's  r e p r e s e n t a t i v e  doubted t h a t  our t e s t  
r e s u l t s  would apply t o  a new b a t t e r y .  

POINT 1 

The information j u s t  summarized is  a c l e a r  example of t h i s  paper 's  f i r s t  
point  f o r  l i t h ium b a t t e r y  users:  manufacturers o f t e n  change c e l l  des igns ,  and 
these  design changes a r e  not always accompanied by a change i n  ca t a log  number 
o r  desc r ip t ion .  This p r a c t i c e  of incorpora t ing  changes i n t o  a c e l l  without  
changing the ca t a log  number seems t o  be the r egu la r  procedure of a t  l e a s t  
s eve ra l  of the  major b a t t e r y  manufacturers ,  i t  i s  c e r t a i n l y  not l imi t ed  j u s t  
t o  the c e l l  we were t e s t i n g .  The community of u s e r s  must view t h i s  p r a c t i c e  
wi th  ambivalence, Manufacturers in t roduce  changes i n t o  a c e l l  t o  provide a 
product which they view as s a f e r ,  more e f f e c t i v e ,  and/or  l e s s  expensive. 
Although use r s  must f i nd  these  goa ls  t o  be gene ra l ly  admirable, we cannot he lp  
but be concerned t h a t  these  "improvements" can reduce o r  des t roy  the value of 
performance d a t a  obtained on e a r l i e r  ve r s ions  of a c e l l .  For da t a  which 
requi red  s u b s t a n t i a l  t i m e  and e f f o r t  t o  c o l l e c t  suddenly t o  become l e s s  u se fu l  
because of a change i n  c e l l  cons t ruc t ion  can be a very se r ious  lo s s .  The l o s s  
can be even harder  t o  manage i f  the changed c e l l  r e t a i n s  an unchanged ca t a log  
number. 

BATTERY DISCHARGE RATE 

The use f o r  which t h i s  b a t t e r y  was suggested required t h a t  i t  d e l i v e r  21 
amperes a t  28 v o l t s  f o r  s eve ra l  minutes over a wide temperature range. This 
cu r r en t  r ep re sen t s  a very demanding, perhaps even abusive,  discharge r a t e  f o r  
any "Dm s i z e  l i t h i u m l s u l f u r  d ioxide  c e l l ,  even one of "high-rate" design. The 
b a t t e r y ' s  manufacturer was concerned enough about t he  consequences of a 
d i scharge  a t  t h i s  r a t e  t o  l a b e l  each b a t t e r y ,  "Caution: This b a t t e r y  when 

. . 



discharged a t  customer-required r a t e s  can be expected t o  vent SO2 gas.  Use 
extreme c a r e  t o  avoid brea th ing  t o x i c  fumes." The manufacturer 's  ca t a log  a l s o  
cau t ions  a g a i n s t  cons tan t  d i scharge  of t h i s  c e l l  a t  c u r r e n t s  above 1.3 amperes, 

POINT 2 

The second poin t  of t h i s  paper is now c l e a r :  u s e r s  o f t e n  ask  more of a 
b a t t e r y  than  it was designed t o  provide. The b a t t e r y  manufacturer 's  
l i t e r a t u r e  on t h i s  c e l l  suggested t h a t  t h e  b a t t e r y  would only marginal ly  meet 
t he  d ischarge  requirements of t h e  equipment a t  room temperature; and a t  -40°c, 
t h e  problem would have been even more severe.  The con t r ac to r  designing t h e  
equipment s t i l l  proposed t h i s  b a t t e r y  i n  s p i t e  of c l e a r  i n d i c a t i o n  t h a t  s a f e t y  
o r  performance problems would probably e x i s t .  The prudent user  w i l l  make an  
e f f o r t  t o  understand the  l i m i t s  of a b a t t e r y  a s  e a r l y  as poss ib l e  during t h e  
design process.  

RESULTS OF FORCED DISCHARGE 

Figure 1 shows the  vol tage  and temperature da t a  obtained during forced  
d ischarge  of t he  b a t t e r y .  A t  a cons tan t  d i scharge  cu r r en t  of 21.5 amperes, 
t h e  b a t t e r y  vol tage  dropped from an open c i r c u i t  va lue  of 36 v o l t s  t o  23 
v o l t s .  The vol tage  recovered t o  about 26 v o l t s  before  it began t o  drop a s  t he  
b a t t e r y  was forced i n t o  r eve r sa l .  About 20 seconds a f t e r  vo l tage  r e v e r s a l  
occurred,  one s i d e  of t h e  b a t t e r y  was suddenly and no i se ly  engulfed i n  
flame. Subsequent f a i l u r e s  (presumably a t  t he  c e l l  l e v e l )  spanned almost two 
minutes and bathed the  b a t t e r y  i n  flame. Then a sharp ,  d i s t i n c t  BANG 
occurred. The b a t t e r y  fragmented, and c e l l s  were s c a t t e r e d  over a r ad ius  of 
more than e i g h t  f e e t .  (At the o r a l  p re sen ta t ion  of t h i s  paper a t  the Ba t t e ry  
Workshop, a video tape  recording of the  b a t t e r y  f a i l u r e  was shown a t  t h i s  
time.) The c e l l s  were c o l l e c t e d  and examined a f t e r  t h e  t e s t .  It was c l e a r  
t h a t  most of t he  c e l l  ca ses  remained i n t a c t ,  and t h a t  t hese  c e l l s  vented 
through t h e  vents  manufactured i n t o  them; but a t  l e a s t  one case  l o s t  i ts end 
and another  ruptured through its s ide .  

POINT 3 

Li th ium/sul fur  d ioxide  c e l l s  which have been discharged i n t o  vol tage  
r e v e r s a l  a t  high r a t e  can f a i l  with s i g n i f i c a n t  v io lence .  The f a i l u r e  
descr ibed he re  is more severe  than  any we have previous ly  observed f o r  s i m i l a r  
c e l l s  under condi t ions  of abusive d ischarge  or  over d ischarge  a t  room 
temperature.  

SUMMARY 

Our s p e c i f i c  r e s u l t s  a r e  of p a r t i c u l a r  va lue  t o  t he  p o t e n t i a l  u se r  of 
t h i s  s p e c i f i c  b a t t e r y ,  but  we have i d e n t i f i e d  t h r e e  a r e a s  of concern f o r  
b a t t e r y  u s e r s  i n  genera l .  

o One must be aware t h a t  the  c h a r a c t e r i s t i c s  of l i t h ium 
c e l l s  may be changed a s  manufacturing processes  a r e  changed. 



o One should avoid forcing a c e l l  to perform beyond i t s  safe 
design l i m i t s .  

o One should be aware that even lithium/sulfur dioxide 
c e l l s  with vents can f a i l  with a "BANG" when forced into 
voltage reversal at high rate. 
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Figure  1. Voltage and temperature  d a t a  f o r  t h e  
forced  d ischhrge  of a b a t t e r y  a t  21 amperes. 



Q. Hal pert ,  JPL: This i s  a panel of experts and rather than having a 
panel of four or  f ive  members up here we have a panel of experts out 
here in the audience. The business of safety verus non-safety con- 
tinues to  go on. And depending on who i s  up here speaking and on 
what system they're speaking about, there 's  s t i l l  a question about 
whether we can build a "safe cel l  ". And i t  turns out that  Gil Roth 
here from NASA headquarters has been asking th i s  question for  a long 
time - can we build a safe ce l l .  I'm sure he'd l ike  to  see that  one 
in NASA applications. B u t  I thought I ' d  take an informal poll t o  
.see how we stand on the issue. Let 's  r e s t r i c t  i t  t o  Lithium SOp, 
Lithium Thionylchloride or  the BCX system. I s  there any one of 
those systems tha t  - l e t  me phrase the question differently - do 
you feel we can build a safe cel l  for  any application from those 
three electrochemical systems? How many of you feel as though they 
can build that? I s  there a safe ce l l ?  Ah! There a re  some people 
tha t  say I 'm  opening up the whole world. I want to  know any 
application you could think of tha t  you would se lec t  - so2, 
Thionychloride or BCX cel l  for  use and feel - safer  and t a t  word 
has always got to  be a defined word. I 'm leaving tha t  open now 
too. I saw some hands. 

A. Allvey, Saft  America, Inc.: I t h i n k  you should phrase the question 
another way. I t ' s  basically m.y contention tha t  there i s  no battery 
system - OF very few - that- I can ' t  make hazardous, so the answer - 
by definit ion i s  tha t  you cannot build a safe battery system. 

Halpert, JPL: Well I was going t o  ask tha t  as the second part of 
my question. I was going to  ask you i f  you could build a safe  and 
i f  I got no answer I was going t o  ask i s  everyone of them hazardous 
and then we' 11 go from there. B u t  we do have some people who think 
tha t  there i s  one of those three systems, in some applications, tha t  
can be safe. I saw four or f ive  hands. Would anyone want to  de- 
scr ibe a system? A1 Willis i s  using a cell  and he raised his hand. 
Would you be willing to  speak to  the issue, Al? 

A. Willis, Boeing: We have been experiencing the application of the 
lithium cel l  to  the minuteman s i lo s .  GTE has bui l t  an assembly of 
ce l l s  or'submodular three ce l l s  which, in any opinion, i s  bu i l t  
l ike  the proverbial house and, as  such, i t  has withstood a l l  the 
abusive test ing that  we have been able to  give to i t  or ,  that  i s ,  
not necessarily me but the mil i ta ry .  We have completed the dis- 
charge of one s e t  of bat ter ies  in the s i l o  sat isfactor i ly  and are 
now in the process instal l ing some others in other s i los .  Last 
year I made an investigation concerning what happens when you 
operate several ce l l s  or several bat ter ies  in para1 1 e l .  I 
speculated tha t  potentially i f  you had one cell  go bad in one 
battery, you would have a sharing of that  current. In other words, 
would go down and then the other bat ter ies  would have to  pick u p  
the load. And so you would have a sharing of the load depending 



A. Will i s ,  Boeing (Con I t )  : upon the voltage of each of the batteries.  
And as you got near the end where one cel l  would go bad in one 
battery, the other bat ter ies  would have to  pick up  that  load until 
such time there was essent ial ly  one bad ce l l  i n  each battery i f  you 
kept i t  going tha t  length of time. This i s  a schematic of the 
instal la t ion where there i s  a power bus. There i s  a controller 
between the ba t te r ies  and the bus. And when the bus got to  a certain 
voltage the ba t te r ies  were cut  in. And the bat ter ies  were used until  
a cer tain voltage was reached and they were cut out of the c i r cu i t .  
There is nine c e l l s  in each battery. There is  a diode and a fuse 
in each battery,  as shown. Getting into the area of what happens 
when one cel l  goes bad, in th i s  particular application - the OCU 
of 9 c e l l s  a t  3.65 i s  32.85 volts,  The controller had a cut-off 
of 36.25 volts and so i f  a l l  the c e l l s  went together tha t  would 
mean an average voltage of 2.94 vol ts  per ce l l .  In the event that  
the current went to  zero, then the - you 'd  have 29.2 which i s  s t i l l  
higher than tha t  26.5 which means eventually you're going to  be 
reversing some ce l l s .  In the upper sketch there i s  the voltage times 
and the solid l i ne  shows the normal discharge. Now i f  one ce l l  fa i led 
early - which i s  always the case - i n  parallel operation the other 
bat ter ies  could pick u p  the battery voltage in tha t  par t icular  stack 
would r i s e  as the current went down. That shows the upper dotted 
l ine.  The voltage on the other stacks or other bat ter ies  would go 
down because they are  picking u p  more current. Eventually the 
voltage levels out and you have essent ial ly  one dead cel l  in each 
battery. That actually happened in our discharge t e s t  and there 
are  a t  l eas t  two out of the four bat ter ies  tha t  had ce l l s  t ha t  
were driven so f a r  in reverse tha t  they would not recover the OCU. 
So tha t  was our experience w i t h  bat ter ies  in paral le l .  I t  might 
be of in te res t  t o  some of your applications. You will have a 
change i n  voltage as  one cel l  goes dead and the other bat ter ies  
will pick - u p  the load until you have essent ial ly  one dead cel l  
in each battery. 

Q. Halpert, JPL: A1 were those thionylchloride ce l l s?  

A. Willis, Boeing: Yes. 

Q. Halpert, JPL: And did you say what s ize  they were incidently? 

A. Willis ,  Boeing: 10,000 amphere hours - small ones. 

Q. Halpert, JPL: Okay, so number one your comment is  in your particular 
application i f  you have a very strong s tructure and i f  you have 
ba t te r ies  in parallel  you're safe. That's your contention a t  this 
moment and we won't push you any more on that .  And there were some 
other people who said they had a safe  design. Dave, you had your 
hand up .  Would you be willing t o  t a lk  for  a moment on the issue? 



A. Yalom, AT&Ry Inc.: Everybody must recognize that  a given battery must 
be designed fo r  a given application. And i f  bat ter ies  a re  abused or 
misused, you ' r e  going to  run into trouble. B u t  I say that  a battery 
can be made safe i f  i t ' s  designed for  i t s  end-item applications. 
That's what i t  boils down to. 

Q. Halpert, JPL: I 've  got a l o t  of hands here. Anybody disagree with 
that .  We1 1,  I mean we have different  kinds of t e s t s .  The Navy does 
heat tape t e s t s .  Are those ce l l s  safe  i f  you blow them up l ike  that?  
Are you sa t i s f ied  with a cell  i f  you see i t  blow up on a screen? 
Would you buy one of those? Well, where does safety begin and where 
does safety end? We're s t i l l  in t h i s  bind and I 'm trying t o  maybe 
separate out what i t  i s  we absolutely have to  do to  call  i t  safe and 
what i t  i s  we're doing because we think we may have to  do tha t  to  
cal l  i t  safe. There are  a l o t  of people who f e l t  tha t  we have safe  
ce l l s  b u t  you a l l  d idn ' t  ra ise  your hand. Does anybody e lse  feel 
as though we can make a safe cel l  out of those systems? 

Q. Levy, Sandia National Lab: If  you make a cel l  for  a specific 
application and the cell  sees the conditions that  i t ' s  supposed t o  
see, t h a t ' s  one thing. B u t  suppose t h i s  safe  application gets 
involved in a f i r e  or something. That's a whole other ball game. 
And how do you define safe? For instance, a LiS02 cel l  i s  designed 
to vent. I f ,  in a certain application, i t  vents as i t ' s  designed 
to do i s  i t  considered safe? Or, does i t  have to  not vent in the 
way i t s  designed you know or jus t  stay together? How do you define 
safe? 

A. Hal pert ,  JPL: Anybody want to  answer that?  We1 1 ,  I think the 
comment about the application i s  certainly reasonable. I t ' s  got t o  
be safe  in the application. B u t ,  on the other hand, you have the 
two problems - one being the basic chemistry. I s  the basic chemistry 
safe? And i s  the user handling i t  safe? That's where we have 
our problem,and obviously why we don't  want t o  use i t  in the consumer 
business. Because we know what people will do in the consumer 
business. B u t  here we have mili tary applications, we have aerospace 
applications and we have Burt Otzinger who wants to  say something. 

A. Otzinger, Rockwell International : I think one of the key items here 
i s  whether i t  i s  going to  be used in close proximity to  people or 
personnel versus using i t  in an appl ication where personnel a re  not 
going to  be imminently close to  i t .  Because I think tha t ,  insofar 
as the lithium systems, what se ts  them apart from most other kinds 
of bat ter ies  i s  that  the gasses tha t  can come off when something 
goes wrong can be persinous or can cause real problems. I f  i t  
weren't for  that  f ac t ,  I don ' t  think i t  would be quite as big a 
problem. You can come up  with your absolutely fai l -safe  system 
and so on and yet i f  you have a f i r e ,  a configuation or something - 
i f  i t  were to  happen, say, in a spacecraft where they had no way 



A. Otzinger, Rockwell International (Con't) : to  get  out or do anything - 
as soon as the gasses evolved you've got a problem. I t ' s  a safety 
problem. So, how safe could you ever be in a s i tuat ion l ike  tha t .  
I don't think you ever can be. I think you're stuck. In some kinds 
of s i tuat ions,  a submarine - I think there are  s i tuat ions where 
because of the poisonous gas s i tuat ion i f  you had some way to  deal 
w i t h  t ha t ,  then maybe you could f ina l ly  say "Yeah, maybe we can 
handle that  si tuation. B u t  I think there are unmannered space probes - 
these kind of things where, sure, i t  could be made perfectly safe. 
I don't  know about perfectly, b u t  certainly safe. 

Q. Halpert, JPL: Anybody e lse  want to  add to  that? Feel free.  

A. Taylor, Duracell International: Jus t  t o  play the dev i l ' s  advocate, 
I could araue tha t  lithium manaaanese dioxide c e l l s ,  lithium carbon 
monofluoriie c e l l s ,  lithium thinochloride ce l l s  a re -a l l  safe - 
consumer safe. And the proof of tha t  i s  tha t  they are already 
available, a l l  of them, in the consumer market place. I admit I 've  
taken a b i t  of poetic license with thionylochloride, b u t  I think 
that  everybody i s  aware that  union carbide, who talked about i t  l a s t  
year, made these available in greater quantit ies.  So, to  make the 
statement del iberal i ty ,  a l l  three of those systems are available 
cormiercial ly a1 ready. You ' 11 find managanese in your camera's 
shutter activating device. Though i t ' s  not a real time consumer 
appl i cation, you '1 1 find carbon monofluoride in the Kodak disk 
camera. And I'm not quite sure where you ' l l  going to find the 
thionylchloride, b u t  i t ' s  coming. What does tha t  mean? I think 
i t  means that  lithium systems are  going to  have a commercial future 
and maybe i t  would be to  some degree under definit ions such as 
particular applications. Maybe tha t  won't even be so in the 
future. I would hazard a guess tha t  one or  other, or more l ikely 
a range of them, are  going to  find comercial acceptance, never 
mind mili tary acceptance. Because they can ' t  do things other 
bat ter ies  cannot. 

COMMENT 

Gross, Boeing: I would l ike  to ,  j u s t  for perspective, point out 
that  the common lead-acid battery resul ts  in an order of two or 
three dozen explosions every ye* in th i s  country, many of which 
cause a l o t  of personal injury and other kinds of damage. So, 
here i s  a battery tha t  everybody considers safe,  b u t  ye t ,  when 
i t ' s  misused or not used properly, i t  too can give us explosinos 
and unsafe conditions. 

Frank, JPL: One understands the chemistry; one understands the 
thermal aspects of the system, followed up  by quality control and 
handling, I think one can specify i t  safe for  given applications. 



Q. Otzinger, Rockwell International : One other issue - disposal. I 
tend to agree w i t h  the gentleman in tha t ,  yes, 1 ithium c e l l s  a r e  going 
to  become more plentiful.  I 'm wondering how long i t ' s  going t o  be 
before disposal becomes a very serious problem? 

A. Reiss, U.S. Army ERADCOM: We're buying considerable quantit ies of 
lithium sulfur  dioxide bat ter ies  r ight  now fo r  the Army and for  some 
of the other services. We have addressed the problem of disposal 
in s ignif icant  e f for t s  over the l a s t  three years. We have come up 
with certain conclusions to  permit us to  f i e ld  the bat ter ies  a re  
treated as a hazardous material. They are  collected and central ly  
disposed of in secure land f i l l  s or hazardous waste land f i l l s .  
I t  requires particular permitting for  transportation t o  these s i t e s .  
Within the mil i tary,  we are going t o  be doing this through, routine 
contracts a t  each instal  1 ation through the property disposal system. 
Each instal la t ion has one of these off icers  or works through a 
.nearby instal la t ion.  These people will be issuing contracts on a 
routine basis fo r  the collection, not only of 1 ithium bat ter ies  but 
of other hazardous wastes that  a re  generated a t  the various 
ins ta l la t ions ,  such as photographic wastes. I t  i s  a problem. We 
have come across particular scenarios that  we are  handicapped from 
a mili tary point of view. When we got outside of the continental 
United States where bat ter ies  a re  air1 i f ted  in ,  to ta l ly  in accordance 
w i t h  Department of Transportation rules and international rules.  
And yet  when they are  used they become a different  item as f a r  as 
the rules go and we can ' t  p u t  them back on an airplane to  bring 
them out. We are  addressing this problem r ight  now. We do have 
certain controls w i t h i n  our system that  will permit us t o  go on 
and perform our mission, b u t  we think r ight  now we're a t  a point 
where we can a t  leas t  u t i l i z e  the technology, u t i l i z e  the various 
lithium densities.  B u t  there s t i l l  has to  be several issues 
resolved. 

Q. Halpert, JPL: Okay, I would have to  infer  one thing from what you 
said to  go back to  your very f i r s t  statement that  you ' r e  buying 
large quantit ies 1 ithium sulfur  dioxide ce l l s  tha t  you consider 
them safe. Am I supposing something that  i s n ' t  safe  for  the 
application? What does your definit ion say? 

A. Reiss, U.S. Army ERADCOM: As I implied, the Army has procured 
hundreds of thousands of bat ter ies  within the l a s t  three years 
alone in the lithium sulfur  dioxide technology. We have used 
these bat ter ies  safely. We have used them in a variety of 
equipments. We have also had several problems. The s t a t i s t i c s  
would show that  we've had very few problems and I don't  want to  
go into the numbers. We consider a dozen incidents too many out 
of 3 years. We are  looking a t  mili tary applications of these 
bat ter ies .  There has been some recent message t r a f f i c  reporting, 
some of these incidents that  a re  very disturbing to  our commandus. 



A. Reiss, U.S. Amy ERADCOM (Con't) :  Words t h a t  we pu t  i n t o  these 
te letypes say something l i k e  " the ba t te ry  sounded l i k e  an incoming 
round when i t  ruptured." This i s  i n t o l e rab le  t o  an so ld ie r .  They 
cannot have ba t t e r i es  on t h e i r  back o r  i n  t h e i r  foxholes t h a t  are  
blowing up, o r  rup tu r ing  o r  vent ing o r  going "bang". The i r  purpose 
i s  t o  f i g h t  a  war. They're no t  there  t o  have t h e i r  own equipment 
t u r n  on them. And t o  t h a t  extent  we f ee l  yes the  ba t te r ies  have 
been used safely,  bu t  the safe ty  record has t o  be improved. 

Q. Halpert,  JPL: I appreciate your making those comnents o f f  the  
cu f f .  Do any o ther  people f ee l  as though they have used o r  have 
app l ica t ions where they r e a l l y  consider t h e i r  SO2, t h iony lch lo r ide  
o r  BCX system safe o r  can be used i n  a  safe app l ica t ion.  Does 
t ha t  mean t h a t  every l i t h i u m  SO , th ianoch lor ide o r  BCX c e l l  i s  
hazardous? Would you no t  use i f ?  I th ink  I beat i t  t o  death, 
huh. Well, we're f r us t r a ted  - I ' m  f rus t ra ted ,  I shouldn' t  say 
we're f rus t ra ted .  Maybe o ther  people are f r us t r a ted  too bu t  
I 'm f rus t ra ted .  I see a  p o s s i b i l i t y  o f  a  rea l  advance i n  the 
techno1 ogy. We' r e  t a l  k ing about h igh energy density; we' r e  t a l k i n g  
about app l ica t ions t h a t  would no t  be usefu l .  1'11 t a l k  about the 
NASA mission, i f  you w i l l  where a  man has a  BCX c e l l  i n  h i s  helmet. 
And the on ly  way he can get  some decent hours ou t  i n  the bay - out  
i n  the s h u t t l e  bay wondering around - i s  t o  have w i t h  him a  c e l l  
o f  some k ind so he can get  enough amphere hours capaci ty so t h a t  
he can see what he's doing. Otherwise he 'd  have t o  - he'd on ly  
have h a l f  an hour a t  the most by the t ime he got  out  and got back 
i n .  





SHUNT DIODE DESIGNS I N  LI/CF SHUTTLE BATTERIES 
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ABSTRACT 

Although Li/CF c e l l s  and b a t t e r i e s  have an excel lent  s a f e t y  record, they 
have been included with o the r  ba t t e ry  systems t h a t  r e q u i r e  a d d i t i o n a l  s a f e t y  
precautions. One precaution t h a t  has been suggested i s  the  inclus ion of shunt 
d i o d e s  i n t o  t h e s e  b a t t e r i e s .  Th i s  paper  e x p l o r e s  t h e  b e n e f i t s  of t h i s  
addition. 

INTRODUCTION 

The LCFS-20 i s  a popular double-"D" s i z e  l i t h i u m  carbon-monof l u o r i d e  
c e l l  c u r r e n t l y  used i n  severa l  d i f f e r e n t  b a t t e r i e s .  One such b a t t e r y  is  the  
MAP-9036-5, t h e  Range Safety Battery used i n  the  Space Shu t t l e  Program. I n  an 
attempt t o  fu r the r  increase  the sa fe ty  of the  ba t t e ry ,  a con t rac t  was proposed 
t h a t  included the  incorporat ion of a shunt diode board i n t o  the  bat tery .  The 
r e s u l t i n g  ba t t e ry  i s  designated MAP-9036-7. The v i t a l  s t a t i s t i c s  on the  MAP- 
9036-7 a r e  a s  follows: 

Height: 5.3 inches Nominal OCV: 38.0 v o l t s  
Width: 6.6 inches Nominal Working Voltage: 29.0 v o l t s  
Length: 8.0 inches Nominal Capacity: 20.0 a.h. 
Weight: 9.0 pounds Nominal Discharge Rate: 0.5 amperes 
Cells: 13 LCFS-20 Operating Temperature Range: + 2 0 ° ~  t o  +140°~ 

The diode designated t o  be used was the  IN5550 s i l i c o n  r e c t i f i e r  diode. 
The v i t a l  s t a t i s t i c s  f o r  the  diode a r e  a s  follows: 

Working Peak Reverse Voltage Rating: 200 v o l t s  
Maximum Average Forward Current: 3 amperes 
Surge Current Rating a t  +55:~: 150 peak amps maximum 
D.C. Reverse Current a t  100oC I 200V: 0.025 mA dc maximum 
Forward Voltage Drop a t  +55 C ag 3 amperes dc: 1.0 v o l t s  maximum 

The d i o d e s  were included i n  the  b a t t e r y  t o  a c t  a s  a shunt i n  the  event 
tha t  any c e l l  became overdischarged and began t o  reverse. The diode(s)  would 
n o t  a l l o w  t h e  c e l l  ( o r  c e l l s )  t o  go i n t o  deep r e v e r s a l  and thereby would 
prevent any damage t h a t  t h i s  deep r e v e r s a l  might cause  t o  t h e  c e l l  and t h e  
t o t a l  ba t t e ry  voltage. A b a t t e r y  schematic i s  shorn i n  Figure 1. 



The b a t t e r y  
Thig d i s c h a r g ~  w a s  
-25 F t o  +I55 F. 

was t o  b e  d i s c h a r g e d  a t  a c o n s t a n t  rate of 0.50 amperes. 
t o  b e  d e l i v e r e d  anywhere w i t h i n  a t e m p e r a t u r e  r a n g e  of  

The  c u s t o m e r  w a s  e s p e c i a l l y  c o n c e r n e d  a b o u t  c e l l s  t h a t  had been  
discharged,  allowed t o  s t and  f o r  a per iod  of approximately t h r e e  months ,  and  
t h e n  d r i v e n  i n t o  r e v e r s a l .  T h i s  s i t u a t i o n  had caused problems i n  d i f f e r e n t  
b a t t e r y  systems and t h e r e  was concern about how t h e  L ~ / C F  c e l l s  would r e a c t .  
A s  a r e s u l t ,  c e l l s  a p p r o x i m a t i n g  t h i s  cond i t i on  were t e s t e d  as were f r e s h l y  
discharged c e l l s .  

The LCFS-20 c e l l s  were t e s t e d  t o  t h e  fo l lowing  ou t l i ne :  

1. Hot Tes t  (165 + o r  - 5 ' ~ )  

A. Previously discharged cells 
1. Reversed wi th  shunt  d iode  
2. Reversed without shunt  diode 

B. Recent ly discharged c e l l s  
1. Reversed wi th  shunt  diode 
2. Reversed without shunt  diode 

2. Room Temperature Tes t  (outdoor  ambient) 

A. Prev ious ly  discharged c e l l s  
1. Reversed wi th  shunt diode 
2. Reversed without shunt  diode 

B. Recently discharged c e l l s  
1. Reversed wi th  shunt  diode 
2. Reversed without  shunt  diode 

3 .  Cold Tes t  (-25 + o r  - 5 ' ~ )  

A. Prev ious ly  discharged c e l l s  
1. Reversed wi th  shunt  diode 
2. Reversed without  shunt  d iode  

B. Recent ly discharged c e l l s  
1. Reversed wi th  shunt  d iode  
2. Reversed without shunt  diode 



Cells used in these tests were standard production cells that were used 
as lot acceptance cells. They were discharged at a constant current of 0.50 
amperes to an end voltage of 200 volts. To successfully complete lot 
acceptance, the cells must deliver a minimum of 19.8 ampere-hours of capacity. 
The history of the cells used is a follows: 

Delivered Capacity Days from Capacity Test 
Serial Number (amp-hours) to Diode Test 

The cells were allowed to equilibrate in their test environments for 
between 20 and 48 hours prior to discharge and reversal. Elapsed time, 
currents, voltage, and cell skin temperatures were monitored using standard 
calibrated timers, ammeters, DVM's and trendicators. The current was kept 
constant through the use of a power supply and a five-ohm resistor. A typical 
dischargelreversal set-up is shown in Figure 2. 

Figures 3 through 8 show the results of the test discharges/reversals. 
Figure 3 shows the gesults of the previously discharged cells discharged at 
approximately 165 F. Cell Serial Number 1322 was discharged without a shunt 
diode. It reached a minimum voltage of -0.92 volts at approximately 2.5 
hours. Shortly after this, the cell vented and the voltage began to rise. 
The test was discontinued at 2.75 hours. Cell Serial Number 1327 was 
discharged with a shunt diode and reached a minimum voltage of -0.12 volts at 
four hours. At this time, it also vented and the voltage began to rise. This 
test was terminated at 4.1 hours. The LCFS cells are vented by the placement 
ef a downward-oriented sticker overlaying a thin diaphragm. As the pressure 
builds inside a cell, the diaphragm expands outward until it meets the sticker 



and i s  pierced.  The above-mentioned c e l l  ven t s  were t h i s  type of very pass ive  
vent.  The only i n d i c a t i o n  t h a t  a ven t  had occurred was t h e  d i s t i n c t  aroma of 
t h e  c e l l s '  e l e c t r o l y t e .  T h e r e  w a s  no evidence of anything o t h e r  than  vapor 
leav ing  t h e  c e l l .  

F igure  4 shows t h e  t e s t  r e s u l t s  of more r e c e n t l y  discharged c e l l s  run a t  
1 6 5 ' ~ .  C e l l  S e r i a l  Number 1 4 8 5  w a s  d i s c h a r g e d  w i t h o u t  a d i o d e  f o r  
a p p r o x i m a t e l y  24 h o u r s .  A t  one h o u r ,  t h e  c e l l  had vented a t  a vol tage  of 
-0.40 v o l t s .  The r e v e r s a l  was c o n t i n u e d  and  a t  t h e  2.5 h o u r  = a r k  (-0.83 
v o l t ) ,  t h e  d i o d e  began  t o  c a r r y  c u r r e n t .  The v o l t a g e  s t a b i l i z e d  a t  -1.52 
v o l t s  w i th  t h e  diode c a r r y i n g  0.483 amperes. 

F igure  5 shows t h e  t e s t  r e s u l t s  f o r  p r e v i o u s l y  and f r e s h i y  d i s c h a r g e d  
c e l l s  r e v e r s e d  a t  o u t d o o r  ambient  t e m p e r a t u r e s  (57 + o r  - 10 F) without  
diodes.  Both p r e v i o u s l y  d i s c h a r g e d  c e l l s  ( S e r i a l  Numbers 1354 and 1386) 
r e v e r s e d  q u i c k l y ,  and  by t h i r t y  minutes i n t o  t h e  r e v e r s a l ,  had reached t h e i r  
minimum v o l t a g e s  of -4.68 and-1.46 v o l t s ,  r e spec t ive ly .  However, by t h e  two- 
hour mark, both c e l l  vo l t ages  had s t a b i l i z e d  a t  -0.20 v o l t s  and remained t h e r e  
f o r  t h e  r e m a i n d e r  of t h e  t e s t .  The f r e s h l y  discharged c e l l s  ( S e r i a l  Numbers 
1463 and 1471) bo th  reversed  only t o  approximate ly  -0.10 v o l t s  by t h e  f i v e -  
hour mark and remained t h e r e  f o r  t h e  remainder of t h e  t e s t .  

Figure 6 shows t h e  t e s t  r e s u l t s  of bo th  previous ly  ( S e r i a l  Number 1335) 
and r e c e n t l y  ( S e r i a l  Number 1395) d i s c h a r g e d  c e l l s  d i s c h a r g e d  a t  o u t d o o r  
ambien t  t e m p e r a t u r e s  w i t h  d i o d e s .  W i t h i n  t h e  f i r s t  hour of r e v e r s a l ,  both 
c e l l s  had reached t h e i r  minimum vo l t ages  of -1.04 and -0.81, r e spec t ive ly .  By 
t h e  t h i r d  hour ,  bo th  c e l l s '  v o l t a g e s  had  r i s e n  and s t a b i l i z e d  a round -0.15 
v o l t s ,  where t h e y  s t a y e d  f o r  t h e  remainder of t h e  discharge.  I n  both t e s t s ,  
t h e  d iodes  began t o  func t ion  when t h e  c e l l  vo l t age  reached -0.60 v o l t s .  The 
d i o d e s  g r a d u a l l y  began  t o  c a r r y  more and more of  t h e  c u r r e n t  u n t i l  t h e y  
c a r r i e d  approximately 0.250 amperes a t  both c e l l s '  minimum v o l t a g e s ,  A s  t h e  
v o l t a g e s  began t o  r i s e ,  t h e  c u r r e n t s  t h rough  t h e  diodes began t o  gradual ly  
f a l l  u n t i l  they were no longer  func t ioning ,  w i t h  n e i t h e r  f u n c t i o n i n g  by t h e  
two-hour mark. 

F igure  7 shows t h e  t e s t  r e s u l t s  of t h e  cold (-25 + o r  -5 '~ )  d i scharge  of 
b o t h  t h e  p r e v i o u s l y  ( S e r i a l  Number 1377)  and r e c e n t l y  ( S e r i a l  Number 1500) 
discharged c e l l s ,  each without  diodes.  Each c e l l  reversed quick ly  wi th  S e r i a l  
Number 1377 reaching a minimum vo l t age  of -29.4 v o l t s  a t  t h e  ten-minute mark, 
and S e r i a l  Number 1500 reaching i ts  minimum of -9.4 v o l t s  a t  16  minutes. Each 
c e l l  began t o  recover  soon a f t e r ,  wi th  S e r i a l  Number 1500 reaching  -0.30 v o l t s  
by t h e  f i v e - h o u r  mark and -0.10 by t h e  t e s t  conclusion. S e r i a l  Number 1377, 
t h e  previous ly  d ischarged  c e l l  took longer  t o  recover ,  being -2.5 v o l t s  by t h e  
five-hour mark and -0.6 v o l t s  by t e s t  conclusion. 

F i g u r e  8 shows t h e  t e s t  r e s u l t s  o f  t h e  p r e v i o u s l y  d i s c h a r g e d - c e l l  
( S e r i a l  Number 1366)  and  t h e  r e c e n t l y  discharged c e l l  ( S e r i a l  Number 1460) 
both wi th  diodes,  C e l l  S e r i a l  Number 1366 reversed  immediately upon d ischarge  
t o  approximate ly  -1.10 v o l t s  where i t  remained  u n t i l  n e a r  t h e  end of  t h e  
discharge when i t  r o s e  t o  -0.40 v o l t s  by t h e  24-hour mark. I ts diode began t o  
func t ion  immediately, c a r r y i n g  0.425 amperes a t  t h e  one-minute mark and slowly 



r i s i n g  t o  0.480 amperes by one hour. A t  t h e  end  of t h e  d i s c h a r g e ,  when t h e  
c e l l  v o l t a g e  was -0.40 v o l t s ,  t h e  d i o d e  was n o t  func t ion ing .  C e l l  S e r i a l  
Number 1460 a l s o  reversed  e a r l y  i n  t h e  d i s c h a r g e ,  h a v i n g  a  v o l t a g e  of  -0.68 
v o l t s  a t  t h e  19-minute mark where t h e  d iode  began t o  func t ion .  By t h e  two- 
hour mark, t h e  vo l t age  had reached i t s  minimum of  -1.28 v o l t s  and t h e  d i o d e  
was c a r r y i n g  i t s  maximum l o a d  of  0.400 amperes. However, by t h e  five-hour 
mark, t h e  c e l l  vo l t age  had r i s e n  t o  -0.20 v o l t s  and t h e  d i o d e  was no l o n g e r  
funct ioning.  

EVALUATION AND RECOMMENDATIONS 

A l l  c e l l s  t e s t e d  a t  t h e  e l e v a t e d  t e m p e r a t u r e s  v e n t e d  r e g a r d l e s s  of 
l e n g t h  of t ime between be ing  f u l l y  discharged and reversed o r  i nc lus ion  of t h e  
diode i n  t h e  system. C e l l s  d i s c h a r g e d  a t  ambien t  t e m p e r a t u r e s  a l l  show a 
r e l a t i v e l y  q u i c k  r e v e r s a l ,  b u t  by t h e  two-hour mark,  had s t a b i l i z e d  a t  
vo l t ages  t h a t  were h igh  enough t h a t  t h e  d i o d e s  were n o t  f u n c t i o n i n g .  C e l l s  
t e s t e d  a t  d e p r e s s e d  t e m p e r a t u r e s  r e v e r s e d  t h e  deepest  of a l l  c e l l s  t e s t e d ,  
w i t h  t h e  d e e p e s t  r e v e r s a l  o c c u r r i n g  v e r y  e a r l y  i n  t h e  t e s t  and v o l t a g e s  
recovering t o  above -0.60 v o l t s  near  t h e  end of t h e  t e s t s .  

These  t e s t s  were  conduc ted  a t  o n l y  one r a t e  of discharage.  A h igher  
r a t e  of d i scharge  may cause t h e  diode t o  b e  used  f o r  l o n g e r  p e r i o d s  of  t i m e  
i n s t e a d  of j u s t  t h e  s h o r t  t r a n s i e n t  pe r iods  observed. Conversely, a t  a  lower 
r a t e  of d i scharge ,  t h e  d iodes  may no t  func t ion  a t  any time. 

H i s t o r i c a l l y ,  Li /CF c e l l s  have had no  s e v e r e  e f f e c t s  t o  r e v e r s a l .  
Ins tead  of any type of explosion o r  v i o l e n t  r e a c t i o n ,  t h e  pas s ive  vent  i s  t h e  
worst  observed response. This  vent ing  i s  gene ra l ly  a t t r i b u t e d  t o  t h e  so lven t  
r e d u c t i o n  t h a t  o c c u r s  i n  t h i s  c a t h o d e - l i m i t e d  c e l l ;  however ,  p re l iminary  
t e s t i n g  has  shown t h a t  anode-limited c e l l s  w i l l  e l i m i n a t e  t h e  v e n t i n g  d u r i n g  
ho t  r eve r sa l .  

These observa t ions  a r e  based on t h e  t e s t i n g  of a  smal l  number of c e l l s ,  
and f u r t h e r  c e l l  t e s t i n g  a s  we l l  a s  t e s t i n g  on t h e  b a t t e r y  l e v e l  i s  p l anned .  
Based on  c u r r e n t  i n f o r m a t i o n ,  t h e  d i o d e s  would f u n c t i o n  a s  p l anned  i n  a  
l i m i t e d  s e t  of c ircumstances wi th  l i m i t e d  b e n e f i t  t o  t h e  program. 

We would l i k e  t o  acknowledge t h e  suppor t  of t h e  M a r s h a l l  Space  F l i g h t  
Center i n  t h e  conducting of t h i s  work. 
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ABSTRACT 

I n  l a t e  1981 customers of General E l e c t r i c  Battery Business Department 
(GE/BBD) were n o t i f i e d  t h a t  suppl ies  of Pellon 2505ML separa tor  would be 
exhausted i n  about 2 years. Ef fo r t s  were made by Pellon Corporation t o  
dupl ica te  t M s  mater ia l  but were unsuccessful. 

A jo in t  Government program t o  qua l i fy  a new separa tor  f o r  n i c k e l  
cadmium (NiCd) c e l l s  was proposed. The j o i n t  program would el iminate 
dupl ica t ion of e f f o r t  between Agencies and Contractors. Cel l  buys a r e  being 
made by NASA/GSFC and Naval Weapons Support Center, Crane (NWSC). Cel ls  
w i l l  be acceptance t e s ted  and severa l  c e l l s  w i l l  be operated i n  a 
charge/discharge character iza t ion matrix. Ce l l  packs w i l l  be l i f e  t e s t e d  a t  
NWSC i n  low e a r t h  o r b i t  (LEO) and geosynchronous (GEO) o r b i t  under r e a l  time 
and accelera ted  conditions. 

It i s  an t i c ipa ted  t h a t  preliminary q u a l i f i c a t i o n  data  w i l l  be ava i l ab le  
i n  about 1 year wi th  more complete da ta  i n  about 3 years. A new Pellon 
Corporation separa tor  w i l l  be evaluated by simulated t e s t i n g  i n  advance of 
a c t u a l  space usage. 

BACKGROUND 

The separa tor  mate r i a l  of choice f o r  aerospace hermetical ly sea led  NiCd 
cells has been Pellon Corporation product number 2505ML. This non-woven 
nylon f a b r i c  i s  used i n  v i r t u a l l y  a l l  aerospace NiCd c e l l s  today and is  t h e  
only qua l i f i ed  material i n  most appl ica t ions .  

Manufacture of t h e  2505ML separa tor ,  which was p a r t  of a s e r i e s  of 
s imi la r  ma te r i a l s  produced by Pellon Corporation, w a s  discontinued i n  1976 
and the  l a s t  ava i l ab le  mater ia l  a t  GE/BBD w i l l  be committed i n  1984. A l l  



f u t u r e  c e l l  orders would require  a new o r  replacement separator .  I n  
December, 1981 GEIBBD n o t i f i e d  a l l  use r s  of t h e  separa tor  mate r i a l  of t h e  
coming problem. 

A t  t h e  i n s t i g a t i o n  of GEIBBD and o the r  use r s  Pellon Corporation made 
severa l  at tempts t o  re-produce the  2505ML material .  These at tempts were 
made on equipment similar t o  t h e  o r i g i n a l  production l i n e  which had been 
dismantled and u t i l i z e d  s t a r t i n g  nylon f i b e r s  s l i g h t l y  d i f f e r e n t  than 
previous material .  The separa tor  from severa l  product runs was evaluated. 
Product c h a r a c t e r i s t i c s  were found t o  be variable.  

A t  t h i s  point  a l t e r n a t i v e s  were examined. Since t h e  manufacturing 
process u t i l i z e d  z inc  chlor ide  i n  a cr i t ical  s t e p  and t h e  process e f f l u e n t  
could no longer be dumped without expensive treatment the re  was a se r ious  
cos t  impact. Further, a new non-polluting process, s imi la r  t o  one i n  use 
f o r  about 10 years i n  Germany, was being i n s t a l l e d  t o  produce separa tor  
mater ia l  claimed t o  be superior .  Early evaluations of t h e  new separa tor  
were posi t ive .  It was decided t o  w a i t  f o r  t h e  new mater ia l  produced by 
Pellon Corporation i n  t h e i r  Lowell, Mass. f a c i l i t i e s .  

APPROACH 

Informal discussions were held between NASAIGSFC, Naval Research 
Laboratory (NRL), A i r  Force Space Division (AF/SD), and Aerospace 
Corporation personnel a c t i v e  i n  MiCd usage, The benef i t s  of a coordinated 
program i n  terms of c o s t  and d a t a  base s i z e  were c lea r .  The following 
program o u t l i n e  f o r  a j o i n t  characterization/qualification t e s t  were 
formulated: 

o NASAIGSFC purchase NASA standard c e l l s  
o AFINavy purchase m i l i t a r y  program t y p i c a l  c e l l s  
o NWSC t o  conduct t e s t i n g  
o Generate a coordinated t e s t l d a t a  base 
o Coordinate with Contractors t o  assure  test v a l i d i t y  and 

accep tab i l i ty  
o Avoid dup l ica te  q u a l i f i c a t i o n  and l i f e  tests 

AF/NAW JOINT IROGRAM 

Since t h e  A~/Navy needs and cel l  requirements a r e  c lose  i t  was decided 
t o  have a common c e l l  buy and cen te r  t h e  program management function a t  
NWSC. Technical support ,  component t e s t i n g ,  and d a t a  ana lys i s  w i l l  be 
performed by Aerospace Corporation. 



A s ing le  buy of 150 c e l l s  with t he  following general  charac te r i s t i cs  
w i l l  be made: 

o Cel l  Types 
- 26.5AH - 42B030AB10 
- 34 AH - 42BO34ABO2 
- 35 AH - 42BO35ABO2 
- 50 AH - 42B050AB24 

o Electrode Types 
- A l l  s i l v e r  t rea ted  negatives except 26.5AH which i s  t e f l on  

t reated 
- A l l  posi t ives  a r e  "standard" process 

o Separator Types 
- Half Pellon 2505ML - Half Pellon Corporation new nylon mater ia l  

Cells  w i l l  be procured t o  a s ing le  procurement spec i f ica t ion  t h a t  i s  
performance oriented. The unique fea tures  of t h i s  document a r e  requirements 
f o r  a l i s t i n g  of manufacturing documentation suf f ic ien t  t o  define the  
methods, processes and procedures a t  a given point i n  time and mandatory 
customer inspection points a t  key manufacturing steps.  The f i r s t  
requirement is  intended t o  help c l a r i f y  and iden t i fy  any changes which may 
occur with time i n  the  production of an aerospace c e l l .  The second 
requirement is  intended t o  provide c lose  coordination and cooperation 
throughout the  c e l l  manufacturing cycle between customer and vendor. 

After the  c e l l s  receive an acceptance t e s t  a t  t h e  vendor, GE/BBD, they 
w i l l  be acceptance tes ted  a t  WSC f o r  comparison and pack matching. A 
sample quanti ty of c e l l s  from each subcategory w i l l  be vibrated t o  simulate 
launch environment then be placed i n  character izat ion tes t ing.  These 
characterization t e s t s  a t  various currents  and temperatures w i l l  provide 
assurance there a r e  no gross derivations between t h e  "old" and "new" 
separator c e l l s  and the  ex i s t ing  voltage-temperature charge curves a r e  va l id  
f o r  the  "new" separator c e l l s .  

Additionally, samples of each c e l l  type w i l l  be s e t  as ide  unactivated 
(dry) and act ivated (wet) t o  a c t  a s  controls  f o r  possible use i n  fu ture  
des t ruct ive  physical analysis .  Samples of separator mater ia l  and e lect rodes  
w i l l  be provided t o  Aerospace Corporation f o r  evaluation. 

Following c e l l  pack matching and assembly the  packs w i l l  be placed on 
t e s t  according t o  t he  t e s t  matrix shown i n  Table I. I n  both LEO and GEO 
o r b i t s  two t e s t  l eve l s  were selected.  The higher temperature and grea te r  
depth of discharge (LEO only) was chosen t o  simulate a worst case condition 
and offer  an attempt a t  accelerating any degradation e f fec t s .  The second 



s e t  of test conditions was an attempt t o  simulate the  ac tua l  use 
environments being experienced, except f o r  accelerat ion of the  GEO 
operation, f o r  any possible long term o r  subt le  differences well  i n  advance 
of actual  f l i g h t  usage. 

It should be pointed out the use of 10 c e l l  packs i s  an attempt t o  get  
somewhat more s ign i f ican t  s t a t i s t i c a l  data. A constant source of i r r i t a t i o n  
and consternation facing the test designer is t h a t  compromise between 
funding and the des i re  f o r  more c e l l s  and t e s t  conditions. The p a r t i a l  use 
of 10 c e l l s  packs is an attempt t o  balance these needs. 

Details  of the  tes t ing  conditions a r e  shown below: 

o LEO Orbit - Real Time 
- 33.6 minute ecl ipse  
- 67.2 minute sunlight 

o GEO Orbit - ~ c c e l e r a t e d  
- 42 ecl ipses  per season 
- 72 minutes maximum ecl ipse  
- 56 days per season 
- Recondition between seasons 

The NASAIGSFC t e s t  matrix complements the  AF/Navy t e s t .  Table I1 
presents t h i s  t e s t  matrix which w i l l  proceed i n  pa ra l l e l  with the AF/Navy 
t e s t  and be conducted a t  NWSC. It can be seen t h a t  posi t ive  electrodes 
manufactured t o  e a r l i e r  processes w i l l  a l so  be compared t o  the l a t e s t  GE/BBD 
electrode processes. 

SCHEDULE 

The joint  program has been funded and i s  proceeding. A c e l l  
procurement specif icat ion has been reviewed and i s  i n  the  f i n a l  approval 
stages. A schedule of major a c t i v i t i e s  i s  presented below: 

o Component Evaluation ( s t a r t )  Nov 83 

o Cell Purchase Order 

o Detailed Test Plan 

o Cell  Delivery 

o Cell  Evaluation, NWSC 

Jan 84 

Sept 84 

Nov 84 

Nov 84 - Jan 85 

o Life Test S t a r t  

o F i r s t  Report 

Jan 85 

June 85 



CONCLUSION 

These separator qua l i f i ca t ion  t e s t s  w i l l  provide a common and d i r e c t  
comparison of Pellon 2505ML and a replacement separator i n  advance of ac tua l  
f l i g h t  usage. When ac tua l  f l i g h t  usage i s  imminent t he  confidence generated 
by an accumulated c e l l  test data  base w i l l  be appreciated. By performing 
t h i s  tes t ing a t  a s ing le  location, NWSC, the  quanti ty of d i r ec t l y  comparable 
data can provide a more s t a t i s t i c a l l y  va l id  data  base at  lower cos t  t o  each 
program. 

To maximize t e s t  value a s e r i e s  of widely dis t r ibuted,  t o  t yp i ca l  NWSC 
dis t r ibut ion,  i s  planned. There w i l l  be an acceptance t e s t  report  including 
vibration and characterization data, a ~ u a l  NWSC l i f e  t e s t  reports,  spec ia l  
reports on component evaluation, and trends analysis  t o  the ac tua l  users. 



T a b l e  I 

AF/Navy J o i n t  P r o g r a m  T e s t  M a t r i x  

ORBIT 

LEO 

LEO 

GEO 
ACCEL 

CEO 
ACCEL 

L 

2505 ML SEPARATOR 
J 

NEW SEPARATOR 

TEST 
TEMP "C 

5 

20 

5 

20 

DoD 
% ACTUAL 

25 

40 

75 

75 

50AH 

5 

10 

26.5AH 

5 

10 

50AH 

5 

10 

CHARGE 
CONTROL 

V -T 
TAPER 

V -T 
TAPER 

V -T 
TAPER 

v -T 
TAPER 

34135AH 

5 

10 

5 

10 

34135AH 

5 

10 

5 

10 

26.5AH. 

5 

10 
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DISCUSSION 

Q. Hendee, Telesat Canada: Quite  interested i n  your program. I t h i n k  
i t ' s  a very valuable thing to  be pursued. Several questions however. 
I t  might have been tha t  I couldn't hear you. Incidently, next time 
don't  use blue background. I can hardly see t h e m  back here. 

A. Milden, Aerospace Core.: I t  was for  those who wanted to  go t o  sleep. 

Q. Hendee, Telesat Canada: Where you were saying the negatives were 
teflon and s i lve r ,  i s  tha t  one type of negative electrode tha t  has 
both teflon and s i lver?  Or i s  i t  two separate types of electrodes. 

A. Milden, Aerospace Corp.: The 26% ampere hour cel l  has teflonated 
negatives. All the others have s i lver .  

COMMENT 

Hendee, Telesat Canada: This i s  so r t  of a general comment which was 
made by some of the more subtle comments in the audience. I ' d  love 
to  know what your standard positive i s  these days. 

Milden, Aerospace Corp.: No comment. I don't  think Guy i s  here. 

Q. Hendee, Telesat Canada: Guy i s n ' t  here to  defend himself. Okay, 
your cel l  spec that  you're coming u p  w i t h  i s  this going to  be 
generally available to  other than the contributers to  t h i s  program? 
Is  the general industry going to  be able to  get  copies of i t ?  

A. Milden, Aerospace Corp. : I real ly  don't think you'd want a copy 
of i t ,  Ed. There's nothing unique in i t .  I t ' s  just a spec that  
defines the 4 ce l l s  we're trying t o  buy - nothing more. There's 
no secret  proprietary or anything extra.  

Q. Hendee, Telesat Canada: No, I know. We'd bet ter  not be a f t e r  
proprietary information, b u t  - I'm getting t o  another one. You said 
the t e s t  information i s  only going to  be available to  the users. I 'm  
getting - I'm te r r ib ly  interested i n  t h i s  program. I think we a l l  
ought to  be. 

A. Milden, Aerospace Corp. : I 'm sorry i f  there ' s  any confusion on 
tha t ,  Ed. The reason we're having them do the test ing i s  so tha t  the 
information would be available to  everybody. The comment tha t  I 
made there i s  that  on each of the individual programs that  a re  
actually paying for  i t ,  the program support people will be doing 



A. Milden, Aerospace Corp. (Con ' t ) :  ana lys is  f o r  t h a t  i n d i v i d u a l  program, 
bu t  t h a t ' s  over and above " the  normal Crane repor t i ng " .  We may want 
t o  g e t  a  computer dump o f  more accurate data o r  more d e t a i l e d  data 
than i s  normal ly  a v a i l a b l e  from Crane. But t h a t ' s  a v a i l a b l e  t o  anybody 
a t  e x t r a  cost .  

Q. Hendee, Telesat  Canada: Okay, obviously I ' v e  g o t  a  g rea t  i n t e r e s t  i n  
t h i s .  Take t h a t  as a  le f t -handed compliment. A couple o f  more th inqs-  
your  r e a l  t ime geosynchronous i s  b a s i c a l l y  what I ' m  i n t e r e s t e d  i n .  

- 

Are you going t o  be doing pe r iod i ca l  chemical ana lys is?  

A. Baer, NASA/Goddard: As usual we d idn  ' t  have much money. So we 
c o u l d n ' t  g e t  r e a l l y  enough c e l l s  t o  do t h a t  much ana lys is  ourselves 
So the re  probably won't  be too much chemical analys is .  There are  
a  couple o f  e x t r a  c e l l s  and we probably w i l l ,  a t  some p o i n t  i n  t ime, 
p u l l  a  couple o f  them o u t  and do some ana lys is .  The o the r  p o i n t  I ' d  
l i k e  t o  c l a r i f y  i s  t h a t  i n  the  NASA program t h e y ' r e  a l l  50 ampere 
hour c e l l s .  They a re  a l l  t e f l ona ted  negatives and t h e y ' r e  a l l  going 
t o  be b u i l t  t o  a  NASA standard MCD, which i s  a  l i t t l e  d i f f e r e n t  than 
GE's standard MCD. 

Q. Hendee, Telesat  Canada: Now i n  your rea l - t ime  geosynchronous l i f e  
t e s t ,  two th ings :  Why d i d  you p i c k  75% DOD and - which t i e s  i n  - 
What k ind  o f  a  l i f e t i m e  a re  you expect ing from these? 

A. Milden, Aerospace Corp. : Well, t h e  reason t h a t  was chosen i s  because 
t h e r e ' s  a  data base on i t  and i t  would be comparable t o  t h e  e x i s t i n g  
data base. Dave and I have discussed tha t .  Mike, I asked him t h e  
same quest ion. You want t o  take t h e  second p a r t  o f  it, Dave? 

A. Baer, NASAIGoddard: As f a r  as t h e  rea l - t ime  geo goes, I had thought 
about doinq 60% - t h a t ' s  ra ted  i n c i d e n t l y .  But, a t  60% i t ' s  going 
t o  take a  heck o f  a  long t ime when y o u ' r e  running r e a l  t ime t o  know 
i f  t h e y ' r e  any good o r  not .  We do have somewhat o f  a  data base a t  
80%. There have been t e s t s  run i n  the  past  and r i g h t  now I 'm 
t h i n k i n g  about doing 80% j u s t  t o  k ind  o f  accelerate a  l i t t l e  b i t .  
With a  l i t t l e  b i t  o f  arm-twist ing somebody might  be able t o  change 
my mind i f  they know o f  a  good reason t o  run 60 here. But  i t  j u s t  
seems 1  i ke 80 i s  a  n i c e  compromise between g e t t i n g  some r e s u l t s  i n  
a  reasonable amount o f  t ime and having something t o  compare to .  

COMMENT 

Milden, Aerospace Corp. : By t h e  way, Ed. The ac tua l  l i f e  t e s t i n g  
won' t  s t a r t  f o r  awhi le. I f  anyone has any comments on the  l e v e l s  
we've chosen o r  anyth ing o f  t h a t  so r t ,  I ' d  be very happy t o  l i s t e n .  
Because b a s i c a l l y  we're t r y i n g  t o  have as un iversa l  a t e s t  as 
poss ib le  t o  avoid i n d i v i d u a l  qua1 i f i c a t i o n s  t o  your programs. So, 
i f  we can f i t  i t  i n  somewhere, we'd be more than happy to .  



Hendee, Telesat  Canada: There's one o ther  comment. I f  you want some 
he lp  o r  something maybe t a l k  t o  me l a t e r .  

Q. Roth, NASA HQ: Th is  may be o f f  base o r  maybe I j u s t  d o n ' t  know much 
about these th ings  bu t  I wondered i f  i t ' s  as s i g n i f i c a n t  a  problem 
as you say i t  i s  and t h z  f a c t  t h a t  you won' t  have t h i s  separator 
ma te r ia l  and so on a f t e r  nex t  year. Do you have any contingency 
plans i n  case th ings  d o n ' t  work o u t  t h e  way you t h i n k  they should? 

A. Milden, Aerospace Corp.: The answer t o  t h a t  i s  we s o r t  o f  have a  
contingency p lan  i n  t h a t  we've b a s i c a l l y  been wa i t i ng  f o r  t h e  US 
manufactured. ma te r ia l  and Pel lon-US has- had some problems i n  s t a r t i n g  
up and they be1 ieve  t h e y ' r e  ready now - Lee i s  going t o  address those 
questions. And, i n  terms o f  contingency we always have t h e  
Freudenberg, t h a t  i s  Pel 1  on's parent  company, ma te r ia l  which has been 
used successfu l ly  f o r  a  number o f  years i n  European s a t e l l i t e  programs 
and i n  commercial c e l l s  i n  t h i s  country. I guess t o  a  g r e a t  ex tent  
we're saying tha t ,  pardon t h e  expression, we're going t o  be a  
success o r ien ted  program. We don ' t foresee any d i f f e rences  because 
once the  ma te r ia l  has been looked a t  and gone through screening 
tes ts ,  i t ' s  no t  1 i ke ly  t h a t  t he re  would be any major dev ia t ions .  
And, yes, i t ' s  a  very important  t h i n g  t o  examine - the  Ni-Cd c e l l  i s  
a  s u b t l e  t h i n g  and i f  y o u ' r e  l ook ing  a t  the  cos t  you ' re  t a l k i n g  about 
roughly $1-1% m i l l  i o n  t o  do t h e  t e s t  and we launch how many b i l l  ions  
o f  d o l l a r s  worth o f  s a t e l l i t e s  a  year? I t ' s  a  drop i n  t h e  bucket. 

Q. Hafen, Lockheed: A number o f  years ago we had the  2503 separator 
and I was wondering about the  a v a i l a b i l  i t y  o f  t h i s  and what your 
op in ion  i s  o f  t h e  t e s t  r e s u l t s .  

A. M i  lden, Aerospace Corp. : We1 1  , the  2503 i s  manufactured using t h e  
same process as the  2505. I t ' s  j u s t  a  d i f f e r e n t  thickness and i t  
w i l l  no longer be a v a i l a b l e  e i t h e r ,  because i t  uses the  z inc -  
c h l o r i d e  step. Lee can comment on i t s  equ iva lent  and what w i l l  
be ava i lab le .  B a s i c a l l y  the  i n d u s t r y  i s  p r e t t y  much, except f o r  
1 o r  2  very l i m i t e d  app l ica t ions ,  standardized on 2505 and I t h i n k  
I know what you ' re  t a l k i n g  about. There i s  s u f f i c i e n t  ma te r ia l  
a v a i l a b l e  i n  2503 t o  l a s t  a  long time. I d o n ' t  know how many years 
b u t  we've checked t h a t  i ssue and the  ma te r ia l  i s  a v a i l a b l e  and 
s e t  aside. 

Q. Rogers, Hughes A i r c r a f t :  When you use the  z inc -ch lo r ide  process 
y o u ' r e  c e r t a i n l y  a t tack ing  the  sur face of t he  f i b e r s .  

A. Christensen, Pe l lon  Corporation: No excuse me you ' r e  c e r t a i n l y  
a t tack ing  the  f i b e r  when you use z inc  c h l o r i d e  process. Hot 
gas welding I should t h i n k  would leave the  sur face i n  a  very 
d i f f e r e n t  cond i t ion .  



Rogers, Hughes Aircraft: How would you expect that  t h i s  might affect  
the property and materials? I t  certainly wouldn't be the same or 
would i t ?  - 

Christensen, Pellon Corporation: About the only way I can explain 
tha t  i f  you, yes look a t  i t  microscopically you can recognize a 
difference i n  the two structures microscopical ly .  From the standpoint 
of physical t e s t  and physical performance in the ce l l s  we don' t  real ly  
recognize any different  in th is  respect. You're s t i l l  attempting t o  
se t  up a structure that  holds electrolyte  and s t i l l  using the same 
f ibers  that  cause the same degree of separation the pore s i ze  pore 
diameters of the s t ructure are similar so tha t  the f i l t r a t i o n  
properties a re  the same, there would be no difference in temperature 
reactions, from t h i s  standpoint in a l l  the tes t ing we can do there 
doesn't seem t o  be any s ignif icant  difference. 

Rogers, Hughes Aircraft: Okay. You emphasize the word physical 
cal di fferences? 

Christensen, Pellon Corporation: Again the only difference I can 
find chemically speaking i f  I d i d  not wash the new process then I 
would have the f iber  f inish on the fabric and tha t  would be present 
in most of the commercial products we do. In terms of the product 
we a re  producing for  th i s  particular t e s t  we again wash the fabric 
so the f iber  finishes are  washed off and I find no chemical 
differences a t  t h i s  point or none that  we can see. 

Unidentified, Hughes Aircraft: My question i s  in l ine  with Howard's 
basically i t  looks l ike  the cell  matrix t e s t  i s  testing i n i t i a l  
performance w i t h  the new material b u t  I think a t  5 or 10 degrees in 
two years when you are  projecting perhaps to  f l y  some of these ce l l s  
you won't real ly  have any resul ts  of the actual chemistry of that 
new material which we found in our own work. 

Christensen, Pellon Corporation: Let me again address that  you are  
using the same nylons - we are using the same blend of f ibers ,  i t ' s  
jus t  a different  bonding technique you're s t i l l  using the same blend 
of f ibers  so to  tha t  extent you shouldn't expect any major difference. 

Gross, Boeing: When you say you are  using the same blend of f ibers  
do I take tha t  t o  mean tha t  we have a distribution of molecular 
weights? I f  so, do you know what that  distribution i s?  I presume 
you're saying the distribution i s  the same. 

Christensen, Pel lon Corporation: I think that  ' s  what I 'm saying 
b u t  I'm afraid you've got me on tha t  - I have a technical ass i s tan t  
here, Chester Petkiewicz from our R & D group. Chester can you 
answer that? 



A. Petkiewicz, Pellon Corporation: What we are  talking in terms of the 
zinc-chloride bonding process was a chemical attack on the nylon 
f iber  - you actual ly had a hydrolysis of the nylon which was occurring 
and i n  order to  have a consistent product you really needed to  have a 
very consistent hydrolysis of the surface of the nylon f iber .  I t  was 
a t  t h i s  time during the drying process that  when you reached a certain 
level or a certain concentration of zinc-chloride the actual bonding 
of the f ibers  took place. This was a very c r i t i c a l  process and we 
from a technical standpoint or from a manufacturer's standpoint real ly  
wanted to  get out of t h i s  a long time ago because i t  was a very 
expensive process for  us and the economics jus t  weren't feasible t o  
stay in the business. As Lee has indicated we tryed to  stay in the 
business about the time that  we t r ied  to  reproduce a product. One 
of the f iber  suppliers told us they wanted to  change a f iber ,  well 
which real ly  threw us into a b i t  of a turmoil. B u t  just going back 
to  the zinc-chloride in order to  do t h i s  the bonding took place 
because of the nylon f iber  which meant that  you are certainly going 
to have some low molecular weight components in that  nylon f iber .  
You are  actually physically, chemically, degrading a portion of 
that  nylon in order to  get the bonding to  occur. Some of the low 
molecular weight nylon components could be washed out during the 
washing process - in order t o  get  r id  of the zinc-chloride we 
obviously had to wash the material a f t e r  i t  had been bonded and 
dryed. In addition to  washing out the zinc-chloride you could wash 
out some low molecular weight components of the nylon b u t  a t  the 
same time you would have a change of the distribution of the 
molecular weight of the nylon. With the new process we feel i t  i s  
a much more controllable process because a l l  you are  doing i s  
thermally bonding in an indirect system. You're not physically 
degrading the nylon a t  a1 1. There's no indication that  the molecular 
weight dis t r ibut ion of the mylon f ibers  i s  changing a t  a l l  contrary 
to  what you might have in the zinc-chloride process. Some of the 
f iber  finishes which are  on the f ibers  are  automatically driven off 
during the high temperature process tha t  i s  used. We feel tha t  you 
are  going to  have a much cleaner s t ructure,  a much more re- 
producible material, and a much more consistent product. We also 
feel tha t  the pore s ize  dis t r ibut ion will be bet ter ,  more uniform, 
more consistent, from one production run to  the next. Our equipment 
i s  in l ine .  We spent a great deal of money putting up t h i s  new 
equipment. I t  i s  in l ine ,  the f i r s t  production runs have been 
made. We have some minor changes that  we are  making to i t  a t  the 
moment b u t  we feel very comfortable with th i s  process - we feel very 
comfortable tha t  the nylon you are  going to  be getting i s  going to  
be a cleaner more consistent product. We do have experience from 
around the world that  t h i s  product has been used in nickel-cadmium 
ce l l s  for  a good many years and the people in Europe and other parts 
of the world also had the same misgivings when they were asked to  
change from a zinc-chloride bonded product to  t h i s  new product. 



A. Petkiewicz, Pellon Corporation (Con't): The result was that they were 
quite surprised that the performance was consistently better. They 
found they had fewer problems in their cells, they had a more 
consistent product and we feel we will have the same thing here in the 
U.S. with our new process. 

COMMENT 

Christensen, Pellon Corporation: Just very quickly we plan to do the 
Hughes Malibu test when we have the separator materials available and 
try to finalize it by determining the loss of material. That's part 
of my characterization. 
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INTRODUCTION 

Electrochemical impregnation processes for cadmium 
electrodes have undergone considerable development at 
Eagle-Picher under contract to the U.S.A.F. (ref 1). 
Previous work has focussed on thin high rate electrodes 
for vented, aircraft starting type batteries. A review 
of the history of cadmium electrochemical processes led 
to some feeling that an improved aerospace quality elec- 
trode might be manufactured using these processes. Elec- 
trochemically loaded cadmium electrodes are reported t~ 
have reduced cadmium migration over cycle life (ref. 2), 
more stable capacities than conventional electrodes (ref. 
3) and possess an increased surface area that might 
provide good utilization and recombination ability. 

Two similar processes for electrodeposition of cadmium 
in sintered plates have been known for some time and deve- 
lopment has taken place at the USAF and Bell Laboratories. 
Production equipment for the USAF process has been installed 
at Eagle-Picher and could be utilized to produce high quality 
electrodes for sealed nickel cadmium cells. Our experience 
with electrochemical impregnation has indicated benefits in 
terms of lowered production costs and more importantly 
improved process control. 

To evaluate the potential for improved flight quality 
cadmium electrodes, we instituted an investigation into the 
known work on electrochemical cadmium deposition processes. 
Subsequently, we set up a beaker impregnation system in the 
laboratory to investigate the practical limits of loading 
and the effect of various process parameters utilizing the 
USAF process (ref. 3). Reasonably high loadings of cadmium 
were obtained and the process appeared amenable to tight 
control and the production of uniform consistent electrodes. 
At this point, we constructed a pilot impregnation facility 
designed to further investigate either of the two known 
electrodeposition processes. Pilot system is a scaled down 
version of production USAF process equipment that we felt 
would allow real testing that would be applicable to full 
scale production. Both the inert anode (ref. 2) and con- 
summable anode (ref. 3) processes were investigated. Results 
of this evaluation and an analysis of associated problems 
will be presented. 

PROCESS DESCRIPTION 

INERT ANODE 

The inert anode process develped by Bell Laboratories (ref. 2) 
utilized platinum as the anode material and covered a broad 
range of parameters. Cadmium nitrate concentrations of 1.5 



molar to saturation were investigated. Workable solution 
pH was identified as 1.4 to 4.3. Current densities of 0.25 
to 1.0 ampslin2 loaded electrodes to 2.25 n/cm3 void in 30 
to 60 minLtes. Emphasis was placed on temperatures greater 
than 85°C and to prevent variation in pH an alkali nitrite 
buffer was used namely sodium nitrite.- The respective 
electrode reactions are shown in figure 3. 

CONSUMABLE ANODE 

This process developed for the USAF (ref. 3) differs 
from the other process mainly in the use of an metallic 
cadmium anode that is consumed in the process. Work was 
done at temperatures near the boiling point of the solution 
and at pH of 3.0 to 5.0. Cadmium concentrations of 1.5 to 
3.0 molar were utilized. Current densities of 1.2 to 1.6 
amps/inz loaded electrodes to 2.33g/cm3 void in times of 8 
to 20 minutes. pH control was maintained by the addition 
of dilute nitric acid. Electrode reactions are presented 
in figure 4. 

High Current Density With Current Reversal 

Improvement in the USAF process was developed by Pickett 
and Puglisi (ref. 4), and consisted primarily of periodic 
current reversals during the impregnation. Forward to 
reverse time ratio was 8 to 1 and loadings of 2.50g/cm3 void 
were obtained. It appeared that the current reversal tech- 
nique was also beneficial to the problem of film buildup on 
the cadmium anodes. 

Low Current Density With Current Reversal 

Development of the consumable anode process by Fritz 
et al. (ref. 5) indicated that the process could be better 
controlled and loadings improved if operated at lower current 
densities (approximately 0.2 amps/in2) and utilizing current 
reversal techniques. Lower current densities required longer 
impregnation times, however, uniform loadings were reported 
and a forward to reverse time ratio of 8 to 1 at a frequency 
of 1 c.p.m. effectively inhibited film buildup on the cadmium 
anodes. 

LABORATORY INVESTIGATIONS 

The USAF process was evaluated at a beaker level in 
controlled laboratory environment. Two cadmium anodes 2 in. 
by 6 in. by 0.75 in. thick were spaced 1.5 in. apart. 



Sintered plaque coupons were held in place by teflon forms, 
and the entire assembly was operated in a 2 liter beaker 
with heat and agitation supplied. Impregnation parameters 
are listed in figure 7. Sintered nickel plaques 1.75 in. 
by 4.5 in. by 0.30 were utilized and electrode potentials 
were monitored with a saturated calomel electrode. Temp- 
eratures of 75°C and boiling were employed to verify the 
importance of high temperature. 

LABORATORY RESULTS 

Low temperature testing at various current density levels 
yielded uniform but low loadings in the range of 1.5 to 2.0 
gIcm3 void. Increasing temperature to near boiling dramatically 
improved the results at all current densities. Plaque thick- 
ness increase was also lessened at high temperature. Monitoring 
of plaque potential through the impregnation indicated support 
for the work of Fritz et al. (ref. 6) in that excursions more 
negative than -0.650 volts vs. S.C.E. were accompanied by and 
significant electrode thickening and the formation of dark 
grey deposits on the electrode surface. Later runs in the 
laboratory set up employed variable current densities in an 
attempt to maintain plaque potential below -0.650 volts vs. 
S.C.E. for the maximum amount of time. Laboratory impregnation 
results listed in table 1 show the achievement of acceptable 
loadings at high temperature and a variety of low current 
densities. Improvement in loading is indicated with the variable 
current density technique. 

PILOT FACILITY 

DESCRIPTION 

Pilot facility consists of a 40 liter impregnation tanks 
with 3 ft2 working electrode capability. A batch tank holding 
150 liters of bulk solution is maintained by intermittent 
addition of water and dilute nitric acid controlled by a pro- 
cess pH meter and level sensors. Impregnation and batch tanks 
as well as flow rate and counterelectrode spacing were designed 
to duplicate the parameters of the production equipment. Time, 
current density, and voltage are microprocessor controlled and 
adaptable to a wide range of impregnation regimes. Impregna- 
tion racks are fitted with balancing resistances for uniform 
current density. Plaque to anode spacing is maintained by 
teflon forms. A schematic of the pilot facility is shown in 
figure 9. 



INERT ANODE: PILOT STUDIES 

Impregnation Conditions 

Cadmium nitrate concentration maintained at 2.0 molar. 
Sodium nitrite was used to maintain a pH range of 2.5 to 3.5. 
Temperature was held near the solution boiling point or 
ap roximately 98°C. Current densities of 0.07 to 0.20 amps/ 
in! were investigated on a variety of plaque types. Anodes 
were 100 p in. thick platinum plated on an expanded titanium 
grid. 

Results 

Inert anode impregnation results are presented in table 2. 
In general we verified the reported loadings for this process 
and extended that capability into lower current density 
regimes. Interesting results were obtained with oxidized 
plaque vs. unoxidized plaque that seem to verify the claims 
of Beauchamp et al. (ref 7) . 
CONSUMABLE ANODE: PILOT STUDIES 

Impregnation Conditions 

Pilot impregnations for this process utilized 1.0 in. 
thick cadmium anodes. Cadmium concentration was again held 
at 2.0 molar. Dilute nitric acid was used to maintain pH 
between 2.6 and 3.0. Current reversal techniques were used 
throughout in association with current densities of 0.10 to 
0.20 amps/in2. Laboratory results led us to perform all 
tests at the solution boiling point. Again, both oxidized 
and unoxidized plaque manufactured by both the dry sinter 
and slurry processes were tested. 

Results 

Results are tabulated in table 3. Loadings after plaque 
formation are comparible to the low current density, current 
reversal work of Fritz et al. (ref. 6). Later runs in the 
investigation where all parameters were held constant demon- 
strated very uniform plaque loadings. 

DISCUSSION 

Laboratory results proved to be reasonably accurate in 
the scale up to the pilot facility. Our results from pilot 
impregnations indicate that low current densities of 0.10 
to 0.25 amps/in2 are the most reliable regimes for impregna- 
tion on either of the two processes studled. Plaque potential 
monitoring vs. S.C.E. proved to be a reliable determination 
of effective loading limits under various regimes. Anode 



passivation with the consumable anode process is still a 
problem making multiple impregnations under the same 
conditions difficult. Work with forward/reverse current 
ratios and cycle frequency has demonstrated improvement 
on the anode film buildup, and planned future investigations 
show promise of solving the problem. The inert anode process 
may have a problem of eventual buildup of sodium in the 
solution affecting loading results. To date this problem 
has not surfaced, but investigations are continuing. 

SUMMARY 

This program has shown that acceptable cadmium loading 
levels are achieveable by either of the electrochemical 
processes tested. The added process controls incorporated 
in the pilot facility show promise of enabling production 
equipment to achieve higher loadings. Low current density 
regimes with reversal will be used to characterize produc- 
tion capabilities and anlyze the long term anode passivation 
problem. Inert anode investigations will continue on the 
pilot facility to identify the scope of the projected sodium 
buildup problem. 
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Potential Application of Improved Cadmium Electrodes in Aerospace Nickel-Cadmium Cells. 

Reduced Cadmium Migration. 

High Surface Area to Provide Good Utilization and Recombination Ability. 

Reduced Production Costs; Labor and Material. 

Basic Processes Established by U.S.A.F. and Bell Laboratories. 

Production Equipment and Vented Cell Technology in Place at E.P.I. - Colorado Springs 
under Air Force Contract No. 

Improved Process Control and Plate Uniformity vs. Traditional Electrode Processes. 

High Quality E.C. Cadmium Electrode to Match Proven E.C. Positive for Long Life, 
High D.O.D. Applications. 

Figure 1. Electrochemically deposited cadmim electrodes. 

Baseline: E.P.I./U.S.A.F. Cadmium Electrochemical Impregnation Process for Vented 
Nickel-Cadmium Cells. 

Laboratory Investigation of Practical Limitations of Loading and Process Parameters. 

Pilot Facility Fabrication: Scaled Down Version of Production Equipment with Capability 
of Conversion to Either "EC" Process. 

' Inert Anode Evaluation on Pilot Facility. 

Consumable Anode Evaluation on Pilot Facility. 

' Comparison of Results/Analysis of Problems. 

Verification of Cadmium Electrode Producibility on Production Equipment. 
-- -- - 

Figure 2. Electrochemical impregnation: process evaluation. 



Platinum Sheet Counter Electrodes. 

Temperature Greater than 85OC. 

Cadmium Concentricity - 1.5 t o  3.0 M. - 
Impregnation T i m e s  30-60 Minutes. 

Buffered with Alkali Nit r i te  (NaNO ). 
2 

2 1 . 5  In Nickel Sinter Electrodes. 

3 Reported Loading of 2 .2 -2 .3  g/cm Void. 

ANODE REACTION 

CATHODE REACTION 
- 

Reduction of NOg with Subsequent Local pH R i s e  

and Precipitation of Cd(OH)2. 
II. 

Figure 3 .  I n e r t  anode: process description. 
I 







* Consumable Cadmium Anodes. 

Temperature - 80 - 85OC. 

Cadmium Concentration - 2.0 M. - 
Use of Current Reversal Techniques Where By Plaque 
is Made Anodic 10-20% of the Time. 

2 0.2 Amps/In . 
Impregnation Times of 3 Hours or More. 

2 3 Reported Loadings of 0.9 g/IN (*2.3 g/cm Void). 

Figure  6 .  Low c u r r e n t  d e n s i t y  impregnat ions  
u s ing  c u r r e n t  r e v e r s a l .  

Consumable Cadmium Anodes 314" Thick, 2" Wide x 6" High, 
1%" Center to Center. 

Temperature - 75OC, Boiling (-95OC). 

Cadmium Concentration - 2.0 - M. 
Calomel Reference Electrode Measuring Potential at Center 
of Plaque. 

Use of Current Reversal Techniques. 

30 mil Thick Unoxidized Dry Sinter Nickel Electrodes 4%" x 1 314". 

Impregnations Carried Out in a 2 Liter Glass Beaker. 

PURPOSE 

Investigate Impregnation Parameters, Find Realistic Loading Expectancy, 
Determinewhere to Begin Pilot Project Studies. 

Figure  7. Laboratory i n v e s t i g a t i o n s .  



Batch Tank, Flow Rate ,  Impregnation Tank Sized t o  Reproduce 
Product ion System Parameters .  

Automatic Continuous pH Cont ro l  and Monitoring. 

Automatic So lu t i on  Level Control .  

Mu l t i p l e  Cur ren t ,  Voltage and T i m e  Rase C a p a b i l i t y  Provided by 
Microprocessor .  

Impregnation Furnished w i t h  Balancing Res i s tance  f o r  Uniform Curren t  
D i s t r i b u t i o n .  

2 3 F t  E l ec t rode  Capaci ty .  

F i g u r e  8. P i l o t  system: d e s c r i p t i o n .  





" Platinized Titanium Anode - 100 Microinches Thick platinum - 14" x 24". 

" Cadmium Concentration - 2.0 M. - 
" pH - 2.5 to 3.5. 
* Temperature - 95' to 98OC. 

2 
" Low Current Densities - 0.07 to 0.20 AmpslIn . 
* Dry Sinter Nickel Electrodes of Varying Thicknesses. 

" Oxidized and Unoxidized Electrodes. 

" NaNO as a Buffer. 
2 

3 
* Retained Loadings Greater than 2.40 g/cm Void. 

Figure LO.  Pilot system impregnations-inert anode. 

" Cadmium Sheet Anodes 14" x 24", 1'' Thick 

Cadmium Concentration - 2.0 M. - 

* Temperature - 95 - 98OC. 
2 

" Low Current Densities - 0.10 to 0.20 Amps/In . 
" Current Reversal Techniques Used. 

* Dry Sinter and Slurry Nickel Plaque - Varying Thicknesses. 
" 10% HN03 Added to Control pH. 

3 Retained Loadings Greater than 2.70 g/cm Void. 

Figure 11. Pilot system impregnations-Consumable 
anode. 



' Either Electrochemical Cadmium Impregnation Process Appears Capable of 
Leading Plaque to Acceptable Levels for Aerospace Applications. 

Additional Process Controls Incorporated in Pilot Facility Sould Enable 
Full Scale Production of Uniform Highly Loaded Electrodes. 

* Low Current Density With Reversal on the Consumable Anode Process 
Demonstrates the Best Loading and Improves the Anode Passivation Problem. 

Evaluation of Anode Passivation and Sodium Buildup Problems Continuing. 

' Full Scale Electrode Production Tests Planned. 

Figure 12 .  Summary. 



LOADINGS 
g/cm3 VOID 

I t L s 1 L 

.04 .06 .08 .10 .12 .14 .16 .18 .20 

CURRENT DENSITY, (Amps/in2) 

Figure  13. Plaque loading  vs .  c u r r e n t  d e n s i t y ,  75OC. 





Unidentified: I 've  got one question. On t h i s  t e s t  i t  seems to me 
tha t  a l l  your impregnations are  done by the alcohol process? 

Edgar, Eagle Picher Company: That 's  true. 

Unidentified: I 'm curious why you d idn ' t  include the Bell process as 
we1 1. Since by the way one of these you don ' t have in the Be1 1 
process i s  the problem of the build u p  in capacity during formation. 

Edgar, Eagle Picher Company: That's possibly true. The reason we 
ran the t e s t  on the Pickett process i s  we wanted to  look a t  these 
electrodes essent ial ly  on a production type basis where we could 
involve a l o t  of them. And we are  not s e t  u p  a t  Colorado Springs 
to  r u n  the Bell process on th i s  large of a scale. 

COMMENT 

Mallory, AT&T Bell Labs: 1'11 jus t  take th i s  opportunity to  make 
a comment about the s t r e s s  t e s t  and KOH concentration as i t  applies 
to  the previous paper and th i s  one. Burnhart and I reported some 
years ago that  high KOH concentration has a substantial e f fec t  on 
growth rate .  I t  increases the growth ra te  and i t  also increases the 
subceptibil i ty to  b l i s t e r  formation so during the s t ress  t e s t  and 
lower KOH concentration i s  beneficial t o  the electrode i f  you want 
to  p u t  i t  that  way. I also seem to recall  that  the cycle l i f e  of 
positives i s  reduced a t  higher concentrations. I ' m  not certain 
of tha t  f ac t  b u t  I think i t  i s .  

Edgar, Eagle Picher Company: I guess maybe I d idn ' t  make i t  quite 
c lear  enough. The formation cycles were carried out 20% KOH b u t  
I believe the s t r e s s  t e s t  cycles were carried out in 31%. 

Ritterman, Comsat: You probably do form b l i s t e r  b u t  a t  the higher 
concentration b u t  primarily when the cell  i s  reversed or when the 
positive electrode i s  reversed in t h i s  case. 

Edgar, Eagle Picher Company: That 's  r ight  i t ' s  31%. 

Ritterman, Comsat: B u t  you do avoid hydrogen gassing off of the 
positive electrode? 

Edgar, Eagle Picher Company: Yeah we do avoid tha t  significantly.  
I t  i s n ' t  absolutely clear  to  me t h a t ' s  when bl i s t e r  formation takes 
place b u t  i t ' s  been reported tha t  i t  may. 

Ritterman, Comsat: I t ' s  not the only case b u t  there i s  a higher 
tendency for  b l i s t e r  formation when you do gas hydrogen. 



Q. Gaston, RCA-Astro: Paul, could you please expla in ,  you mentioned i n  
your conclusion one of t h e  benef i t s  higher charge temperatures. I 
t e s t ed  nickel hydrogen with higher temperatures. My capaci ty  was 
considerably lower. I d o n ' t  know. Give me some d e t a i l s .  

A. Ritterman, Comsat: Tha t ' s  true. I t  will be lower a s  f o r  t h e  second 
viewgraph t h a t  I showed but now you can a d j u s t  long i f  you wanted 
t o  opera te  say 25 degrees ins tead  of 20 o r  10, o r  so  you can ad jus t  
your concentrat ion so  t h a t  now you a r e  allowed t o  opera te  a t  t h a t  
temperature and the  benef i t s  of  suppressing t h e  oxygen g e t t i n g  t h e  
capaci ty  you want with operat ing a t  the  higher temperature. 





SECOND PLATEAU VOLTAGE IN NI CKEL -CALM1 IN CELLS * 

Kunigahalli L. Vasanth 
Bowie State College, Bowie 

ABSTRACT 

S e a l e d  ni ckel-cadmium cells having large number of cycles 
on them w e r e  discharged using Hg/HgO reference electrode. I t  
w a s  f o u n d  that the n e g a t i v e  e l e c t r o d e  exhibited the second 
plateau. SEM of negative plates of such cells show a number of 
large crystals of cadmium hydroxide. The large crystals on the 
n e g a t i v e  p l a t e s  di sappear a f t e r  continuous overcharging in 
flooded cells. 

INTRODUCTION 

N i c k e l - C a d m i u m  cel Is a r e  extensively used in satellite 
power s y s  terns. These cells undergo a large number of charge- 
d i s c h a r g e  cycles. T h e  c h a n g e s  in the battery voltage or 
capaci ty di rect ly a f f e c t  the power requirements and control 
unit f u n c t i o n  of the s a t e l l i t e  power systems. I t  has been 
found m o r e  o f t e n  that nickel-cadmium cells after a year's use 
s h o w  a v o l t a g e  d e g r a d a t i o n  d u r i n g  discharge. S u c h  cells 
s u f f e r i n g  w i t h  voltage degradation increases the load on the 
b a t t e r i e s  and m a y  sometimes result in loss of capacity. The 
vo 1 t a ge d e g r a d a t  ion during the discharge is commonly referred 
t o  a s  the s e c o n d  plateau or voltage plateau or stepped 
discharge curve. 

Di f f erent vi ews have been expressed as to which electrode 
is c o n t r i b u t i n g  and about the mechanisms causing such voltage 
degradation. One of the mechanisms (Reference 1) suggested is 
that the recrystallization of cadmium hydroxide at the surface 
of the c a t h o d e  d u r i n g  c y c l i n g  insulates the lower layers of 
a c t i v e  cadmium, as a result the discharge occurs at a very low 
rate. I t  h a s been reported ( R e f e r e n c e  2) that an alloy 
NiSCdZl formed in t h e  n e g a t i v e  electrode of nickel-cadmium 

cells subjected to continuous charging at elevated temperatures 
is t h e  c a u s e  of voltage degradation. R u s s i a n  w o r k e r s  
( R e f e r e n c e  3 )  reported .that under certain conditions, e.g., if 
the battery is s t o r e d  in the c h a r g e d  s t a t e  or cycled with 

*Work performed under NASA Grant NSG-5009. 



i n c o m p l e t e  d i s c h a r g e ,  s o m e  o f  t h e  c a d m i u m  f o r m s  t h e  
i n t e r m e t a l l i c  c o m p o u n d  Ni C d Z 1  w i t h  n i c k e l ,  a n d  i s  
d i s c h a r g e d  a t  a p o t e n t i a l  o n  5the positive side of the usual 
p o t e n t  i a 1  by 0.1V. Recently, Barnard et a1 (Reference 4) have 
r e p o r t e d  t h a t  t h e  s e c o n d a r y  di scharge plateau is associated 
w i t h  t h e  i n e f f i c i e n t  r e d u c t i o n  o f  s i n t e r e d  p l a t e  NiOOH 
e l e c t r o d e s .  T h e y  p o i n t  o u t  t h a t  the potential of the lower 
p l a t e a u  is highly dependent on discharge rate and a l s o  to some 
e x t e n t  o n  t h e  c h a r g e  r e g i m e  a p p l i e d  t o  t h e  e l e c t r o d e .  
Z i m m e r m a n  a n d  J a n e c k i  ( R e f e r e n c e  5 )  a l s o  r e p o r t  that the 
v o  1 t a g e  l o s s e s  r e s u l t  f r o m  c h a n g e s  in t h e  nickel electrode 
potential w i t h  cycling. 

G e r a l d  H a l p e r t  ( R e f e r e n c e  6) p r e s e n t e d  the results of 
c y c l i n g  26.5 AH sealed nickel-cadmium cells.o Sealed cells w e r e  
c y c l e d  o n  a n e a r  e a r t h  orbit regime at 10 C and t o  a voltage 
1 i mi t. C e 1  Is s h o w e d  v o l t a g e  d e g r a d a t i o n  a f t e r  about 6400 
c y c l e s .  P a c k  2 6 H  t h a t  w a s  d i s c h a r g e d  w i t h  25% DOD showed a 
m o r e  s i g n i f i c a n t  v o l t a g e  degradation than pack 2 6 G  cells w i t h  
20% DOD. I n  f a c t ,  t h i s  p r e s e n t a t i o n  prompted m e  to further 
e x a m i n e  t h e  v o l t a g e  d e g r a d a t i o n  b e h a v i o u r  o f  s e a l e d  
nickel-cadmium cells. 

EXPERIMENTAL N E T H O D S  

1. Preparation o f  H g / H g 0  R e f e r e n c e  Electrode: 

a) S m a l l  a m o u n t s  o f  m e r c u r y  a n d  m e r c u r i c  o x i d e  ( r e d  
v a r i e t y )  w e r e  ground w e l l  w i t h  2 to 3 drops o f  31% KOH. 

b) T h e  a b o v e  m i x t u r e  w a s  put into a piece o f  teflon tubing 
o f  5 0 m m  d i a m e t e r  w h i c h  h a d  a tiny hole at the bottom 
that is plugged w i t h  separator material. 

c) A f e w  m l  o f  p u r e  m e r c u r y  w a s  p u t  o v e r  t h e  layer o f  
Hg/Hg0. 

d) A p l a t  inum or nickel w i r e  w a s  stuck in the mercury pool 
t a k i n g  c a r e  t o  p r e v e n t  the w i r e  from touching t h e  ~ g /  
H g O  interface. 

S u c h  a H g / H g O  e l e c t r o d e  s e r v e d  a s  a s t a b l e  reference 
e l e c t r o d e  a n d  w a s  u s e d  t o  m o n i t o r  the potentials versus the 
negative and positive electrode of the nickel-cadmium cells. 

2. C e l l s  Used for the Study: 

History o f  the cells used is given in T a b l e  1. 



3. Identification of the Electrode causing the Second Plateau: 

A 2 0  AH cel 1 f r o m  pack 1 2  F was chosen for investigation. 
T h e  c e  1 1  had undergone 24958 cycles on a near earth orbit basis 
at C r a n e  at 1 6  A of c h a r g e  and discharge. The cell ~ h o w e d  
a p p r e c i a b l e  s e c o n d  plateau. The temperature was at 10 C and 
40% KID. 

T h e  f o l l o w i n g  s t e p s  w e r e  c a r r i e d  out u s i n g  the above 
mentioned sealed cell: 

a) T h e  fu 1 ly c h a r g e d  cel 1 was discharged to 50% and the 
H g / H g O  reference electrode was carefully introduced by 
dr i 1 1  ing a hole on the top of the cell and sealing the 
h o l e  a1 1 around with putty. Care was taken to prevent 
t h e  c e l l  f r o m  e x p o s u r e  to air by k e e p i n g  i t  in a 
polyethylene bag filled with nitrogen. 

b) T h e  c e  1 1  was recharged at the same charge regime to the 
speci f ied voltage limit of 1.458 V and discharged at 10 
A rate to 0.5 volt. 

c) D u r i n g  the discharge, the reference versus negative and 
r e f e r e n c e  versus pos i t ive electrode potentials were 
moni tored and r e c o r d e d  using a two-channel recorder. 
T h e  cel 1 v o l t a g e  w a s  a l s o  recorded separately. The 
r e s u l t s  obtained f r o m  the discharge of the cell from 
pack 12 F is shown in Figure 1. 

d) T h e  d i s c h a r g e d  cell w a s  o n c e  a g a i n  cycled 10 times 
o v e r n i g h t  and w a s  d i s c h a r g e d  at 1 0  A w h i l e  s t i l l  
m o n i t o r i n g  the p o t e n t i a l s  of t h e  n e g a t i v e  and the 
positive versus the Hg/HgO reference. As expected, the 
c e l l  n o w  did not e x h i b i t  the s e c o n d  plateau due to 
earlier reconditioning effect. 

I w a ited another year to confirm the findings by conducting 
similar experiments using 3 1 2  AH cells one each from pack 3H, 
3 5 ,  and 3D and another 20AH cell from pack 1 K .  These cells 
w e r e  discharged at Crane, Indiana using the reference electrode 
technique d e s c r i b e d  earlier. In all the cases, the results 
s h o w  that i t is t h e  negative electrode versus reference which 
exhibit the second plateau. 

I a p p r e c i a t e  very much the help of Mr. Jim Harkness, Steve 
Ha1 1 ,  a n d  S. H a m m e r s e l y  in c a r r y i n g  out the tests at W S C ,  
Crane, Indiana. 



4. Experiments with Flooded Cells: 

A f t e r  discharging the cells using reference electrode these 
w e r e  b r o u g h t  f r o m  C r a n e  to Goddard. F l o o d e d  cells w e r e  
a s s e m b l e d  in p l e x i g l a s s  c e l l  c a s e s  u s i n g  the negative and 
p o s i t i v e  p l a t e s  taken out from a cell that showed the second 
plateau. E a c h  flooded cell consisted of two negatives and one 
positive separated by pellon. These flooded cells were charged 
to d i f f e r e n t  voltage limits. Different charge rates as given 
in T a b l e  2 w e r e  e m p l o y e d  t o  c h a r g e  the cells. The plateau 
r e a p p e a r e d  in t h o s e  c a s e s  m a r k e d  w i t h  an asterisk and the 
voltage limit was 1.434 volt per cell. 

RESULTS AND DISCUSSICN 

T h e  r e s u l t s  of the present investigation indicate that the 
n e g a t i v e  e l e c t r o d e  is responsible for the second plateau in 
ni c k e l - c a d m i u m  cel Is. T h e  negative and positive plates from 
s u c h  c e l  1 s  w e r e  used to a s s e m b l e  flooded c e l l s  in the 
l a b o r a t o r y .  T h e s e  w e r e  c h a r g e d  at different rates for 
d i f f e r e n t  d u r a t i o n s  to a voltage limit and discharged. The 
second plateau could be induced again in some cases (see Table 
2). T h e  di scharge prof i le of one such case is shown in Figure 
2. In t w o  c a s e s ,  h o w e v e r ,  the r e f e r e n c e  versus positive 
potential s h o w e d  a slight hump, a sample of which is shown in 
F i g u r e  5. C o m p a r i n g  the positive versus reference electrode 
di s c h a r g e  prof i le to the negative versus reference electrode 
( H ~ / H ~ o )  p r o f i l e  in Figures 1 and 3, i t  can be seen that the 
magni t u d e  o f  the s e c o n d  plateau on the negative electrode is 
larger ( 300 mv). In agreement with a number of workers, a 
shift in the s e c o n d  plateau with cycling is demonstrated in 
Figure 4. 

T h e  h a l f - c e l  I r e a c t i o n  at the cadmium electrode is well 
known: 

Cd + 2 OH- Discharge , Cd(OHI2 + 2e- (1 
\ 

Charge 

T h e  Cd(OH)2 is a l s o  k n o w n  t o  f o r m  through d i s s o l u t i o n  - 

precipitation mechanism: (Reference 7) 

R e a c t  ions (1) and (2) precipitate cadmium hydroxide and migrate 
to the s u r f a c e  of the e l e c t r o d e ,  towards the separator and 
p o s i t i v e  electrode. In the ini tal s t a g e s  of cycling, the 
c a d m i u m  hydroxide is present as thin fi lm masking some areas of 



act i ve cadmium. As the cycl ing progresses, these f i lms provide 
c o n v e n i e n t  s i t e s  for crystal growth and thus mask the active 
cadmi u m  s u r f  ace with large crystals of cadmium hydroxide. The 
S E M s  of n e g a t i v e  plates of cells that showed second plateau 
s h o w  very large crystals of cadmium hydroxide and the positives 
do not h a v e  any c r y s t a l  g r o w t h  (see Figures 6 and 7). Ford 
( R e f e r e n c e  8) demonstrated that the nickel-cadmium cells that 
had e l e c t r o l y t e  s t a r v a t i o n  s u f f e r e d  both in voltage and 
capaci ty. T k e  c e l  Is examined by him were Gulton 6 AH cells 
cycled at 20 C, 25% DOD w i t h  a voltage limit of 1.417 and C 
to D r a t i o  of a p p r o x i m a t e l y  115. By simply increasing the 
e l e c t r o l y t e  content the capacity degradation of such cells was 
overcome but the double plateau effect still existed. Increase 
of e l e c t r o l y t e  s e e m  to dissolve smaller crystals but there is 
st i 1 1  a bulk of large crystals masking the active surface of 
the electrode. The experiments in the present work have shown 
that c o n t i n u o u s  c h a r g i n g  of n e g a t i v e  electrodes with large 
crystal g r o w t h  in flooded condi t ion almost eliminates the 
c r y s  ta Is. SEMs of negative plates after gasing by overcharging 
in e x c e s s  electrolyte show no trace of large crystals (Figure 
8). T h i s  is in agreement w i t h  the results of Fritzwill and 
H e s s  ( R e f e r e n c e  9) w h o  pointed out that prolonged reduction 
leads to the dissolution of crystals of Cd(OH)2. 

T h e  t e a r - d o w n  analysis of cycled cells have shown that the 
c a d m i u m  migration is quite heavy in the areas under compression 
and qu i t e o f  ten the separator sticks strongly to the electrode 
surface. T h i s  m a y  be e x p l a i n e d  by assuming that in sealed 
cells the electrolyte is squeezed out from areas where there is 
m o r e  compression and these electrolyte starved areas seem to be 
good n u c l e a t i o n  s i t e s  for crystal growth. The crystal size 
grows a s  the cycl ing continues and finally result in loss of 
vo 1 t a ge andlor capacity. When no effort is made to restore the 
vo 1 t a ge and capaci ty by reconditioning, a situation may arise 
w h e n  the cadmium dendrites will pass through the weak separator 
and lead w h a t  is popularly called soft or hard shorts which 
wi 1 1  c a u s e  c e l l  failure. I t  a p p e a r s ,  i f  o n e  can prevent 
c a d m i u m  m i g r a t i o n  and s u p r e s s  c r y s t a l  growth the voltage 
degradation i.e., second plateau behaviour is taken care of. 

F r o m  the Navigation Technology Satellite-2 (NTS-2) nickel- 
h y d r o g e n  battery performance, F.E. Betz, J,D. Dunlop and J.F, 
S t o c k e l  ( R e f e r e n c e  10) have reported that the battery voltage 
level improves with continued cycling as the discharge duration 
increases. The increase in voltage was related to the positive 
e l e c t r o d e  i .e., t h e  nickel electrode. Stockel in an updated 
paper ( R e f e r e n c e  1 1 )  reported that nickel-hydrogens have not 
shown any v o l t a g e  or capacity degradation during 3.5 years in 
orbit and eight eclipse seasons. 



CONCLUS I O N S  

1. T h e  s e c o n d  plateau is e x h i b i t e d  mainly by the negative 
electrode. 

2. F o r m a t i o n  of large c r y s t a l s  of Cd(0H) on the negative 
e l e c t r o d e  d u r i n g  c y c l i n g  is r e s p o n s i b 3 e  for v o l t a g e  
degradation. 

3. C o n t i n u o u s  g a s i n g  o f  the n e g a t i v e  electrode in flooded 
cells leads to the dissolution of large crystals of cadmium 
hydroxide. 

FUTURE PLANS 

I t  wi 1 1  be interesting to establish conditions that will 
m i n i m i z e  c a d m i u m  migration. I t  is planned to investigate the 
possibi l i  ty of using some sort of coating, electroplating, or 
a d d i t i v e s  that m a y  a c h i e v e  this purpose. A l s o  plans are 
underway to look into the effect of varying the compression on 
the plate stack. 



REFERENCES 

1. C a r  s o n ,  W.N., "A Study of Nickel-Cadmium Spacecraft Battery 
Charge Control  method^,^^ NASA CR-82028, April 1966. 

2. B a r n a r d ,  R. , Graham T. Crickmore, John A. Lee and Frank L. 
T y e ,  " A  C a u s e  o f  ' S t e p p e d 1  D i s c h a r g e  C u r v e s  in 
N i c k e l - C a d m i u m  C e l l s , "  P o w e r  S o u r c e s ,  Vol. 6, pp 161, 
1977. 

3. Pozi n ,  Y.M., E. I. Garnaskin and M.Sh. Vogman, "Introduction 

of ~i'+ i nto Neclative S i n t e r e d  Metal Plates for Nickel- 
C a d m i u m  s t o r a g e - ~ e l l s , "  J. Appl. Chem. of USSR, pp 1490, 
1970. 

4. B a r n a r d ,  R., G.T. Crickmore, J.A. Lee, and F.L. Tye, "The 
C a u s e  o f  R e s  i d ual C a p a c i  t y  in N i c k e l  O x y h y d r o x  ide 
 electrode^,^^ J. Appl. ~ l e c t - r o c h e m . ,  Vol. 1-a,-pP 61-70, 
1980. 

5. Z i m m e r m a n ,  A.H. and M.C. Janecki , llVol tage Losses and 
Reconditioning of NiCd Cel Is," Aerospace Corporation Report 
SD-TR-81-62, A U ~ U S  t 21, 1981. 

6. H a l p e r t ,  G e r a l d ,  "Appearance of Second Plateau Voltage," 
the 1980 GSFC Battery Workshop Proc., pp 305, 1980. 

7. M e y e r ,  S.W., J. Electrochem. Soc., Vo1. 1 2 3 ,  pp 159, 
1976. 

8. F o r d ,  F l o y d ,  "Effects of Reworking Cells,f1 the 1975 GSFC 
Battery Workshop Proc., pp 70, 1975. c 

9. Wi I I ,  F.G. and H. J. H e s s ,  uMorphology and Capacity of a 
C a d m i u m  E l e c t r o d e , "  J. Electrochem. Soc., Vol. 120, No. 
1 ,  pp 1-11, 1973. 

10. B e t z ,  Frederick E., James D. Dunlop and Joseph F. Stockel, 
" T h e  F i r s t  Y e a r  in O r b i t  for the N T S - 2  Nickel Hydrogen 
B a t t e r y , "  IECEC proceedings, Paper 789164, pp 67-71, 1978. 

11. S t o c k e l ,  J.F., "The NTS-2 Ni-H2 Battery an Update," IECEC 
proceedings, Paper 819122, pp 212-215, 1981. 



g
J

 
0
 
J
 

a
 W

 
L

L
U

 

c" 
- O

Q
 

K
n

M
 

W
O

 
L

o
 W

 
-
0
 

!=
[E

M
 

m
z

a
 

M
w

I
 

0
1

-
U

 



Table  2 

Condi t ions  of ChargeIDischarge f o r  Flooded C e l l s  

DISCHARGE RATE: C/2 ROOM TEMP 

VOLT NASA CHARGE # HRS 
LIMIT LEVEL # RATE CHARGED 

"SECOND PLATEAU APPEARED IN THESE CASES. 



CELL #3, 12 F, 20 AH GE 
DISCHARGE: 10 Amps 
NO. OF CYCLES: 25,282 
TEMP: 10.2OC 
I CELL VOLTAGE VS TlME 
@ REF-NEG POTL VS TlME 
A REF-POS POTL VS TlME 

TlME IN MINUTES 

Figure  1 



- - 

FLOODED CELL: 2 NEG Et 1 POS FROM 12 F CELL 3 
ROOM TEMP 
CHARGE RATE: C/2 
DISCHARGE RATE: C12 
DURATION OF CHARGE: 480 HRS 
VOLTAGE CLAMP: 1.434 V (V6 LEVEL) 

1 I I I 1 I I I - - - 

20 40 60 80 100 120 140 160 

TIME IN MINUTES 



F i g u r e  3 



TEMP = 20°C DISCHARGE CURRENT = 9.6A TO .$v 
PACK 3H CELL 3,23,281 CYCLES 

A PACK 3J CELL 3,23,334 CYCLES 
PACK 3D CELL 2,23,467 CYCLES 

- TIME IN MINUTES- 

Figu re  4 



LAB CELL FROM PLATES OF PACK 3D CELL 
CHARGE: C14 FOR 60 DAYS TO 1.434V 
DISCHARGE: C14 

REF . " "  - : VS NEG 

TIME IN MINUTES ----------+ 

Figure 5 



SEM of neg of  c e l l  2 ,  pack 3D at  640X show 
l a r g e  c r y s t a l s  of ~ - c ~ ( o H ) ~ .  

SEM of neg of c e l l  2 ,  pack 3D a t  340X show 
c r y s t a l s  of 6 -Cd(OH)2 and f i b e r s  of separa-  
t o r .  

F igure  6 



Figure  7. SEMs of POS of c e l l  2 ,  pack 3D a t  
6 4 0 X  and 1 6 0 X  amorphous s u r f a c e  of  POS wi th  a 
lump of R - c ~ ( o H ) ~  c o l l e c t e d  due t o  a s h o r t .  



Figure  8.  SEM of neg of c e l l  3 ,  pack 12F a t  
320X a f t e r  overcharging show absence of crys-  
t a l s .  



Unidentified: Do you observe a rate dependence or are those crystals 
different t h a n  the normal crystals that discharge or are they bigger? 

Kunigahal 1 i , Bowie State Col 1 ege: They are bigger. 

Unidentified: And then i f  you do i t  a very low rate you should not 
see a voltage plateau? 

Kunigahalli, Bowie State College: If you do i t .  

Unidentified: If  you discharge a t  a very low rate you should not see 
a voltage plateau. Is t h a t  correct? 

Kunigahlli, Bowie State College: Right. That's what I would expect. 
The higher rate suddenly drops to the plateau. 

Unidentified: The reason why I asked tha t  was reconditioning in space 
i s  where you see the voltage depression a t  very low rates, which 
suggests they are not just depending on the crystal size there has 
to be more to i t  than t h a t  because the current densities are dropped. 

Hendee, Telesat Canada: There were sealed cells  you were working 
with? 

Kunigahalli, Bowie State College: Righ t  s i r .  

Hendee, Telesat Canada: When you p u t  the teflon tube in there with 
the mercury and you seal i t  how did you keep the balance of a cel l ?  
I noticed actually that you were negative limited on discharge which 
means that i t ' s  a considerably different cell.  Am I correct on that? 

Kunigahalli, Bowie State College: We took only aout 1 or 2 minutes 
to dr i l l  the hole and we introduced the teflon tubing which i s  the 
reference electrode. Okay? 

COMMENT 

Hendee, Telesat Canada: Something happened I think when you charged 
because you are a negative limited on discharge, definitely you were. 
The other comment I guess I would like t o  make: Why do we see this  
same plateau occasionally on different cells of nickel hydrogen 
which have no negative. 

Kunigahalli, Bowis State College: I know I'm aware of that. Some 
~ e o ~ l e  have indicated that seconct'p.lateau has occurred in the work 
of Fred Burns and Dunlop Burns who' reported earlier that 
reconditioning would actually improve the voltage cycl ing in nickel 
hydrogens. 



Hendee, Telesat Canada: Have you done any kind of continous impedance 
checks on discharge? 

Kunigahalli, Bowie State College: No sir. 

Hendee, Telesat Canada: I 'm going to run right home and do that. 

Kunigahalli, Bowie State College: Thank you. 

Sull ivan, APL: Some of the recent satell ites have been designed with 
discharge resistors so we can completely discharge a battery in orbit 
over a period of about a month and we've been wondering - the 
frequency with which we should do that. Would your studies indicate 
that we should be doing it frequently or infrequently? It sounds like 
to me it's something that should be done often. 

Kunigahalli, Bowie State College: You mean the reconditioning? 

Sull ivan, APL: The reconditioning cycle? 

Kunigahalli, Bowie State College: 

Sullivan, APL: Okay. 

I cannot suggest anything. 

COMMENT 

Maurer, AT&T Bell Labs: I guess I have a problem with the cadmium 
hydroxide crystal explanation. The plateau occurs on the discharge 
and on discharge you are going from the cadmium metal to the cadmium 
hydroxide and the cadmium hydroxide precipitating to the cadmium 
hydroxide crystal. So it's an end product of the reaction and 
not the electro-chemical step part of the reaction. So the size of 
the cadmium hydroxide crystals shouldn't have anything to do with 
the el ectro-chemical vol tage. A1 so you haven ' t commented on the 
nickel cadmium intermetallic explanation for the same phenomena. 

Kunigahalli, Bowie State College: Yes, I am aware of that. The 
mercury indicates that the intermetallic compounds are a large 
formation as Bernard puts it. That's the compound that they 
have examined formation. But I have a feeling this compound or 
crystal whatever is just insulating the active cadmium and that 's 
maybe the reason then they will discharge the lower voltage. 

Ford, NASAIGSFC: Ed, I 'm surprised that you were surprised that 
these cells were negative limited on discharge. I 've never seen 
cells cycle at this-depth in LEO orbit that weren't negative 
1 imi ted on discharge after 20,000 cycles. Addressing Ral ph 's 
question, I don't think this gives you any insight into the 
effects of reconditioning per say. I recall though a few years 



Ford, NASA/GSFC (Con't): back Dr. Will Scott had done some work a t  
TRW. He showed I believe i f  you are  going t o  recondition you have 
t o  s t a r t  off early and continue i t  throughout the l i f e  and f a i r l y  
frequent. That was my recollection. 

Q ,  Jagielski ,  GSFC: I was wondering would you assume that  t h i s  same 
mechanism would cause the third plateau tha t ' s  been observed or would 
you assure tha t  some other type of mechanism maybe precipitated by 
th i s  growth of the large crystals?  

A. Kunigahalli, Bowie State  College: I can ' t  answer unless I investigate 
what i s  the possible cause for  the third plateau. I don't  know but 
I have seen in many other cases the discharge curve showing more 
than two plateaus. So i t  needs some investigation. 

Q.  LaFrance, Aerospace Corporation: I thought I heard you say the 
prognosis for  th i s  problem to cure the large cadmium hydroxide 
crystals  were overcharged and gassed. Did I hear you say that?  

Kunigahalli, Bowie State  College: Pardon me. 

Q. LaFrance, Aerospace Corporation: You can eliminate these large 
crystals  with gassing on overcharge? 

A. Kunigahalli, Bowie State  College: Yes in flooded ce l l s  b u t  t h a t ' s  
not i n  real sealed Ni-Cd ce l l s .  

A. LaFrance,: Oh I see. Okay. 

A. Kunigahalli, Bowie State  College: In short  what I found was gassing 
has el  imi nated those. 

Q. Lim, Hughes Research Lab: Are any of your parameters a d i rec t  measure 
of the capacity? 

A. McDermott, B&K Dynamics, Inc. : The reason I say i t ' s  what I would 
call  apparent capacity i s  i f  you cut the ra te  of discharge down I 
think tha t  would go off into another second plateau and you would 
get more capacity out of the c e l l .  So i t  ' s  n o t  the absolute capacity 
of the c e l l .  B u t  what I think i t ' s  measuring i s  the quote memorized 
capacity of the cel l  that  i s  a f t e r  you've cycled the cel l  fo r  a number 
of cycles you will find tha t  ta i lor ing off a t  the f a r  region of the 
discharge due to  changes or whatever in the c e l l .  I'm not going to  
hazard a guess as to  why that  happens b u t  i t  means a t  that  depth of 
discharge and that  r a t e  tha t  discharge ra te  you should expect that  
curvature of that  nature and so you would call  i t  the capacity of 
the ce l l  a t  tha t  ra te  of discharge and that  age. 



Q. Lim, Hughes Research Lab: second question. Have you t r ied  to  
determine whether tha t  voltage you are  analyzing i s  due t o  positive 
electrode voltage or negative electrode? 

A. McDermott, B&K Dynamics, Inc.: No. I t ' s  jus t  s t r i c t l y ,  I'm looking 
a t  the ce l l  as a black box. I'm jus t  takins the voltaqe out but I'm 
saying that  the equation i t s e l f  i s  not to t a i ly  a s t a t i s t i c a l  
analytical tool tha t  I think the C parameter is  related to  capacity 
and I think Shepherd in his work around the 65 time frame actually 
was arguing fo r  some physical chemistry behind some of these f i t  
coefficients,  he does some explaining with regard to  electro-chemical 
reactions b u t  I'm using i t  s t r i c t l y  as an analytical tool a t  this 
point. 

Q. Hafen, Lockheed: Concerning the charge voltage you seem to be mostly 
concerned. On the charge voltage does tha t  work as well and what i s  
the meaning of x in that  equation? I s  i t  taken into account for  
the charge efficiency or? 

A. McDermott, B&K Dynamics, Inc.: Yeah, t h a t ' s  the problem. X there 
i s  simply current passing through the cell  and so as a tool we 
haven't actually used that  in interpreting for  l i f e  prediction. 
You could use i t  for  interpreting or  for  predicting th i s  voltage 
character is t ic .  I ' d  say i t  would be very good fo r  tha t  once you've 
established the slopes and the turning point when you go from phase 
1 to  phase 2 and phase 3 .  B u t  as a l i f e  predicter when we haven't 
looked into tha t  yet.  

Q. Bell, Hughes Aircraft: - Dr. McDermott the matrix you showed there 
h a s d e p t h  of discharge high operating temperatures, 
does t h i s  model-apply equally well-to some of the crane- data in 
excess of 70 and 80,000 cycles a t  low temperatures and low depths 
of discharge? 

Q. McDermott, B&K Dynamics, Inc.: Are you talking about the prediction 
equation? 

A. Be1 1 , Hughes Aircraft: The prediction equation, yes. 

A. McDermott, B&K Dynamics, Inc. : Yes i t  does pretty we1 1 on that .  I 
have given papers in the past here using that  prediction equation 
for  a broader s e t  of conditions than th is .  I'm just  I was using 
that  equation re la t ive  to  t h i s  data because we were doing t h i s  data 
analysis. B u t  yes, the equation works. I can give you several 
references to  other data that  we have used i t  on. 

A. Bell, Hughes Aircraft: Thank you. 





PREDICTION OF BATTERY LIFE AND BEHAVIOR 

FROM ANALYSIS OF VOLTAGE DATA 

P a t r i c k  P. McDenot t ,  Ph.D. 
B-K Dynamics, Inc. 

Rockvi 1  l e ,  Maryland 

I n t  roduct  i on 

The ob jec t  o f  t h i s  ana lys is  i s  t o  develop a  method f o r  s imula t ing  charge 
and discharge c h a r a c t e r i s t i c s  o f  secondary ba t te r i es .  The ana lys i s  u t i -  
1  i zes a  non-1 i near regression technique where empi r i c a l  data i s  computer 
f i t t e d  w i t h  a  f i v e - c o e f f i c i e n t  non- l inear  equation. The equations f o r  
charge and d i  scharge vo l tage are  i d e n t i c a l  except f o r  a  change o f  s ign  
before t h e  second and t h i r d  terms. 

Di scharge Voltage = A - B  + ~ e - E x  
C - x  

Charge Voltage = A +  B  - ~ e - E X  
C - x  

Figures 1 and 2  show t y p i c a l  charge and discharge curves, w i t h  dots  repre- 
sent i  ng actual  vo l tage data and t h e  s o l i d  l i n e  represent ing  t h e  t h e o r e t i c a l  
f i t. The data i s  taken from a  t e s t  o f  12 amp-hr, NiCd c e l l s  c y c l i n g  i n  a  
near-ear th o r b i t  regime a t  t h e  Je t  Propulsion Laboratory. The f i g u r e s  show 
t h a t  t h e  t h e o r e t i c a l  f i t  i s  accurate t o  w i t h i n  2-3 m i l l i v o l t s .  

When c o e f f i c i e n t s  A, B, C, D, and E are p l o t t e d  versus cycles, c e r t a i n  
t rends are apparent. F igure  3  shows t h e  f i v e  c o e f f i c i e n t s  f o r  c e l l s  c y c l i n g  
a t  a  50% depth o f  d i  scharge and 200 C. A regression ana lys i s  was performed 
on vo l tage data a t  100 cyc le  i n t e r v a l s  up t o  3000 cycles, w i t h  the  exception 
o f  t h e  f i r s t  100 cycles f o r  which t h e  i n t e r v a l  was smaller. 

For  c o e f f i c i e n t s  A, B, C, and E t h e r e  i s  a  sharp r i s e  dur ing  t h e  f i r s t  100 
cycles, and f o r  c o e f f i c i e n t  D, a  sharp decline. A f t e r  reaching t h e  peak a t  
100 cycles, t h e r e  i s  a  gradual dec l i ne  f o r  approximately 1000 t o  1500 cycles 
f o r  c o e f f i c i e n t s  A, B, C, and E; c o e f f i c i e n t  D shows a  gradual increase over 
t h e  sarns i n t e r v a l .  By 1500 cycles, a l l  c o e f f i c i e n t s  have reached an equi- 
l i b r i u m  a t  which t h e  value o f  t h e  c o e f f i c i e n t  i s  s table.  

The ra tes  o f  change o f  t he  c o e f f i c i e n t s  vary w i t h  temperature. F igu re  4  
shows c o e f f i c i e n t  A a t  20, 30, and 40° C. The t rends are s i m i l a r  a t  each 
temperature, except t h a t  t h e  po in t  o f  s t a b i l i t y  i s  reached a t  p rogress ive ly  
e a r l i e r  cycles, from 1500 cyc les  a t  20° C t o  500 cyc les  a t  40° C. 



We have found t h a t  c o e f f i c i e n t s  A, By and C a r e  h i g h l y  cor re la ted .  F ig -  
u re  5 shows c o e f f i c i e n t  A p l  o t t e d  agai ns t  c o e f f i c i e n t  C f o r  t h e  c e l l s  a t  
200 C. 

Modeling t h e  Voltage 

For  t h e  remainder o f  t h i s  analys is ,  t h e  d i f f e r e n t  areas o f  t h e  curves 
w i l l  be charac ter ized as fo l l ows  (see F igu re  6) :  

Phase I represents t h e  i n i t i a l  sharp r i s e  ( o r  dec l ine)  from 
i n i t i a l  vo l tage Io. 

@ Phase I 1  represents t h e  gradual dec l i ne  ( o r  r i s e )  from t h e  
peak a t  I 1,. 

0 Phase I11 represents t h e  reg ion  o f  s t a b i l i t y  beginning a t  
I I 1,. 

I n  order  t o  p r e d i c t  t he  charge o r  discharge c h a r a c t e r i s t i c s  a t  a g iven 
cyc le ,  s p e c i f i c  values f o r  c o e f f i c i e n t s  A, B, C, D, and E are s u b s t i t u t e d  
i n t o  t h e  o r i g i n a l  non- l inear  equations where vo l tage  i s  now t h e  dependent 
var iable.  To e s t a b l i s h  s p e c i f i c  values f o r  t h e  c o e f f i c i e n t s  a t  a g iven 
cyc le,  t h e  f o l l o w i n g  cal  cu la t i ons  were made: 

The slopes f o r  Phases I and I 1  were c a l c u l a t e d  f o r  a1 1 
temperatures. 

0 A value f o r  t h e  c o e f f i c i e n t  i n  Phase I 1 1  was ca l cu la ted  
based on t h e  mean over t h a t  phase. 

0 The values f o r  Io, I I,, and IIIo were est imated by i n t e r -  
s e c t i o n  o f  t h e  l i n e a r  po r t i ons  o f  each phase. 

F igure  7 shows a general ized equat ion where slopes are symbolized by h and 
X represents the  amp-hrs o f  charge removed from t h e  c e l l  i n  discharge o r  
added t o  t h e  c e l l  i n  charge. 

Once t h e  slopes and i n i t i a l  values I,, 110, and IIIo are  determined f o r  a 
p a r t i c u l a r  temperature and depth o f  discharge, i t  i s  a s t r a i g h t f o r w a r d  
c a l c u l a t i o n  t o  determine the  charge and discharge curves f o r  a p a r t i c u l a r  
cycle, h a t e v e r  t h e  range (Phase I, I 1  o r  111). 

Operat ional S i  gni  f i cance 

The spacecraf t  manager can be faced by a number o f  s i t u a t i o n s  where t h e  
use o f  a vol tage p r e d i c t i o n  model cou ld  be o f  use: 

0 Voltage p r e d i c t i o n  w i t h  sparse data  

Voltage p r e d i c t i o n  o f  a neighbor ing c y c l e  

Voltage p r e d i c t i o n  o f  a cyc le  l a t e r  i n  l i f e .  



The f i r s t  case p r e d i c t i o n  w i t h  sparse data i s  a p r a c t i c a l  necessity,  due t o  
t h e  f a c t  t h a t  t he re  i s  o f t e n  a l i m i t a t i o n  on t h e  amount o f  data t h a t  can be 
telemetered t o  t h e  ground dur ing  a spacecraf t  o r b i t .  Furthermore, i n  
managing t h e  energy balance o f  a spacecra f t ' s  power system, it i s  o f ten  
usefu l  t o  t r a c k  t h e  b a t t e r y ' s  performance g iven s p e c i f i c  loads and thus  
voltage p r e d i c t i o n  o f  neighbor ing cycles. F i n a l l y ,  i n  long-term missions, 
i t  could be very usefu l  f o r  t h e  manager t o  be able t o  p r e d i c t  power system 
behavior several years l a t e r  i n  t h e  mission. 

Candidates f o r  L i f e  P red ic t i on  

The purpose o f  l i f e  p r e d i c t i o n  i s  t o  f i n d  t rends such as those es tab l ished 
i n  F igures 3 and 4 which c o r r e l a t e  we1 1 w i t h  l i f e .  It would be usefu l ,  
moreover, i f  these t rends cou ld  be es tab l ished e a r l y  i n  t h e  l i f e  o f  a c e l l ;  
du r ing  t h e  f i r s t  few hundred cycles, f o r  example. I n  t h i s  ana lys is ,  a 
number o f  t rend  desc r ip to rs  o r  s ignatures were i nves t iga ted  t o  see which 
best  c o r r e l a t e d  w i t h  l i f e .  The candidates fo r  c o r r e l a t i o n  w i t h  l i f e  were as 
fo l lows:  

Value o f  parameter dur ing  f i r s t  cyc les  

0 Value a f t e r  i n i t i a l  r i s e  o r  dec l i ne  

e Slope dur ing  i n i t i a l  r i s e  o r  d e c l i n e  (100 cyc les)  

o Slope a f t e r  i n i t i  a1 r i s e  o r  dec l i ne  (100-1500 cycles)  

Value o f  parameter a f t e r  l e v e l i n g  o f f .  

A f t e r  cons ider ing  each o f  these "candidates," i t  was determined t h a t  t h e  
most cons is ten t  r e s u l t s  were found by c o r r e l a t i n g  l i f e  w i t h  t h e  f o u r t h  
candidate, t h e  s l  ope a f t e r  t h e  i n i t i  a1 r i s e  o r  dec l ine  (100-1500 cycles).  

F igu re  8 shows t h e  I n  slope o f  t h ree  o f  t he  c o e f f i c i e n t s ,  A, B, and C, 
p l o t t e d  against temperature f o r  two depths o f  discharge, 35% and 50%. 
This f i g u r e  suggests t h a t  as temperature increases-there i s  a l i n e a r  
increase i n  t h e  I n  slope o f  these c o e f f i c i e n t s  over t h e  range under i n -  
ves t iga t ion .  The d i f f e r e n c e  between 35% and 50% depth o f  d ischarge i s  
approximately 1.0 on t h e  I n  scale. 

Cor re la t i on  w i t h  L i f e  

F igure  9 shows actual  and pred ic ted values o f  c y c l e s - t o - f a i l u r e  f o r  t h ree  
o f  t h e  packs c y c l i n g  a t  JPL, 50%/40° C, 50%/30° C, and 35%/40° C. The equa- 
t i o n  used t o  t h e o r e t i c a l l y  c a l c u l a t e  mean cycles t o  f a i l u r e  was der ived 
several years ago and i s  found i n  previous Proceedings o f  t h e  B a t t e r y  
Workshop. The pred ic ted cyc les  t o  f a i l u r e  are w i t h i n  10% t o  20% o f  t h e  
actual  mean val  ue cyc le  t o  value which are approximately 9,000 cyc les  f o r  
t h e  50%/300 C and 35%/400 C c e l l s  and approximately 3400 f o r  t h e  50%/40° C 
c e l l s .  



I n  a very  q u a l i t a t i v e  sense, increas ing temperature and depth o f  discharge 
bo th  lead t o  sho r te r  b a t t e r y  l i f e ,  and t h e  r i s e  i n  100 C i s  rough ly  equiva- 
l e n t  t o  a 15% increase i n  depth o f  discharge. I n  F igure  9, an increase i n  
temperature from 30° C t o  40° C f o r  t h e  50% depth o f  discharge c e l l s  caused 
a drop i n  cyc le  l i f e  from approximately 9000 t o  3400 cycles. The same s o r t  
o f  drop was seen i n  t h e  two 40° C packs when t h e  depth o f  discharge i s  
increased from 35% t o  50%. 

These f ind ings  are  cons is ten t  w i t h  those found i n  F igu re  8, where t h e  i n -  
crease i n  I n  slope over l o 0  C (approximately 1.0) i s  t h e  same d i f f e r e n t i a l  
as was found between each o f  t h e  35% and 50% depth o f  discharge curves. This 
r e s u l t  demonstrates i n  a q u a l i t a t i v e  sense a t  l e a s t  a 100 C increase i n  
temperature i s  equivalent  t o  a 15% increase i n  depth o f  discharge. 

Summary 

F igure  10 i s  an attempt t o  est imate t h e  q u a l i t y  o r  r e l i a b i l i t y  o f  a predic-  
t i o n  based on t h e  amount o f  data avai lable.  One s t a r  i nd i ca tes  a f a i r  
est imate; t h r e e  s ta rs  i nd i ca tes  a good estimate. It i s  c l e a r  t h a t  accumu- 
l a t i  ng data over e a r l y  l i f e  (Phase I )  i s  a l e s s  r e l i a b l e  basis f o r  p red ic -  
t i o n  than data accumulated i n  m i d - l i f e  (Phase 11). The best  p r e d i c t i o n  f o r  
bo th  voltage behavior and cycles t o  f a i l u r e  can be made a f t e r  t h e  t e s t  has 
passed p o i n t  IIIo when t h e  c e l l  reaches i t s  s t a b i l i t y  po in t  a f t e r  approxi-  
mately 500-1500 cycles. 
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Figure 4. 5-fit discharge 50% DCD parameter A. 









Figure 8. L,n slope vs temperature. 
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Figure 10. Estimate of quality of prediction. 
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Ellason, Lockheed: The battery w i t h  the two shorted ce l l s  - would 
you care to  comment on the age. 

Pickett ,  Hughes Aircraft: Yeah, they were a t  l eas t  well the in orb i t  
l i f e  time was about seven years and you can see tha t  from the graph 
when the voltage dropped off significantly.  The actual age of the 
ce l l s  themselves were about nine years. 

McDermott, B&K Dynamics, Inc.: I noticed tha t  on several of the 
graphs your predicted value actually changed as you were changing the 
1 oads? 

Pickett ,  Hughes Aircraft: That's r ight.  

McDermott, B&K Dynamics, Inc.: So you have current density terms in 
there tha t  are  so r t  of mapping those charges? 

Pickett, Hughes Aircraft: That's in the depth of discharge. 

McDermott, B&K Dynamics, Inc: How come tha t  the l a s t  one the predicted 
d idn ' t  seem to  change very much when the low charged quite radically? 

Pickett, Hughes Aircraft: The reason why i s  t ha t  there 's  several c e l l s  
in a number of bat ter ies  which did not have shorts.  That particular 
battery had shorts the other ce l l s  d idn ' t  and we would have t o  take 
an average or  meaning of a1 1 the other ce l l s  on the consideration and 
the analysis and t h a t ' s  why the predicted d idn ' t  follow that  particular 
curve. 

Weiner, Aerospace Corporation: Did you or do you intend to  include 
the a f fec t  of anv we-use of the batter-y before launch such as times 
and activation tkmperature storage burn-i n cycles or acceptance t e s t  
cycles and so on. 

Pickett, Hughes Aircraft: The answer to  the acceptance t e s t  cycles 
and b u r n - i n  cycles t h a t ' s  kind of hard to  do since everything we do 
i s  pretty much standard. I t ' s  hard to  vary tha t .  In answer to  some 
of the other things we plan to  look a t  possibly the wet l i f e  i s  
something which we should look a t  as well as the time the bat ter ies  
have to  stay in open c i rcu i t .  Although I will point out that  in some 
of these bat ter ies  tha t  we've used for  systems t e s t  as well as space- 
c ra f t  t e s t  you are  aware tha t  the bat ter ies  sometimes s e t  open 
c i r cu i t  a t  high temperatures maybe as long as two or three weeks 
something l ike  that .  

Hafen, Lockheed: Does your model predict-an operating temperature? 



A. P i c k e t t ,  Hughes A i r c r a f t :  You could probably ge t  t h a t  o u t  o f  i t  by 
doing some ana lys is  w i t h  it. I n  o ther  words, we were ab le  t o  p r e d i c t  
an optimum charge r a t e  us ing i t  and I t h i n k  we could probably do t h a t  
w i t h  temperature as long as the  temperatures a r e  w i t h i n  t h e  range o f  
t he  data base. 

Q. Hendee, Telesat  Canada: Would t h e  b a t t e r y  t h a t  developed t h e  two 
shor ts  be one t h a t  I might  poss ib ly  recognize? 

A. P i c k e t t ,  Hughes A i r c r a f t :  No i t ' s  n o t  an ANIK s a t e l l i t e .  

Q. Hendee, Telesat  Canada: We've had some on t h a t  as we l l  bu t  okay. 

A. Ma1 l o r y ,  AT&T B e l l  Labs: I take i t  from the  shape of t he  equation 
t h a t  t h e  discharge i n  the  e a r l y  stages has no a f f e c t  on the  p r e d i c t i o n  
t h a t  t h e  l a t e r  stages b u t  i t ' s  each i n d i v i d u a l  season t h a t  you nave 
t o  worry about. 

Q. P i cke t t ,  Hughes A i r c r a f t :  I ' m  n o t  sure I understand your quest ion 
Dean. 

A. Mal lory,  AT&T B e l l  Labs: I n  some o f  your  curves you showed a case 
where the  load changed d r a s t i c a l l y  from one season t o  the  next.  

A. P i cke t t ,  Hughes A i r c r a f t :  Yeah I would say t h a t  yeah t h e  depth 
discharge i s  probably more - a f f e c t s  the  b a t t e r y  more l a t e r .  I 
t h i n k  i f  you look  a t  t he  model I b e l i e v e  t h e r e ' s  some cross terms 
i n  the re  w i t h  respect  t o  the  depth discharge i n  t ime t h a t  takes 
care o f  t ha t .  

Q. Ma l lo ry ,  AT&T B e l l  Labs: Second quest ion. Do you p lan  t o  inc lude 
anyth ing l i k e  t h e  recond i t i on ing  depth o f  discharge? 

A. P i c k e t t ,  Hughes A i r c r a f t :  We haven' t  inc luded i t  here o r  we d i d n ' t  
look a t  i t  here fo r  two reasons. I t  probably should be done f o r  
completeness b u t  t o  g i ve  you an i s o l a t e d  data p o i n t  one s a t e l l i t e  
which had been recondi t ioned t o  one v o l t  average per c e l l  showed 
a f t e r  e i g h t  years a  minimum discharge vo l tage o f  about 1.18. One 
t h a t  had been discharged t o  54% DOD showed an average o f  1.16 there  
may be something s i g n i f i c a n t  there  b u t  j u s t  on t h e  sur face I would 
say t h a t  i t ' s  probably n o t  t h a t  s i g n i f i c a n t .  

A. Maurer, AT&T B e l l  Labs: I was t h i n k i n g  o f  spacecrafts D l  & 2 where 
i t  was recondi t ioned t o  115 v o l t s / c e l l  f o r  the  f i r s t  3 seasons the  
vo l tage dropped o f f  then recond i t i on ing  to-one v o l t  t h e  vo l tage 
jumped back up again. 



A. Pickett, Hughes Aircraft: Yeah we've seen that and normally what we do 
is the beginning of life when we recondition or what we recommend to 
the customers is that during the first initial seasons they go to 1.15 
v/c and then as the satellite ages we go down to lower than that but 
we never exceed an average of one volt per cell. 
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ABSTRACT 

Hughes has  developed a mathematical model which p r e d i c t s  l i f e  of n icke l -  
cadmium b a t t e r i e s  designed f o r  geosynchronous o r b i t  s a t e l l i t e s .  A s t a t i s t i c a l  
a n a l y s i s  technique c a l l e d  regress ' ion was used t o  analyze o r b i t a l  d a t a  on 
second-generation t r ickle-charged b a t t e r i e s .  

The model g ives  average c e l l  vo l t age  a s  a func t ion  of des ign  parameters,  
ope ra t i ng  parameters ,  and time. The vo l t age  model has  t he  p r o p e r t i e s  of 
providing a good f i t  t o  t he  da t a ,  good p r e d i c t i v e  c a p a b i l i t y ,  and agreement 
with known b a t t e r y  performance c h a r a c t e r i s t i c s .  Average c e l l  vo l t age  can 
almost always be pred ic ted  t o  w i t h i n  0.02 v o l t s  f o r  up t o  8 years .  

This modeling shows t h a t  these  b a t t e r i e s  w i l l  ope ra t e  r e l i a b l y  f o r  10 
years .  Third-generat ion b a t t e r i e s ,  which a r e  being used i n  the  l a t e s t  genera- 
t i o n  of Hughes s a t e l l i t e s ,  a r e  expected t o  ope ra t e  even longer .  

INTRODUCTION 

Over t he  p a s t  20 years  t he re  has  accumulated cons iderab le  in -orb i t  da t a  on 
b a t t e r i e s  i n  geosynchronous o r b i t  s a t e l l i t e s  designed and b u i l t  by Hughes 
A i r c r a f t  Company. These s a t e l l i t e s  began i n  1963 with Ea r ly  Bird,  the  f i r s t  
geosynchronous communications s a t e l l i t e ,  and cont inue through the  new HS 376 
s e r i e s .  This s e r i e s  inc ludes  the  SBS and Anik-C s a t e l l i t e s  r e c e n t l y  launched 
by t h e  Space T ranspo r t a t i on  System. S ince  launch of t he  I n t e l s a t  I V  s e r i e s  of 
s a t e l l i t e s  i n  t he  e a r l y  1 9 7 0 f s ,  one c e l l  manufacturer,  General E l e c t r i c  Company, 
h a s  been used almost exc lus ive ly  by Hughes f o r  p roduct ion  of s a t e l l i t e  b a t t e r i e s .  
Consequently, Hughes has  an ex t ens ive  d a t a  base of des ign  and in -o rb i t  d a t a  on 
General E l e c t r i c  b a t t e r y  c e l l s .  

These b a t t e r i e s ,  beginning wi th  the  I n t e l s a t  I V  ( r e f .  1) and t h e  Anik-A 
(Canada) ( r e f .  2 )  s e r i e s  of s p a c e c r a f t ,  can be convenient ly  d iv ided  i n t o  t h r ee  
genera t ions  of des igns .  The f i r s t  genera t ion  was-the I n t e l s a t  I V  (F2 through 
F7) and Anik A 1  and A2 s e r i e s  of s p a c e c r a f t  b a t t e r i e s .  The second genera t ion  
was the  I n t e l s a t  I V  F1 and F8, I n t e l s a t  IV-A, COMSTAR, Anik-A3, WESTAR I, 11, 
and 111, Palapa-A ( Indones ia )  and MARISAT des igns .  The t h i r d  genera t ion  is  the 



LUSAT and HS 376 design, which includes SBS ( s a t e l l i t e  business systems), 
Anik-C, WSTAR I V  and V, Palapa-B, T e l s t a r  1x1 (AT&T), Aussat (Aust ra l ia ) ,  
B r a s i l s a t  (Braz i l ) ,  Galaxy ( ~ u g h e s  Communications), and Morelos ( ~ e x i c o ) .  

The f i r s t -genera t ion  b a t t e r i e s  were s tored  open c i r c u i t  and had tempera- 
tures  c lose  t o  U°C, high ac t ive  ma te r i a l  loading i n  the pos i t ive  e lec t rode  
(12 t o  13 g/dm2), low leve l s  of e l e c t r o l y t e  (2.5 cm3/s-hr), and low p l a t e  
areas ,  r e s u l t i n g  i n  high current  d e n s i t i e s  (5.5 t o  5.9 mA/cm2). These 
b a t t e r i e s  did not reach t h e i r  design l i f e  of seven years  a t  50 t o  60 percent 
depth of discharge (DOD). Low ba t t e ry  vol tage  d ic ta t ed  removal of some of 
the spacecraf t  loads af t e r  5-1 /2 years. 

En order  t o  reduce e a r l y  degradation, second-generation b a t t r i e s  were 
s tored  trickle-charged i n  o r b i t  a t  15O t o  23OC. More e l e c t r o l y t e  was added t o  
the c e l l s  (3.0 cm3/~-hr) ,  and other  improvements were made. These changes 
resul ted  i n  b a t t e r i e s  which have now exceeded 7 years  of in-orbi t  operation 
without load reduction a t  DOD l eve l s  g r e a t e r  than 50 percent.  

Pr ior  t o  design of the HS 376 b a t t e r i e s ,  seve ra l  s i g n i f i c a n t  r e l a t ionsh ips  
were es tabl i shed and quan t i f i ed ,  such a s  separa tor  degradation as  a  function of 
time and temperature, the  e f f e c t  of e l e c t r o l y t e  quant i ty ,  and the e f f e c t  of 
pos i t ive  p l a t e  swell ing ( r e f .  3, 4). These d iscover ies ,  along with improve- 
ments in  the spacecraf t  power e l e c t r o n i c s ,  have resu l t ed  i n  a  third-generation 
design l i f e  of over 10 years .  The complete power system designs f o r  the HS 376 
s e r i e s  of spacecraf t  have been described e a r l i e r  ( r e f .  5, 6) .  

DATA BASE AND PARAMETERS 

The data  base used i n  the analys is  cons is ted  of telemetered data  from bat- 
t e r i e s  in  opera t ional  s a t e l l i t e s .  It included da ta  on f o r t y  b a t t e r i e s  on 
twenty s a t e l l i t e s  comprising ten d i f f e r e n t  programs. The longest operat ing 
time was 16 e c l i p s e  seasons, o r  8 years. A l l  b a t t e r i e s  were t r i c k l e  c h a ~ g e d ,  
The ba t t e ry  c e l l  s i z e s  ranged from 6 t o  24 A-hr, and were a l l  procured from 
General E l e c t r i c .  A l l  c e l l s  were of the second-generation type. 

The measure of b a t t e r y  performance used was average c e l l  voltage a t  end 
of discharge during the longest ec l ipse  each season. The end of ba t t e ry  l i f e  
i s  taken t o  be the time when t h i s  voltage drops below some spec i f i ed  value. 

The design and opera t ional  parameters tha t  appear i n  the f i n a l  model are:  
depth of discharge,  e c l i p s e  temperature, t r ickle-charge r a t e ,  e l e c t r o l y t e  
loading, and time i n  ec l ipse  seasons. The minimum, maximum, mean, and standard 
devia t ion  f o r  these parameters a r e  l i s t e d  i n  t ab le  I. In addi t ion ,  we a l s o  
studied the e f f e c t s  of s o l s t i c e  (non-eclipse) temperature, discharge current ,  
dens i ty ,  percent recharge, high charge r a t e ,  pezcent e l e c t r o l y t e ,  and cumula- 
t i v e  depth of discharge. 



METHODOLOGY 

We selected, evaluated, and then modified a statistical model that employs 
multiple regression for use in predicting the life of nickel-cadmium in geo- 
synchronous orbit satellites. Our goal was to obtain a model which provides 
good fit and predictive capability, for both the group of batteries aad indG 
vidual batteries. 

A set of parameters thought to influence battery life was identified. 
Relationships between these parameters were examined by looking at correlations. 
This information was used in later stages to help select potential variables 
for use in the model. 

All possible regression models with the selected parameters were examined 
(ref. 71, and several models were selected for further investigation. This 
selection was based on statistics that measure the models' ability to fit and 
predict observed phenomena well. The meaningfulness of physical relationships 
implied in the model was also considered. A reduced set of potential variables 
of interest was identified, and the process of model evaluation and selection 
was repeated. 

Our initial set of variables was ten battery parameters, time, time2, 
and time3. Based on the results obtained by an iteration using these var- 
iables, a set of eight main effects and all first-order iterations of these 
eight main effects were selected for further investigation. This process was 
repeated several times. Two models were selected as final candidates, These 
two were than compared by investigating the following relationships: voltage 
versus number of eclipse seasons, battery life versus depth of discharge, and 
R(t) (probability of surviving at least t eclipse seasons). Judging from the 
standpoints of overall fit, fit to individual battery performance, prediction, 
and agreement with known battery characteristics, we selected a model. 
Variables not listed did not significantly reduce the amount of unexplained 
variation and therefore were not included in the model. Although those var- 
iables may have a significant influence on voltage, their effect in modeling is 
minimal, owing to their correlation with other variables used in the model. 
Addition of a variable correlated with another variable already in the model 
does not produce a significant reduction in unexplained variability. 

RESULTS AND DISCUSSION 

The selected battery voltage model is as follows. 

Voltage = 1.12 - kl (D) + k2 (DIE-,+ kj (TCR) - kb (ET) TCR~ 

- kg (D)T + kg (T~) - k7 (ET) (~31, 



where : 

Voltage = Hinimum end of d i scharge  vol tage ,  averaged f o r  a l l  c e l l s  
i n  a  b a t t e r y  

D = Depth of discharge i n  percent  

E = E l e c t r o l y t e  i n  CC/A-hr 

TCR = T r i c k l e  charge r a t e  i n  A/A-hr 

ET Ec l ip se  temperature i n  OF 

'E = Time i n  e c l i p s e  seasons 

.k1 - k7 = S t a t i s t i c a l l y  determined c o e f f i c i e n t s  ( cons t an t s )  

The value of the c o e f f i c i e n t s  were, of course,  der ived  i n  the a n a l y s i s  bu t  a r e  
omitted he re  because of o the r  cons idera t ions ,  

Figure 1 shows vo l t age  a s  a  func t ion  of time f o r  a l l  o the r  v a r i a b l e s  s e t  
t o  t h e i r  means. Symmetric p red ic t ion  i n t e r v a l s  a r e  presented a t  t he  99, 95, 
and 75 percent  l e v e l s  f o r  a  response (vo l t age )  a t  a  spec i f i ed  s e t  of condi t ions .  
With a  given confidence, we can say t h a t  a f u t u r e  observat ion w i l l  be w i t h i n  
the spec i f i ed  i n t e r v a l .  

It is important t o  note  the  l a rge  e f f e c t  t h a t  depth of d i scharge  has  on 
vol tage  and consequently on b a t t e r y  l i f e .  The lower the  depth of d i scharge ,  
the longer the b a t t e r y  w i l l  l a s t .  (See f i g u r e  2 . )  This  r e l a t i o n s h i p  fol lows 
our expec ta t ions .  S imi la r  r e s u l t s  have been obtained f o r  b a t t e r i e s  on l i f e  
t e s t .  The model a l s o  ind ica t e s  t h a t  we could opera te  our b a t t e r i e s  a t  a  h igher  
depth of d i scharge  than i s  c u r r e n t l y  being done. An i n t e r a c t i o n  of D 2 o 3  with 
time (from r e s u l t s  obtained by previous Hughes b a t t e r y  r e sea rch )  was considered 
f o r  inc lus ion  i n  the model ( r e f  8) .  However, t h i s  r e l a t i o n s h i p  d id  not  provide 
r e s u l t s  a s  good a s  those obtained by using the  i n t e r a c t i o n  of D wi th  time. 

Temperature seems t o  a f f e c t  the b a t t e r i e s  l a t e  i n  l i f e ,  a s  might be 
expected. We f e e l  i t  i s  appropr ia te  t h a t  e c l i p s e  temperature r a t h e r  than 
s o l s t i c e  temperature appears i n  the model, s i n c e  e c l i p s e  temperature was the 
temperature a t  the time the  vo l t age  measurements were taken. Also, t h i s  i s  a  
case where two v a r i a b l e s  c l o s e l y  c o r r e l a t e  and t h e r e f o r e  only one of them needs 
t o  be i n  the model, 

These r e l a t i o n s h i p s  can be used, wi th in  the  ranges of the  parameters,  t o  
design and ope ra t e  nickel-cadmium b a t t e r i e s  t h a t  w i l l  have increased  longevi ty.  
Ext rapola t ion  beyond these  ranges should be avoided f o r  s eve ra l  reasons. 1) 
Pred ic t ion  e r r o r  i nc reases  with d i s t a n c e  f r K ' t h e  mean of the  da t a .  2 )  This 
model may be not a  t r u e  r ep re sen ta t ion  of the  underlying r e l a t i o n s h i p s  bu t  
r a t h e r  a  good approximation wi th in  the  range of our da ta .  By c r e a t i n g  a  model 
t h a t  i s  sound from an  engineering s tandpoin t ,  we have minimized t h i s  e f f e c t .  



3) Regression assumptions may no longer be valid outside the range of the 
data. An example of this fact is the occurrence of shorts late in life, which 
affects prediction error and could violate the assumption of constant var- 
iance over time. 4 )  Main effects and interactions omitted from the current 
model may be more influential outside the range of data used. 

Figure 1 shows prediction intervals about the regression line, The indi- 
vidual prediction lines can be used to estimate reliability versus time in the 
following way. First, note that the lowest prediction line is such that, for 
any given time, the voltage will exceed that value with 0,995 probability. 
Thus, for a given voltage and given probability, we can find the time which 
corresponds to the voltage and probability. For a fixed voltage, we can then 
construct a plot of probability versus time. The probability of exceeding a 
given voltage at a given time can be used as an approximation of reliability at 
that time. 

Reliability versus time was investigated for voltage values of 0.90 to 
1.10, because required voltage may vary, depending on specific satellite 
requirements. The probability that voltage, as defined in the model, is above 
the minimum.requirement of 1.00 is 1 for the number of eclipse seasons less 
than or equal to 23. This probability value was obtained from a relationship 
relating reliability to prediction intervals, as described above, when all 
variables except time are set to their means. At voltage = 1.05, the reliabil- 
ity is 1 for 20 eclipse seasons, and then drops quickly. This is illustrated 
in figure 3a. When voltage = 1.10, this drop in reliability occurs sooner, 
after 17 eclipse seasons. (See figure 3b.) These results correspond quite 
well to currently accepted estimates of mean battery life as being on the order 
of 12 years. In addition, these results agree favorably with mission duration 
and design lives of 7 to 10 years. 

The R~ value for this model is 0.68. Although not as high as we would 
have liked, it is a good value, given that the model uses actual orbital data 
and is not a controlled laboratory study. A designed, controlled study has 
certain advantages. It can highlight situations that occur late in life, by 
increasing the duration of the test; it can make predictions over a wider 
range by controlling the levels that parameters of interest take on; and it 
can study specific interactions. However, results obtained f r m  controlled 
laboratory environments are sometimes critized for being unrealistic or inap- 
propriate. A model based on orbital data has the advantage that the batteries 
have been operated in a real environment. 

One use of the model is to predict the performance of the new third- 
generation cell designs now with limited (up to five seasons) orbital exper- 
ience. The new HS 376 design improvements include increased electrolyte 
quantity, lower operating current density, and lower operating temperatures. 
This work is still in progress. 

The most prudent conclusion that can be dcdwn thus far from these results 
is that the HS 376 batteries can easily meet their design goal of 10 years 
at 50 percent DOD, since they are an improvement over those analyzed here. 



For a p red ic t ion  a t  the 65 percent  DOD extreme of the  d a t a  base, a  d i f f e r e n t  
s t a t i s t i c a l  approach should probably be used. 

The d a t a  base includes d a t a  on two b a t t e r i e s  on two d i f f e r e n t  s a t e l l i t e s ,  
having two shor ted  c e l l s  each. A l l  four  s h o r t s  occurred l a t e  i n  l i f e  and 
caused complete l o s s  of vo l t age  i n  t he  four  c e l l s .  The remaining c e l l s  a r e  
func t ioning  a s  expected, i n  view of the a d d i t i o n a l  loads being imposed on them. 
The f a c t  t h a t  the d a t a  base included s h o r t s  which occurred l a t e  i n  l i f e  had a  
s t rong  e f f e c t  on the  model, making the  time3 term more s i g n i f i c a n t .  (Note, 
however, t h a t  i n  our e a r l i e r  paper ( r e f .  91, t he  time3 term was a l s o  p re sen t ,  
and the re  were no shor ted  c e l l s  i n  the d a t a  base a t  t h a t  t ime.) 

Because the e f f e c t  of s h o r t s  i s  included i n  the  vol tage  model, i t  is 
included i n  the r e l i a b i l i t y  p l o t s  a s  wel l .  This has  important impl ica t ions  f o r  
r e l i a b i l i t y  a n a l y s i s  a s  prac t iced  i n  r e l i a b i l i t y  engineering.  The c e l l  s h o r t  
f a i l u r e  mode has  been t r e a t e d  a s  having a  cons tan t  f a i l u r e  r a t e .  However, t h i s  
treatment may now be inappropr ia te  i n  view of the f a c t  t h a t  the  s h o r t s  occurred 
l a t e  i n  l i f e .  Future r e l i a b i l i t y  a n a l y s i s  should address  t h i s  mat te r .  

The model is  der ived  from aggregate  d a t a  on a  l a r g e  number of b a t t e r i e s .  
I n  such cases ,  t he  r e s u l t i n g  model o f t e n  f a i l s  t o  accu ra t e ly  p r e d i c t  the per- 
formance of an ind iv idua l  member. However, a s  shown i n  f i g u r e s  4 and 5, our 
model does accu ra t e ly  p r e d i c t  t he  vo l t age  versus  time of i nd iv idua l  b a t t e r i e s .  
(F luc tua t ions  i n  vo l t age ,  both f o r  a c t u a l  and predic ted  values,  a r e  explained 
by adjustments  t o  depth of d i scharge . )  These p l o t s  of a c t u a l  versus predic ted  
vol tage  a r e  t y p i c a l  of t he  f i t s  which were obtained.  Figure 5 shows the  
model's f i t t i n g  of the  performance of a  b a t t e r y  experiencing two s h o r t s  a t  t he  
s ix t een th  e c l i p s e  season. Since some b a t t e r i e s  a t  t h i s  time had s h o r t s  and 
o the r s  did not ,  t h e  model tends t o  overpredic t  vo l t age  i n  the  presence of 
sho r t s .  When s h o r t s  occur ,  depth of d i scharge  is  reduced a t  the ground s t a t i o n  
t o  increase  remaining l i f e .  This f a c t  expla ins  the increase  i n  pred ic ted  
vol tage  a t  the  s ix t een th  e c l i p s e  season. 

CONCLUSIONS 

The model descr ibed i n  t h i s  paper has  many important f ea tu re s .  F i r s t ,  
i t  f i t s  the o r b i t a l  da t a  and provides accu ra t e  p red ic t ions .  (Although the  f i t  
t o  t he  d a t a  i s  no t  a s  good a s  one t y p i c a l l y  s ees  with labora tory  d a t a ,  we f e e l  
the  model i s  more r e a l i s t i c ,  being based on o r b i t a l  da t a . )  It is a  u se fu l  t o o l  
i n  designing and opera t ing  b a t t e r i e s  f o r  longer l i v e s .  The e f f e c t  of s h o r t s  
has  been included,  making t h i s  model more complete than i t s  predecessors .  
F ina l ly ,  t h e  model p r e d i c t s  t h a t  a  t y p i c a l  second-generation b a t t e r y  w i l l  l a s t  
wel l  beyond t en  years .  We be l i eve  t h a t  a  t y p i c a l  th i rd-genera t ion  b a t t e r y  
could l a s t  even longer.  This  is t r u e  even a t  dqpth of d i scharge  l e v e l s  h ighe r  
than those p re sen t ly  used. 

Hughes intends t o  update t h i s  a n a l y s i s  pe r iod ica l ly .  
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T a b l e  I 

Summary of t h e  D a t a  B a s e  

Variable 

Average cell voltage 

Time 

Depth of discharge 

Electrolyte 

Eclipse temperature 

Trickle-charge rate 

Standard 
deviation 
value 

0.018 

3.8 

8.0 

0.31 

3.1 

- 

Unit 

volts 

eclipse seasons 

% 

cc /A-hr 

OF 

AIA-hr 

Minimum 
value 

1.08 

1 

24 

2.9 

50 

C/62 

Maximum 
value 

1.23 

16 

62 

4.2 

66 

C/36 

Mean 
value 

1.18 

6.6 

43 

3.2 

5 5 

C/50 
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Figu re  1. Vol tage  v e r s u s  
t i m e  . 
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Figu re  2 .  Expected l i f e  
v e r s u s  dep th  of d i s c h a r g e .  
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Figu re  3 .  R e l i a b i l i t y  v e r s u s  t i m e .  
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Figure  4. Voltage ve r sus  t ime for t y p i c a l  bat ter ies .  
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Figure  5. Vol tage v e r s u s  t i m e  
f o r  a b a t t e r y  con ta in ing  two 
s h o r t e d  cells.  



Q. Unidentified: Did your survey include the launch handling of bat ter ies  
a t  a l l  o r  i s  t h i s  a f t e r  launch l i f e ?  

A. Broderick, GTE S a t e l l i t e  Corporation: No th i s  was jus t  data. I would 
assume tha t  many of these t e s t  points that  i n  o rb i t  performance would 
include integration and t e s t .  

Q.' Unidentified: Some of them l ike  you mentioned TRW do not use f l i g h t  
bat ter ies  for  integration testing? 

A. Broderick, GTE S a t e l l i t e  Corporation: Okay, i t  never has been. Ford 
I think has presented information before tha t  he thinks tha t  i n  o rb i t  
or integration in t e s t  will age a t  about twice the r a t e  of i n  o rb i t  
performance. So i f  you assume 3 months of integration and t e s t  
double that  then you might lose 6 months of performance on the ground. 

Q. Unidentified: Did you include anything l ike  the differences of the 
depth of discharge during reconditioning in orbi t?  

A. Broderick, GTE S a t e l l i t e  Corporation: What I 've  assumed i s  t ha t  a l l  
of these will be deep discharge reconditioning and tha t  i s  one of 
the reasons why we've been able to  make such improvements on l i f e .  

Q. Rogers, Hughes Aircraft: You emphasized tha t  the newer MOS devices 
used have lower internal resistance have lower voltage drive than 
the older ones. 

A. Sullivan, APL: Yes, t h a t ' s  r ight .  

A. Rogers, Hughes Aircraft: That may be the part icular  devices b u t  t h a t ' s  
contrary to  normal devices. 

A, Sullivan, APL: Contrary to  normal devices? 

A. Rogers, Hughes Aircraft: In other words, for  the same area or same 
weight device chip you'll get considerably lower resistance in a 
newer device and that  i s  not what you want. 

A. Sullivan, APL: Well a l l  I was referring to  i s  the older t rans is tor  
which they had l ike  6/10 of a vol t  drop s i l icon devices as compared 
to  the newer devices tha t  we look a t .  I was looking a t  l i ke  
2/10th1s of an ohm resistance in t h e i r  on-stage. 





Ni-Cd BATTERY LIFE EXPECTANCY IN 
GEOSYNCHRONOUS ORBIT 

Richard J. Broderick 
GTE Satellite Corporation 

ABSTRACT 

Nickel Cadmium battery life expectancy data is required as one key 
element of a power system design. However, at present there are no widely 
accepted analytical models for predicting NiCd life expectancy for a geo- 
synchronous orbit. This paper is an attempt to review the literature, life 
test data, and in orbit performance data to develop an up to date estimate 
of life expectancy for NiCd batteries in a geosynchronous orbit. 

INTRODUCTION 

GTE Satellite Corporation (.GSAT) is a subsidiary of General Telephone 
and Electronics Corporation, one of the nation's leading communication and 
electronics enterprises. In December 1980, GSAT was granted authority by 
the Federal. Communications Connnission to construct and operate an advanced 
domestic communications satellite system providing customized digital 
transmission networks to a variety of users. GSAT's new satellite system 
is scheduled for operation in mid 1984. The space segment consists of two 
satellites operating in the 12/14 GHz frequency band, with two satellites 
to be held in reserve. The first satellite, GSTAR 1, is scheduled for 
launch in the second quarter of 1984. 

The GSTAR baseline design uses three 30 Ampere-hour Nickel Hydrogen 
batteries. However, a parallel alternative is being developed in which 
three 27 Ampere-hour Nickel Cadmium batteries will be used if flight qual- 
ified NiH batteries are not available. A study was initiated to examine 
the feasi b ility of this alternative. Initially a literature search was 
conducted with respect to the life expectancy of NiCd cells in a geosyn- 
chronous orbit. Life test data, prepared by the Naval Weapons Support 
Center (NWSC) at Crane, IN, manufacturing data and in orbit flight 
experience was reviewed and compiled. A curve was deduced, from the 
compilation of the various sources, for a prudent design criterium for 
batteries built in 1983 with respect to life versus depth of discharge 
(DOD). The data was not scrutinized to remove "bad apples" but was 
plotted as objectively as possible. The study assumes that deep discharge 
reconditioning (DDR) circuitry is available on the Spacecraft and that 
average battery temperatures over the year will be less than 15'~. No 
attempt was made to study only certain manufacturers or certain specific 
cell designs. The paper will be organized into a discussion of the 
literature search, life test data, in orbit performance data, life 
expectancy, and conclusions. 



LITERATURE SEARCH 

Figure 1 presents life expectancy for a NiCd battery operating at less 
than a 15'~ average temperature in geosynchronous orbit, The curve is 
actually presented as allowable depth of discharge versus expected life time 
in years. The first user, GSFC, adopted this convention so I w%ll continue 
using this format, whereas my personal application will be given a DOD as to 
what life time I can expect. This figure originally appeared in Reference 1, 
but recently appeared in Reference 2. The figure was originally plotted in 
terms of actual DOD. 1 have scaled it up to rated DOD assuming actual 
capacity to be 110% of rated. Since this curve appeared in 1976 I will use 
it as my 1976 baseline performance for MiCd life expectancy in a geosynchro- 
nous orbit. 60% DOD for this case would indicate a 3.4 year life. 

Figure 2 presents another estimate of where life expectancy was and also 
where it was capable of going (Ref, 3). Sparks emphasized the importance of 
temperature control and DDR in extending life performance, This absicissa 
and ordinate will be used repeatedly for baseline comparison. As an example 
we will take 60% DOD and follow it through the paper. Sparks indicates that 
in 1973 one could expect a 5 year life and a capability of 15 years life at 
60% DOD. 

LIFE TEST DATA 

Figure 3 presents real time life test data from the Crane Life Test 
program (Ref. 4). This figure only considers test packs with operating 
temperatures below 15'~. Three distinctions are made for the plotted data: 
failed cells, discontinued packs and ongoing tests. If we draw a curve 
between the earliest cell failures, we get a curve which correlates well 
with the earlier cell performance curves. A second curve drawn through the 
later cell failures would be indicative of what good cells can do. As you 
can see there are packs which have gone beyond this point before being dis- 
continued, or are still continuing to date. The packs that were discontinued 
had cell failure(s) earlier in the test but continued cycling the remaining 
cells. Table 1 summarizes this data and shows what packs are associated 
with the points plotted. I think the dotted line would be a compromise 
curve, if one could be drawn, for this data, 60% DOD would indicate a 7.2 
year life. 

Figure 4 also shows Crane real time life test data for 20-25O~. The 
dotted line represents a compromise curve for this scattering of data. This 
line is not much different than the less than 15'~ curve. However, it does 
go in the logical direction of increased temperature and decreased life ex- 
pectancy. Table 2 summarizes this data. 60% DOD would indicate a 7 year 
life. 

Figure 5 is a plot of accelerated life test data which was available, 
and this data is summarized in Table 3. The FLTSATCOM accelerated life test 
program claims 44 simulated eclipse seasons of life (Ref, 5). This data 



p o i n t  could be  i n d i c a t i v e  of g r e a t  t h i n g s  t o  came. However, a t  t h i s  time I 
don ' t  t h i n k  one can skew a curve o u t  t o  22 yea r s  a t  75% DOD, My es t ima te  
of a reasonable  r e p r e s e n t a t i o n  of t h e  d a t a  is shown. 60% DOD would i n d i c a t e  
an  8.4 y e a r  l i f e  f o r  t h i s  curve. 

I N  ORBIT PERFORMANCE 

Figure  6 indicates i n  o r b i t  performance t o  d a t e  f o r  a v a i l a b l e  SIC. Same 
of t h e  p o i n t s  shown are des ign  requirements as opposed t o  a c t u a l  f l i g h t  per- 
formance. The curve shown tends t o  show t h e  l ead ing  performances t o  da t e .  
Since most S/C o p e r a t e  over  a range of DOD, t h e  ranges  a r e  shown. 60% DOD 
would i n d i c a t e  a 7 year  l i f e  f o r  t h i s  curve. Table 4 summarizes t h i s  da t a .  

F igure  7 is a composite of t h e  curves p rev ious ly  shown. Real  t ime l i f e  
(RTL), a c c e l e r a t e d  l i f e  t e s t  (ACL), and i n  o r b i t  performance (IOP), tend t o  
be reasonably c lose .  A l l  t h r e e  i n d i c a t e  t h e  improvement from 1976. S ince  
10P and RTL do c o r r e l a t e  w e l l  w i th  ACL, I w i l l  use  ACL a s  being representa-  
t i v e  of 1983 s t a t e  of t h e  art .  This  would a.gain r ep re sen t  an 8.4 yea r  l i f e  
f o r  60% DOD. 

F igure  8 now shows j u s t  t h e  1976 and 1983 curves  f o r  l i f e  expectancy. 
For 60% DOD we see an  improvement from 5 yea r s  t o  8.4 yea r s ,  o r  3.4 yea r s .  
I f  we assume t h a t  improvement over t h e  next  7 yea r s  was t o  cont inue  a t  h a l f  
t h i s  r a t e ,  w e  may expect  a 1.7 year  improvement. The curve marked d e s i r e d  
i n d i c a t e s  cells b u i l t  today us ing  1983 NiCd technology could poss ib ly  last 
10.2 y e a r s  a t  60% DOD. 

CONCLUSION 

A s tudy  w a s  done t o  examine where NiCd technology was i n  terms of DOD 
ve r sus  l i f e  time f o r  b a t t e r i e s  i n  geosynchronous o r b i t .  The assumption was 
made t h a t  c e l l s  would be  opera ted  i n  a n  average temperature environment 
below 1 5 ' ~  and sub jec t ed  r o u t i n e l y  t o  deep d ischarge  recondi t ion ing .  Real 
time l i f e  t e s t  d a t a ,  a c c e l e r a t e d  l i f e  t e s t  d a t a ,  and i n  o r b i t  performance 
d a t a  were examined a s  t o  expected l i f e  as a func t ion  of depth of d i scharge .  
The r e s u l t s  would i n d i c a t e  t h a t  a prudent b a t t e r y  des ign  f o r  1983 f o r  a 
60% DOD would be  a n  8.4 yea r  l i f e  expectancy. A des i r ed  l i f e t i m e  f o r  t h i s  
DOD could r a t i o n a l l y  b e  10.2 yea r s .  



SYMBOLS 

ACL Accelerated life test 

C Continuing 

D Discontinued 

DDR Deep Discharge Reconditioning 

DOD Depth of Discharge 

F Failed Cell 

GSAT GTE Satellite 

IOP In Orbit Performance 

NWS C Naval Weapons Support Center 

RTL real time life test 



T a b l e  1 

C r a n e  L i f e  T e s t  -- R e a l  Time 

TEMP C'C) 
COMPLETED 

ECLIPSE SEASONS PACK # DOD (%) STATUS 



T a b l e  2 

C r a n e  L i f e  T e s t  -- R e a l  Time 

COMPLETED 
DOD (%) TEMP (OC) ECLIPSE SEASONS PACK // 

2 2 1 A  

STATUS 



T a b l e  3 

A c c e l e r a t e d  L i f e  T e s t  D a t a  
G e o s y n c h r o n o u s  

COMPLETED 
DESCRIPTION DOD (%) TEMP (OC) ECLIPSE SEASONS 

NWSC 231A 80 10 9 

NWSC 2273 52 15 12 

NWSC 227F 5 2 15 

FACC INTELSAT V 55 10 
(Ref. 6) 

FACC INSAT 
(Ref. 6) 

RCA (1) 66 11 

RCA (2) 66 14 

TRW FLTSATCOM 75 9 
(Ref. 5) 

T a b l e  4 

I n  O r b i t  P e r f o r m a n c e  D a t a  

PERFORMANCE (YEAR) 
PROGRAM DOD(%) TEMP (OC) ACTUAL EXPECTED DESIRED 

TDRS S 5 0 5 10 

GOES 

IUE 57-60 15 

FLTSATCOM 1 65-70 <15 
2 65-70 <15 
3 65-68 <15 
4 65-68 <15 

SATCOM 1 55-58 





















NICKEL CADMIUM CHARGE CONTROL CONCEPTS 

Ralph M. Sullivan 

Johns Hopkins University Applied Physics Laboratory 

ABSTRACT 

APL has used several different  types of charge control systems on the i r  
spacecraft. Some have used dissipative shunts to  get rid of the excess solar 
array power; some have used non-dissipative shunts and some have used a hybrid 
system. Although they have a l l  worked reasonably we1 1, there are tradeoffs to  
be made between the impact on the thermal design caused by the dissipative 
devices and the generation of conducted emissions caused by the switching of 
non-dissipative devices. 

INTRODUCTION 

The primary function of a spacecraft battery charge control system i s  to  
provide sensible l imits of battery discharge, recharge and overcharge to  
prevent undue s t resses  within the battery. In most cases t h i s  means that the 
charging current from the solar array must be reduced af ter  the battery has 
reached ' f u l l  charge'. This leads to  some interesting thermal problems, not 
just  for the battery, b u t  for  the ent i re  spacecraft. 

SAS A I B  

Figure 1 shows one of the early attempts to  solve t h i s  problem at APL on 
the Small Astronomy Sa te l l i t e s  (SAS) A and B e  These s a t e l l i t e s  were small, 
using a single battery of eight 6 ampere hour ce l l s  t o  sustain a 30 watt load 
through a 36 minute eclipse which recurred every 96 minutes ( a  300 nmi 
equatorial o rb i t ) .  The Low Voltage Sensing Switch was se t  at  1.1 volts per 
battery cell  (8.8 vol t s )  t o  preclude excessive discharge which could resul t  in 
the reversal of a low capacity ce l l .  

For such a small battery the instantaneous variation in the array power 
was large (40 to  100 watts). This led t o  the need for  correspondingly large 
shunts driven by a sophisticated Charge Regulator and Monitor (CRAM) system. 
CRAM monitored the bus voltage, the battery current and the battery tempera- 
ture. I t  had a voltage l imiter that  limited the bus voltage in accordance 
w i t h  a voltage - temperature curve whether the battery was on the l ine or not, 
I t  also had an electronic coulometer that  both monitored and controlled the 



b a t t e r y  recharge i n  p a r a l l e l  w i t h  the  vol tage l i m i t e r .  There were four  
commandable percent re tu rns :  105%, 11 0%, 125%, and 'moni t o r  o n l y '  o r  i n f i n i t e  
re turn .  

F igure  2 shows a t y p i c a l  charge, discharge p r o f i l e .  The e l e c t r o n i c  
coulometer counted down t o  a value i n d i c a t i v e  o f  t h e  ampere - minutes d i s -  
charged. During recharge i t counted back a t  a s l i g h t l y  d i f f e r e n t  r a t e  depend- 
i n g  on t h e  percent r e t u r n  t h a t  was selected. A f t e r  about 90 t o  95% o f  t h e  
charge was returned, the  vol tage l i m i t e r  would s t a r t  t o  reduce t h e  b a t t e r y  
charge r a t e  i n  order  t o  l i m i t  t he  bus vol tage t o  t h e  value requ i red  by t h e  V-T 
curve. When t h e  coulometer was s a t i s f i e d  (1 10% r e t u r n  f o r  t he  case o f  f i g u r e  
2), then t h e  b a t t e r y  t r i c k l e  charge r a t e  was reduced t o  a preset  t r i c k l e  
charge r a t e  o f  C/20 (300 ma). This r e s u l t e d  i n  a corresponding drop i n  the  
bus voltage. 

Aside from these gradual changes i n  the  bus voltage, the  bus was r e l a -  
t i v e l y  qu ie t ,  w i t h  l i t t l e  o r  no noise o r  conducted emissions being generated 
by the  charge c o n t r o l  system. This was t r u e  even wi thout  the  b a t t e r y  on t h e  
1 i n e  (So lar  Only Mode) and was p r i m a r i l y  due t o  the  use o f  1 inear  shunts. 

Return ing t o  f i g u r e  1, we see two groups o f  l i n e a r  shunts; one i n t e r n a l  
and f o u r  ex te rna l .  The reason f o r  an i n t e r n a l  l i n e a r  shunt was t o  provide 
i n t e r n a l  heat i f  requested by a p roper l y  located thermis tor .  This was done 
over the  p r o t e s t s  o f  t he  thermal designer s ince the  heat was provided dur ing  a 
shor t  pe r iod  a t  t h e  end o f  sun l i gh t  a f t e r  t h e  b a t t e r y  was charged. For t h i s  
reason and because t h e  shunt d r i v e r  can be r e l a t i v e l y  heavy, t h i s  concept i s  
not  recommended and has not been used on subsequent APL spacecraft .  

The ex te rna l  shunt was d i v ided  i n t o  f o u r  p a r a l l e l  un i t s ,  one mounted on 
each o f  t h e  f o u r  so la r  panels and was designed w i t h  a t o t a l  capac i ty  o f  120 
wat ts  (30 wat ts  each) so t h a t  t he  system could func t ion  even i f  one shunt were 
l o s t .  Re fe r r i ng  t o  f i g u r e  3, we can see t h a t  t he  shunt r e s i s t o r ( s )  must be 
designed t o  accept a l l  t h e  ava i l ab le  power o f  30 wat ts  each. This was accom- 
p l  ished by p lac ing  a d i s t r i b u t e d  r e s i s t o r  under the  so la r  c e l l s  on each o f  t he  
f o u r  so la r  panels cover ing an area of 1.4 f t2 .  The shunt d r i v e  t r a n s i s -  
tors,  however, could not  be d i s t r i b u t e d .  We see f rom f i g u r e  3 t h a t  they  
experienced a peak power d i s s i p a t i o n  of Pmax/4 when shunting about one-half 
t h e i r  maximum cu r ren t .  This i s  about 7-1/2 watts, an acceptable power l eve l ,  
bu t  not  i d e a l  f o r  long l i f e .  Indeed on SAS-A, we d i d  experience f a i l u r e s  o f  
the  shunt d r i v e  t r a n s i s t o r s  w i t h i n  a year. This was found t o  be due t o  a 
defect  i n  t h e  t r a n s i s t o r  which was corrected on SAS-B by  rep lac ing  the  
t r a n s i s t o r  w i t h  one o f  a d i f f e r e n t  manufacture. 

SAS -C 

Due t o  a near doubl ing of t he  power on SAS-C, t h e  charge c o n t r o l  system 
was expanded t o  inc lude d i g i t a l  shunts (see f i g u r e  4). The so la r  a r ray  was 
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d iv ided i n t o  24 equal, p a r a l l e l  segments; each w i t h  a  sho r t i ng  t r a n s i s t o r  
con t ro l l ed  by CRAM. The l i n e a r  shunt could then be s ized t o  have s l i g h t l y  
more capac i ty  than one o f  t h e  d i g i t a l  shunts. Although the  shunt d r i v e  t r a n -  
s i s t o r  s t i l l  had t o  be designed f o r  9 watts power d i ss ipa t i on ,  i t was placed 
i n  a  benign environment i n s i d e  t h e  spacecraft  s ince the re  was o n l y  one o f  
them. 

Any abrupt change i n  t h e  power balance was accommodated by the  l i n e a r  
shunt. I f  it became saturated (o r  empty), then the  d i g i t a l  shunts were 
shorted (o r  opened) sequent i a1 l y  unt i 1 t h e  power imbal ance could be accepted 
by the  l i n e a r  shunt. SAS-C was a lso designed t o  operate wi thout  a  b a t t e r y  
(Solar Only). Since t h e  b a t t e r y  was one o f  t he  few non-redundant items on the  
spacecraft, i t was thought t h a t  we should a t  l e a s t  be able t o  operate dur ing  
the  s u n l i t  p o r t i o n  o f  t he  o r b i t  i n  the  event t h a t  t he  b a t t e r y  f a i l e d .  An 
Ac t i ve  R ipp le  F i l t e r  (not  shown) was employed t o  reduce bus t rans ien ts  when 
swi tching d i g i t a l  shunts wi thout  a  b a t t e r y  on t h e  i i n e .  

The charge c o n t r o l  concept o f  a  recent  APL s a t e l l i t e ,  AMPTEICCE (The 
Act ive  Magnetospheric pa r t i c l i e  Tracer ExplorersICharge Composition Explorer),  
i s  shown i n  f i g u r e  5. This i s  the  f i r s t  charge con t ro l  system a t  APL t o  use a  
microprocessor, an RCA 1802. The f i g u r e  shows one s ide  o f  a  two b a t t e r y  
system f o r  simp1 i c i t y .  The actual  a r ray  power, shunt power and load are 
double those shown. The coulometer has no con t ro l  f u n c t i o n  i n  t h i s  system, 
but  i s  s imply a  monitor.  Also, there  i s  no l i n e a r  shunt, bu t  o n l y  a  shor t ing  
t r a n s i s t o r  f o r  each so la r  a r ray  segment. The t r a n s i s t o r s  used i n  t h i s  case 
are MOSFETS IRF130 w i t h  a  very low sa tu ra t i on  res is tance,  which f u r t h e r  reduce 
the  power d i ss ipa t i on .  

This system i s  s impler  and o f  lower power d i s s i p a t i o n  than i t s  predeces- 
sors, bu t  i t  does r e s u l t  i n  some add i t i ona l  bus noise as shown i n  f i g u r e  6. 
Also, t h i s  system does not have any 'Solar  Only '  c a p a b i l i t y .  

OPEN PROGRAM 

Figure 7  shows s t i l l  another charge con t ro l  concept. One t h a t  i s  being 
proposed f o r  t h ree  s a t e l l i t e s  fo r  t h e  OPEN (Or ig in  of Plasmas i n  t h e  Ear th 's  
Neighborhood) program and which w i  11 make extensive use o f  a  microprocessor. 
At f i r s t  glance, the  much higher power l e v e l s  o f  470 t o  800 wat ts  from the  
so la r  a r ray  would seem t o  d i c t a t e  another d i g i t a l  (non-d iss ipa t ive)  system. 
However, t he re  i s  a  s t rong des i re  t o  have very low conducted emissions on 
these s a t e l l i t e s ,  a  requirement t h a t  has forced us t o  re - th ink  the  l i n e a r  
shunt. 



Sixteen l i n e a r  shunts w i t h  a  capac i ty  o f  25 wat ts  each w i l l  accept the  
e n t i r e  800 wat ts  f rom t h e  array.  The d i s t r i b u t e d  r e s i s t o r s  can once again be 
placed on the  s o l a r  panels under the  so la r  c e l l s .  To reduce the  power i n  the  
shunt d r i v e r  package, each o f  t he  shunts w i l l  be d r i ven  sequen t ia l l y  i n  
tandem. That i s ,  o n l y  one d r i v e  t r a n s i s t o r  w i l l  be allowed t o  operate a t  the 
maximum power d i s s i p a t i o n  po in t .  A l l  o ther  energized shunts w i l l  have been 
d r i v e n  t o  sa tura t ion .  With t h i s  type o f  design, aided by the  use o f  MOSFETs, 
the  maximum power i n  t he  d r i v e r  package can be contained t o  approximately 10 
watts.  This  design should prov ide  us w i t h  a  q u i e t  bus and a l l ow  us t o  once 
again consider  t he  use o f  t h e  'So lar  Only'  mode. 

V-T CURVES 

Although the  e l e c t r o n i c  coulometer has proven t o  be a  very good charge 
c o n t r o l  method, the  simple vol tage l i m i t e r  has a lso  proven t o  be very e f f e c -  
t i v e .  Using an e m p i r i c a l l y  developed t rans fe r  func t ion ,  t he  vo l tage versus 
temperature (V-T) curve, the  vol tage l i m i t e r  causes ac tua t ion  o f  the  shunts t o  
keep the  b a t t e r y  vo l tage  below the  l e v e l  def ined by t h i s  curve. Figures 8  
through 10 show t h e  V-T curves t h a t  were used fo r  t h e  SAS and AMPTE s a t e l -  
l i t e s .  The more recent  sate1 l i t e s  have used more than one V-T l e v e l  which can 
be se lec ted  by  ground command. The reason f o r  t h i s  i s  t o  p rov ide  f l e x i b i l i t y .  
I f  the  power d i s s i p a t i o n  i s  t oo  h igh  f o r  a  g iven thermal cond i t ion ,  i t  i s  
poss ib le  t o  swi tch t o  a  lower curve which w i l l  r e s u l t  i n  a  lower b a t t e r y  over-  
charge ra te .  Also, when the  b a t t e r y  charge vo l tage increases w i t h  age, i t i s  
poss ib le  t o  swi tch t o  a  h igher  V-T curve i n  order  t o  charge the ba t te ry .  
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A. Rogers, Hughes Aircraft: The newer s i  1 icon transi s tors  woul d 
probably be a quarter of tha t  in the same current device. 

A. Sullivan, APL: Oh you are  saying that  there ' s  another t rans is tor  I 
should be looking a t .  Okay thank you. 
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DEEP RECONDITIONING TESTING FOR NEAR EARTH ORBITS 
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INTRODUCTION 

During ground t e s t i n g  of n i cke l  cadmium c e l l s ,  deep recondit ioning is 
accomplished by r e s i s t i v e l y  loading the  ind iv idua l  c e l l s  u n t i l  the  c e l l  vo l tage  
approaches 0.0  vo l t s .  This type of recondit ioning has been shown t o  improve 
discharge vol tage performance and the  capac i ty  of t he  c e l l s .  RCA has imple- 
mented t h i s  technique i n  a synchronous s a t e l l i t e  app l i ca t ion  (Ref. 1 )  with en- 
couraging r e s u l t s .  

Others have adopted a b a t t e r y  recondit ioning technique i n  o r b i t i n g  space- 
c r a f t  using a s i n g l e  r e s i s t o r  across  the e n t i r e  ba t t e ry .  The l e v e l  of dis-  
charge is l imited t o  1 . 1  o r  1 . 0  v o l t  per c e l l  average t o  prevent c e l l  r eve r sa l  
and hydrogen evolu t ion  wi th in  the  c e l l .  This method has not  met with  grea t  
success i n  improving vol tage,  capaci ty o r  l i f e .  

TRW has shown da ta  f o r  a deep recondit ioning procedure i n  a synchronous 
o r b i t  t e s t  regime (Ref. 2 )  t h a t  shows s u b s t a n t i a l  improvement i n  l i f e  cycling 
capab i l i t y  and vol tage performance. Their technique is t o  discharge the e n t i r e  
ba t t e ry  t o  near ly  0.0 v o l t s  a t  low r a t e s  and permit t h e  c e l l s  t o  reverse.  Their 
da t a  shows reduced hydrogen evolut ion,  hydrogen recombination, and no damage t o  
the c e l l s  o r  ba t te ry .  A poss ib le  advantage of the T R W  method over the  RCA method 
l i e s  i n  its s impl i c i ty  and reduced weight. 

No da t a ,  however, e x i s t s  t o  show the  problems or  bene f i t  of deep recon- 
d i t i on ing  t o  near e a r t h  o r b i t  missions with the  high cyc le  l i f e  and shallower 
discharge depth requirements. 

OBJECTIVE 

A simple, b a t t e r y  l e v e l  approach t o  deep recondit ioning of n i cke l  cadmium 
b a t t e r i e s  i n  near e a r t h  o r b i t  would be use fu l  t o  spacecraf t  designers .  Success- 
f u l  recondit ioning would lead t o  increased r e l i a b i l i t y ,  higher u t i l i z a t i o n ,  and 
therefore  reduced c o s t s  and subsystem mass. A l l  worthy goals.  To evaluate  the 
concept of deep recondit ioning f o r  near e a r t h  o r b i t  missions, a d i r e c t  comparison 
with an a l t e r n a t i v e  t o  recondit ioning should be constructed. 

APPROACH 

A t e s t  plan w a s  developed t o  perform deep recondit ioning i n  d i r e c t  comparison 
with an a l t e r n a t i v e  t r i c k l e  charge approach. Assuming a near e a r t h  o r b i t  with 
a precession r a t e  t h a t  produces periods of 1 0 0 %  sun; ba t t e ry  recondit ioning 
oppor tuni t ies  appear. The opt ion of t r i c k l e  charge o r  recondit ioning the b a t t e r i e s  



occurs when the  s a t e l l i t e  s o l a r  a r r ay  can support the  loads i n  100% sun with 
l i t t l e  or no b a t t e r y  support ,  (depending on b a t t e r y  redundancy). 

Since b a t t e r y  l i f e  t e s t i n g  takes s o  long, i n  t h i s  t e s t  some acce lera t ion  
w a s  applied. For near e a r t h ,  long term missions ( i .e .  5 years)  discharge 
u t i l i z a t i o n  of less than 15% - 20% is appropriate .  Acceleration t o  40% dis-  
charge. depth appeared reasonable and not  excessively s t r e s s f u l .  The o r b i t a l  
ana lys i s  f o r  t he  sample showed 100% sun i n t e r v a l s  varying between 50, 100, and 
150 days. A s  d ischarge depth was accelerated by roughly a f ac to r  of two, re- 
conditioning i n t e r v a l  was divided by two. Table 1 shows the o r b i t a l  100% sun 
i n t e r v a l ,  acce lera ted  t e s t  i n t e r v a l ,  and cycle  number f o r  the  planned t e s t  
recondit ioning in t e rva l s .  The next column shows the  a c t u a l  cycle  numbers of 
recondit ioning.  Such devia t ions  do not  a f f e c t  t he  value of the  data .  The 
durat ions of each recondit ioning period a r e  a l s o  shown. 

Table 2 provides information on the t e s t  a r t i c l e s  and o ther  s p e c i f i c s  of 
the se l ec t ed  cycl ing regime. The c e l l s  were del ivered from December 1975 
through February 1976, had been t e s t ed  f o r  acceptance and se l ec t ion ,  and were 
designated as f l i g h t  spare c e l l s .  They had been s tored  a t  room ambient u n t i l  
the s t a r t  of t h i s  test. Reacceptance evaluat ion began i n  December, 1979, and 
l i f e  cycl ing i n  February 1980. In  both vol tage  and capaci ty performance, t he  
c e l l s  t o  be used f o r  the  recondit ioning and t r i c k l e  charge comparison were 
v i r t u a l l y  i den t i ca l .  The a c t u a l  charge - discharge cycl ing was performed wi th  
both groups of c e l l s  i n  the  same c i r c u i t ,  experiencing the  same cur ren t ,  and i n  
the  same temperature cont ro l led  bath. A t  the  designated time f o r  recondit ioning,  
the  c i r c u i t  w a s  broken, and one group of c e l l s  subjected t o  t r i c k l e  charge while 
t he  other  group was reconditioned. The reconditioned group was then charged a t  
0.60 ampere f o r  24 hours p r i o r  t o  r e t u r n  t o  cycling. 

RESULTS AND DISCUSSION 

Both the  cycl ing and recondit ioning appeared nominal through the  s i x t h  re- 
conditioning a f t e r  3666 cycles.  Both the  f i r s t  and s i x t h  recondit ioning (See 
Figures 1 and 2) show uniform capaci ty and vol tage performance. Maximum r e v e r s a l  
vol tages approached -8.20 v o l t s  and maximum reve r sa l  cu r r en t s  f a l l  from i n i t i a l  
r a t e s  of C/200 (0.030 amps) t o  C/3000 when the  recondit ioning was terminated. 
End of discharge vol tage,  i d e n t i c a l  fo r  both groups u n t i l  the  f i r s t  recondttion- 
ing, followed expected pa t te rns .  (See Figures 3 and 4) The non-reconditioned, 
t r i c k l e  charged c e l l s  end of discharge vol tage decreased subs t an t i a l l y  with 
cycling. Reconditioning provided immediately improved vol tage performance a t  end 
of discharge, although the e f fec t iveness  appears t o  be decreasing. Immediately 
following each recondit ioning,  end of charge vol tages tended t o  increase,  and 
continued t o  increase  with each reconditioning, As cycl ing continued, the  end 
of charge vol tages would decrease and s t a b i l i z e  between recondit ioning periods. 
Also observed i n  t he  end of charge vol tages w a s  an increas ing  divergance i n  only 
the reconditioned c e l l s .  

In  the next recondit ioning period, a g rea t e r  divergence i n  capaci ty appeared; 
and the e igh th  period gave cause fo r  concern. (See Figure 5)  We cannot expla in  
the  s t range behavior of c e l l  number 9 's  vol tage.  Cycling and recondit ioning con- 
t inued, with the  reconditioned group of c e l l s  showing divergence i n  both cycl ing 



voltage and recondi t ion ing  capac i ty  and vol tage.  

Suddenly, w i th in  two cycles  a f t e r  8321 cycles  and the  twe l f th  recondition- 
i ng  and recharge,  c e l l  number e i g h t  f a i l e d  by shor t ing  and was removed. Within 
50 cyc les  a f t e r  t h e  t h i r t e e n t h  recondit ioning a t  8921 cycles ,  c e l l  number s i x  
end of discharge vol tage  w a s  f a l l i n g  below 1.0 v o l t s .  Its vol tage barely held 
on between 0.6 and 1.10 v o l t s  a t  end of discharge u n t i l  the four teenth  recon- 
d i t i on ing  a t  cyc le  9323. It showed only 3.6 ampere hours of capaci ty i n  t h a t  
recondit ioning.  (See Figure 6).  It operated normally following recondit ioning 
and cycled normally f o r  about 700 cycles  before again f a l l i n g  below 1.0 v o l t s  
at end of discharge.  Figures 7 and 8 depic t  the  r e s u l t s  of a 4.0 ampere capaci- 
t y  discharge a t  cycle  10,142. Note the r e l a t i v e  uniformity of capaci ty of the  
t r i c k l e  charged c e l l  group compared t o  t he  four remaining reconditioned c e l l s .  
A l l  c e l l s  were then reconditioned with l f k e s i s t o r s  p r i o r  t o  r e t u r n  t o  cycling. 
C e l l  s i x  f a i l e d  completely wi th in  20 cycles .  Ce l l  number seven a l s o  had an end 
of discharge vol tage below 1.0 v o l t ,  but continued t o  perform and degrade u n t i l  
complete f a i l u r e  150 cyc les  l a t e r  a t  10,303. By cycle  11,100, c e l l  number t e n  
f e l l  below 1.0 v o l t  a t  end of discharge, but continued cycl ing;  degrading slowly 
u n t i l  u l t ima te  f a i l u r e  on cyc le  12,743. After 2000 add i t i ona l  cycles ,  t he  t e s t  
was terminated without add i t i ona l  f a i l u r e s .  The c e l l s  i n  the  t r i c k l e  charge 
group had been showing increas ing  end of charge vol tages s ince  sho r t ly  a f t e r  
cycle  9000, but no end of discharge vol tage i n  the t r i c k l e  group ever f e l l  be- 
low 1.0 v o l t .  

CONCLUSIONS 

The r e s u l t s  of these  t e s t s  c l e a r l y  demonstrate t h a t  the deep recondit ioning 
procedure descr ibed and reported here f o r  near e a r t h  o r b i t  appl ica t ion  i s  in-  
f e r i o r  t o  t he  a l t e r n a t i v e  of t r i c k l e  charging. Cel l  f a i l u r e s ,  seemingly re -  
l a t ed  t o  t h e  recondit ioning i t s e l f ,  begin t o  occur a t  almost half  t h e  cycle l i f e  
of the  t r i c k l e  charge group. . Certainly end of discharge vol tage,  a t  l e a s t  f o r  
most of t he  cyc l ing  dura t ion ,  was higher f o r  t he  reconditioned c e l l s ;  but t he  
t rade  o f f  i n  l o s t  r e l i a b i l i t y  does not appear warranted. 

Some might reason t h a t  the t e s t  is not appl icable  because of the  age of 
the  c e l l s ,  separa tor  mater ia l ,  recharge method, o r  other  reason. W e  have no 
argument. Our hope was t o  demonstrate improved r e l i a b i l i t y  due t o  the  deep re- 
condi t ioning procedure. Our evidence is opposite.  W e  welcome fu r the r  explana- 
t i o n  and cont ra ry  da t a  and encourage those considering deep recondit ioning a t  
the  ba t t e ry  l e v e l  f o r  near e a r t h  o r b i t  missions t o  develop t h e i r  own d a t a  and 
share t h e i r  r e s u l t s .  
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TYPICAL 
ORBITAL 
100% SUN 
INTERVAL 
-DAYS- 

Table 1 

Reconditioning Schedule 

ACCELERATED 
RECONDITIONING PLANNED ACTUAL RECONDITIONING 
INTERVAL RECONDITIONING RECONDITIONING DURATION 
-DAYS- -CYCLE- -CYCLE- -HOURS- 



Table 2 

Battery Cell And Cycling Information 

Test  A r t i c l e s :  Ten GE 6 Ah n i c k e l  cadmium c e l l s ,  PIN 42B006AB34, poly- 
propylene s e p a r a t o r ,  Ag Treated Negative.  

Temperature : 20°C + l ° C ,  immersed i n  c o n t r o l l e d  ba th .  

Simulated 
Orbi t  Per iod  : 108 minutes 

Discharge 
Parameters : 35 + 1, -9 minutes 

4.00 k.04 ampere 

40% nominal dep th  of d i scharge  

Charge 
Parameters : 73 + 0 ,  -1 minutes 

2.10 20.10 amperes a d j u s t a b l e  ( a c t u a l  2.04 ampere) 

T r i ck l e  r a t e ,  
Group A : looma, C/60 

Recondition- 
i n g  r a t e ,  
Group B : R e s i s t i v e ,  112 ohms (100 ohms p l u s  l i n e  r e s i s t a n c e )  

C/  100 nominal d i scharge  

C/130 a t  1.0 v o l t  avg. 



Pirat Reconditioning 
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F i g u r e  1. Vol tage  and c u r r e n t  v s .  t i m e ,  5 c e l l  b a t t e r y  d u r i n g  r e c o n d i t i o n i n g  
w i t h  100 ohm r e s i s t o r ,  a f t e r  667 c y c l e s  a t  40% d e p t h  of  d i s c h a r g e .  
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Eighth Beconditioning 

F i g u r e  5. V o l t a g e  and c u r r e n t  v s .  t i m e ,  4 c e l l  b a t t e r y  d u r i n g  recon- 
d i t i o n i n g  w i t h  100 ohm r e s i s t o r ,  a f t e r  5331 c y c l e s  a t  40% d e p t h  of  
d i s c h a r g e .  
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Figure  7. Discharge v o l t a g e  vs .  t i m e ,  f o u r  r econd i t i oned  
c e l l s ,  a f t e r  c y c l e  10142, 4 ampere r a t e .  



Capacity Range 
t o  0 . 5  Volt 
5.40 t o  6,37 Ah 
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TIME - MINUTES 

Figure  8. Discharge v o l t a g e  v s .  t i m e ,  f i v e  
t r i c k l e  charged c e l l s ,  a f t e r  c y c l e  10142, 
4 ampere rate. 



SESSION IV 

DISCUSSION 

Q. Badcock, Aerospace Corparation: Fred, could it be that you 
reconditioned it to death. I mean you reconditioned them an awful lot? 
Was it necessary to do it that often I guess is what I'm really asking? 

A. Betz, Naval Research Lab: The idea I guess was to take the 
opportunities when they were available which were 100%. It's a valid 
question. I don't know. Someone had said this morning maybe we ought 
to recondition more often. I guess it does better but my evidence 
says not so. It was rather frequent but we did accelerate the depth 
in discharge also. The variability was 25,50 and 75 days. 

COMMENT 

Ritterman, Comsat: You anticipated my comment. With a1 1 my experience 
in reconditioning which was in test as well as orbit application 
indicated that deep reconditioning does help the capacity. I think you 
might be creating a wrong impression about recondi tioning even though 
you stated that you used it. If you had run the same kind of test 
with cells and gotten the same results I would say you are re- 
conditioning it to death or it's inappropriate to use it in this 
appl ication. But I think not necessarily overwhelming but considerabl e 
data on reconditioning indicates that it shouldn't be used in every 
instance but for chosen ones it is very good. 

Betz, Naval Research Lab: I agree with you Paul. My problem I guess 
is that I have many cells working in the exact circuit side by side 
and the only difference was trickle charge. I certainly should have 
expected some of those guys to act up somewhere along the way. 

Q. Sullivan, APL: Fred, did you do anything special to limit the cell 
reversal voltage to 2/10th1s of a volt? 

A. Betz, Naval Research Lab: No, that was the natural reverse potential . 
Q. Sullivan, APL: Do you think that had anything to do with the 

degradation that is if you had not allowed them to reverse would have 
been better results. 

A. Betz, Naval Research Lab: If I had prevented them from reversing 
then I would have not been reconditioning by the method that we had 
kind of agreed upon before the test. So the test assumed that I 
was going to permit cells to reverse. I don't know if there would 
have been better results. 



Q. Quest ion  inaud ib le .  

A. McDermott, Mar t i n  Mar ie t ta :  Okay I guess my f i r s t  quest ion, a re  you 
t a l k i n g  about t he  f l i g h t  b a t t e r y  o r  t h e  one where we a re  doing 1 i f e  
c y c l e  t e s t  on. 

A. Mani , Energy Conversion Devices, Inc .  : The 1 i f e  c y c l e  t e s t i n g  one. 

A. McDermott, M a r t i n  Mar ie t ta :  We haven' t  done anyth ing o the r  than doing 
the  l i f e  c y c l e  t e s t .  We haven ' t  p u l l e d  a b a t t e r y  ou t  t o  do any k i n d  
o f  c e l l  eva lua t ion  because i t  i s  s t i l l  on l i f e  cyc le  t e s t .  We've 
achieved over 16,000 cyc les r i g h t  now a t  a 20% depth discharge. I 
would say when t h e  b a t t e r y  would f a i l  o r  we would have a c e l l  
f a i l u r e  o r  something l i k e  you know we probably would do a f a i l u r e  
ana lys i s  on i t  b u t  we haven ' t  done anyth ing t o  date. 

Q. Mani, Energy Conversion Devices, Inc. :  My second quest ion i s  when 
you used t h e  L-shaped k i n d  of device i n s i d e  t h e  b a t t e r y  how t h a t  i s  
going t o  reduce the  heat  a f f e c t  which e levates the  temperature from 
20 degrees t o  32 o r  something l i k e  t h a t ?  

A. McDermott, M a r t i n  Mar ie t ta :  Oh i t  wasn't  j u s t  t h a t .  We a l s o  improved 
thermal spacecraf t  design i f  you want t o  c a l l  i t  on the  spacecraf t .  
But how the  L-bracket b a s i c a l l y  helped i s  i t  al lowed a d i r e c t  heat  
t r a n s f e r  down t o  t h e  p l a t e  we mounted on. See the  c e l l s  when they 
are  mounted t h e r e ' s  an aerospace on the  bottom and t h a t  aerospace 
serves as a hard thermal gap f o r  the  heat t o  g e t  ou t .  So by p u t t i n g  
the  L-bracket on t h e  s ide  and underneath a c t u a l l y  up touching the  
bottom a l so  we prov ided a d i r e c t  heat t r a n s f e r  t o  the  p l a t e .  

A. Mani, Energy Conversion Devices, Inc .  : Thank you. 





IN FLIGHT PERFORMANCE OF A 
SIX AMPERE-HOUR NICKEL-CADMIUM BATTERY 

IN LOW EARTH ORBIT 

Joseph K. McDermott 
Martin Marietta Denver Aerospace 

Denver, Colorado 

ABSTRACT 

A low earth orbit (LEO) spacecraft has successfully completed over 17,000 
orbital cycles. The energy storage system for this spacecraft supplies eclipse 
power and power for peak loads, and is a 28 volt, 6 ampere-hour Nickel-Cadmium 
battery system. There are two batteries per spacecraft, and each battery 
consists of 21 series connected, hermetically sealed Nickel-Cadmium cells. 
The cells utilize a pellon separator, a standard positive plate and a 
silver-treated negative plate. 

This paper reviews and summarizes flight data for 17,000 orbital cycles. 
Discussion focuses on battery trend analysis used in determining the 
feasibility of extending mission life. 

SYSTEM DESCRIPTION 

The battery function on this spacecraft is power production during 
eclipse periods and power provision for power conditions in which the required 
load exceeds the solar array power. The average bus load for the completed 
17,000 orbital cycles was 40 watts. The batteries equally share the bus load, 
although the system was designed so that either battery could support the load 
during eclipse periods.. A simplified electrical power system (EPS) block 
diagram, Figure 1, shows that each battery has its own battery charger 
comprised of a primary (A) and backup (B) charger. The primary charger 
utilizes the Voltage/Temperature (V/T) charge curves shown in Figure 2. The 
lower V/T curve (A) is approximately equivalent to level 4 of the NASA Modular 
Power System V/T curves. The backup charger operates at a constant C/10 
charge rate or a commandable C/60 trickle charge rate. Only the primary 
charger has been employed for the completed 17,000 cycles with all operations 
at level A. 



The spacecraft solar array system comprises three body-mounted solar 
panels and four deployable solar paddles. There are a total of 53 solar cell 
strings. Thirty-five strings are permanently wired to the power bus while 18 
strings can be ground commanded IN or OUT. The power control and distribution 
unit routes and controls power to the battery chargers and from the solar 
arrays or batteries. Excess power is controlled with the 18 switchable solar 
cell strings. When the bus voltage rises above 32 volts, a shunt control unit 
switches shunt resistor banks ON to dispense excess power. 

CELL~BATTERY DESCRIPTION 

Nickel-Cadmium cell design parameters are summarized in Figure 3. Plate 
loading and the negative-to-positive capacity ratio are standard for sealed 
spacecraft cells (ref. 1). The material for the positive and negative 
terminals is Nickel 200, the separator is Pellon 2505 and the cell case is 
304L stainless steel. The cell height, including terminals, is 3.63 inches. 
Width is 2.13 inches and thickness 0.82 inches. The cell weight averages 285 
grams. 

The six ampere-hour, 28 volt Nickel-Cadmium battery, depicted in Figure 
4, consists of 21 series connected cells. Battery dimensions are provided in 
Figure 4, and the battery weight is 16.3 pounds. Three thermistor temperature 
sensors are strategically placed on each battery. Data from the two 
thermistors mounted to the top surfaces of cells number six and eleven are 
included in telemetry data. A third thermistor is mounted between cells 
number 16 and 17, and is used for the V/T charge control. The battery is 
mounted to an aluminum honeycombed deck in the spacecraft with an RTV-60 
compound for improved heat transfer. 

FLIGHT DATA 

The battery data base for this spacecraft includes battery temperature, 
recharge fraction (chargeldischarge ratio), average daily depth-of-discharge 
(DOD), minimum battery voltage and the bus load. Battery performance is 
directly related t,o solar array performance, which is influenced by percent 
illumination, alpha angle (complement of beta) and solar flux. The solar flux 
is normalized to a standard 135.3 milli-watts per square centimeter. These 
parameters are provided in Figure 5 as a function of orbit number. 



The average battery temperature for the 17,000 cycles was approximately 
20°C. Battery temperature versus revolution (orbit) is plotted in Figure 
6. Comparison of Figures 5 and 6 illustrates battery temperature is largely a 
function of the alpha angle, although percent illumination and solar flux also 
influence battery temperature. The temperature plot, Figure 6, indicates 
spacecraft battery temperature is high compared to other aerospace LEO 
vehicles (ref. 2). High battery temperatures occurred only on this 
spacecraft, the first of a series. Several subsequent spacecraft have 
maintained battery temperatures to less than 10°C. 

The average daily DOD for both batteries has been consistently below 10 
percent. The low average DOD results from the conservative design approach; 
i.e., sizing the power system for operation with one battery failure. The DOD 
largely depends on the eclipse period, with larger DOD during an eclipse 
greater than 22 percent of the orbit period. This condition is illustrated, 
Figure 7, for DOD and recharge fraction, which are closely related. The 
recharge fraction for eclipse periods greater than 22 percent of the orbit is 
from 110% to 120%. This recharge fraction is considered normal for a 
temperature of 20'~ and for the V/T charging level used for this spacecraft. 

The minimum battery voltage is the most easily observed cell degradation 
characteristic (ref. 3 and 4). Figure 8 shows minimum battery voltage as a 
function of orbit number. As seen in the figure, minimal cell voltage 
degradation has occurred during the 17,000 orbits. Minimum battery voltage 
for seven percent DOD as a function of revolution is shown in Figure 9. Data 
for the first 7000 cycles was for an Alpha 90° condition, thus was not 
plotted due to its particularity. The end-of-discharge voltage has remained 
reasonably stable during the past 10,000 orbits, ranging from 26.1 to 26.3 
volts. This corresponds to cell voltages of 1.24 to 1.25 volts. This is 
substantially above the minimum acceptable bus voltage of 23.8 volts. Barring 
any sudden changes in performance, the batteries will almost certainly meet 
and exceed the mission requirement. 

LIFE TEST DATA 

Life testing on a flight type battery has been conducted in parallel with 
the mission. Over 16,000 LEO cycles at 20 percent DOD and 25% have been 
completed to date. The minimum battery voltage degradation for 20 percent DOD 
is shown in Figure 9. The end-of-discharge battery voltage was stabilized 
around 25.7 volts up to orbit 11,500. An appreciable battery voltage 
degradation of 0.5 volts has occurred during the last 4,000 cycles. The same 
V/T charge level as the flight battery is utilized. The discharge regime 
consists of a 2.0 amperes constant current discharge. A capacity check prior 
to the start of the life test yielded 7.80 ampere-hours. The capacity check 
was performed at a ~ / 2  discharge rate to a battery voltage of 23.8 volts. 



Similar capacity checks at cycles 308 and 1264 yielded 7-35 ampere-hours and 
5.55 ampere-hours respectively. The charge and discharge regimes for cycles 
2200 and 15465 are compared in Figures 10 and 11. The end-of-charge voltage 
curves for cycles 2200 and 15465 are basically identical, thus only one charge 
voltage curve is present in Figure 10. The charge current increase from cycles 
2200 to 15465 is considered normal and has been previously reported (ref. 5 and 
6). The end-of-discharge battery voltage degradation, depicted in Figure 11, 
from cycles 2200 to 15465 is analogous to the life test minimum battery voltage 
degradation depicted in Figure 9. This voltage degradation is inherent to 
Nickel-Cadmium and is considered acceptable. 

SUMMARY 

The Nickel-Cadmium battery system on this spacecraft has successfully 
completed 17,000 low earth orbit cycles without a failure or an abnormality. 
The in-house life test data for 20 percent depth-of-discharge, Figure 9, 
indicate design life requirements would be reached, even at a deeper depth- 
of-discharge. The relatively simple, predictable and repetitive load profiles 
for this spacecraft, in conjuntion with the conservative power system design 
approach, will result in the capability to extend mission life. 
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Figure 3. Cell design parameters. 
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Figure 8. Minimum battery voltage profile. 
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RCA SATCOM BATTERY IN-ORBIT PERFORMANCE UPDATE 

AND ACCELERATED LIFE TEST RESULTS 

Stephen J. Gaston 
Stephen F. S c h i f f e r  

RCA - Astro-Electronics  
Pr ince ton ,  N . J .  

ABSTRACT 

The o l d e s t  ope ra t ing  RCA Astro geos t a t iona ry  s p a c e c r a f t ,  SATCOM F1 and 
F2, have now completed almost 8 and 7-314 yea r s  i n  o r b i t ,  r e s p e c t i v e l y ,  w i th  
no s i g n i f i c a n t  degrada t ion  of t h e i r  nickel-cadmium b a t t e r y  performance. 
Ba t t e ry  minimum discharge  v o l t a g e  d a t a  are presented  f o r  t h e s e  s p a c e c r a f t .  

I n  a d d i t i o n ,  2 groups of nickel-cadmium c e l l s  which a r e  r e p r e s e n t a t i v e  
of those  i n  o r b i t  a r e  undergoing r e a l  t ime eclipse-reduced suntime cyc l ing  
i n  t h e  l abo ra to ry .  These groups of cells, which are be ing  cyc led  a t  a maximum 
of 53% and 62% depth of d i scharge  (based on a c t u a l  c a p a c i t y ) ,  have completed 
14 and 15  e c l i p s e  seasons ,  r e s p e c t i v e l y .  Data f o r  t h e s e  groups of c e l l s  a r e  
presented and a r e  compared wi th  t h e  in -o rb i t  b a t t e r y  da t a .  

INTRODUCTION 

Eight (8)  geos t a t iona ry  s p a c e c r a f t ,  manufactured by RCA Ast ro ,  a r e  
p re sen t ly  ope ra t ing  i n  o r b i t .  A s  descr ibed  previous ly ,  i n  References (1) 
and (2 ) ,  t h e  nickel-cadmium b a t t e r i e s  i n  a l l  of t h e s e  spacec ra f t  con ta in  
unique b a t t e r y  r econd i t i on ing  c i r c u i t r y  which permi ts  i nd iv idua l  c e l l  recon- 
d i t i o n i n g  t o  p r a c t i c a l l y  zero  v o l t s  without  t h e  danger of c e l l  r e v e r s a l .  

The o l d e s t  and longes t  ope ra t ing  of t h e s e  s p a c e c r a f t ,  SATCOM F1 and F2, 
have now completed almost 8 and 7-3/4 y e a r s ,  r e s p e c t i v e l y ,  i n  o r b i t  without  
any n o t i c e a b l e  degrada t ion  i n  b a t t e r y  performance. Ba t t e ry  d a t a  f o r  both of 
t h e s e  spacec ra f t  a r e  summarized he re in .  

In  a d d i t i o n ,  d a t a  from t h e  r e a l  t ime ecl ipse-reduced suntime l i f e  
cyc l ing  of groups of r e p r e s e n t a t i v e  c e l l s  i n  t h e  l abo ra to ry  a t  two depths of 
d i scharge  have been overlayed over t h e  in -o rb i t  da t a .  The r e s u l t s  show a 
remarkable s i m i l a r i t y  i n  "Minimum Discharge Voltage v s .  Ec l ipse  Season1' re- 
s u l t s  between t h e  l abo ra to ry  l i f e - c y c l i n g  c e l l s  and a c t u a l  i n -o rb i t  b a t t e r y  
performance over t h e  15  e c l i p s e  seasons p re sen t ly  achieved.  

BATTERY PERFORMANCE I N  ORBIT 

RCA Ast ro  has  manufactured 8 geos t a t iona ry  s p a c e c r a f t  which a r e  present -  
l y  ope ra t ing  i n  o r b i t  us ing  nickel-cadmium b a t t e r i e s .  Their  nomenclature 
and launch d a t e s  a r e  l i s t e d  i n  Table 1. A l l  b a t t e r i e s  a r e  performing w e l l .  



The b a t t e r y  performance of SATCOM F1 and F2 i s  of prime i n t e r e s t  s i n c e  they 
have been ope ra t ing  t h e  longes t  i n  o r b i t ,  almost 8  and 7-314 y e a r s ,  re-  
s p e c t i v e l y .  Their  des ign  and e a r l i e r  mission performance were r epo r t ed  i n  
1980 (Reference 1 )  and a t  t h e  1976 through 1982 Goddard Space F l i g h t  Center 
Ba t t e ry  Workshops. 

Figure 1 shows t h e  maximum average depth-of-discharge (DOD) f o r  t h e  
SATCOM F1 and F2 b a t t e r i e s  a s  a func t ion  of e c l i p s e  season. For both  F1 and 
F2 it ranges from 57% t o  52% based on t h e  nominal capac i ty  f o r  t h e i r  f i r s t  
14 and 12  e c l i p s e  seasons,  r e s p e c t i v e l y .  For F2 on e c l i p s e  season 1 3  t h e  DOD 
was reduced t o  42% s i n c e  t r a f f i c  was t r a n s f e r r e d  t o  t h e  SATCOM 3 and 4 s a t e l -  
l i tes .  The loads  on both spacec ra f t  were f u r t h e r  reduced t h i s  yea r  when 
SATCOMS 6 and 7 were lannched. 

F igure  2 shows t h e  minimum average b a t t e r y  vo l t age  f o r  SATCOM F1 and F2 
a s  a  func t ion  of t h e  number of e c l i p s e  seasons i n  o r b i t .  SATCOM F2 had re -  
ceived a  forced  d a i l y  e c l i p s e  of approximately 27% depth-of-discharge during 
t h e  cont inuous suntime du ra t ion  u n t i l  e c l i p s e  season number 6 .  This  d a i l y  
e c l i p s e ,  i n  conjunct ion wi th  a  l e s s  t han  f u l l  recharge achieved between these  
e c l i p s e s ,  had r e s u l t e d  i n  some vo l t age  degrada t ion .  This vo l t age  however, 
recovered when t h e  d a i l y  e c l i p s e  sequence was d iscont inued  fol lowing e c l i p s e  
season number 6 .  The b a t t e r i e s  of bo th  spacec ra f t  i n  genera l  show very smal l ,  
i f  any, vo l t age  degrada t ions ,  excluding e c l i p s e  season number 1 on F1 and 
c o r r e c t i n g  f o r  t h e  d i f f e r e n t  regime app l i ed  t o  F2 during t h e  f i r s t  6  seasons 
a s  descr ibed  above. 

Figure 3 shows t h e  same d a t a  a s  f o r  Figure 1, except  i t  p re sen t s  t h e  
minimum average c e l l  vo l t age  us ing  an  expanded s c a l e  and shows t h e  p red ic t ed  
vo l t age  degrada t ion  e s t a b l i s h e d  e a r l i e r  us ing  Crane d a t a  of packs 207A and 
209A (Reference 3 ) .  It can be noted t h a t  t h e  vo l t age  degradat ion was con- 
s ide rab ly  l e s s  than  was p red ic t ed  and c e l l  vo l t age  i s  s u b s t a n t i a l l y  above t h e  
minimum requi red  f o r  a  f u l l  payload ope ra t ion .  

CELL PERFORMANCE I N  ACCELERATED LIFE CYCLE TESTING 

In  e a r l y  1981, RCA began a  r e a l  t ime ecl ipse-reduced suntime l i f e  t e s t  
of two groups of 17Ah (nameplate) nickel-cadmium c e l l s  a s  used on t h e  ANIK B 
and SATCOM 3 and 4 s p a c e c r a f t .  The c e l l s  were manufactured by G.E. i n  1979 
and a r e  of t h e  same gene r i c  design a s  used i n  t h e  o t h e r  RCA spacec ra f t  
b a t t e r i e s  (Ref. GE P I N  42B017AB01). 

The c e l l s  a r e  be ing  cycled i n  a  t y p i c a l  44-day geosynchronous ec l ip se -  
cyc l ing  regime. Maximum depth of d i scharge  i s  based on an i n i t i a l  average 
capac i ty  of 19.8 Ah a t  5°C. Group A ( con t ro l )  i s  be ing  discharged a t  8 .9 
amperes; i t s  maximum DOD i s  8.9 A x 1.183 hour s l l9 .8  AH = 53.2% based on 
a c t u a l  and 62% based on nameplate capac i ty .  Group B (higher  DOD) i s  be ing  
discharged a t  10.4 amperes; i t s  maximum DOD i s  62% based on a c t u a l  and 72% 
based on nameplate capac i ty .  These d a t a  have been added t o  F igure  1 a s  shown 
i n  Figure 4.  In  t h i s  t e s t ,  t h e  "suntime" du ra t ion  has  been reduced from 138 
days t o  4 days f o r  recondi t ion ing .  



The depth  of d i scharge  f o r  t h e  test c e l l  groups, r e l a t i v e  t o  t h e  ba t -  
t e r i e s  i n  o r b i t ,  and minimum average b a t t e r y  vo l t ages  (7 c e l l  d a t a  s ca l ed  
t o  22 c e l l  b a t t e r y  vo l t ages )  have been added t o  F igures  1 and 2 as shown i n  
Figures  4 and 5 .  Although t h e  abso lu t e  vo l t age  va lues  a r e  lower than  t h e  
in-orb i t  r e s u l t s ,  a s  would be expected due t o  t h e  h igher  depths of d i scharge  
appl ied ,  t h e  t r e n d s  over  15  e c l i p s e  seasons of s imulated o r b i t  t e s t i n g  a r e  
remarkably s i m i l a r  t o  t hose  i n  t h e  s p a c e c r a f t .  Tes t ing  of t h e s e  c e l l s  w i l l  
cont inue u n t i l  f a i l u r e ,  t o  provide an input  f o r  p r e d i c t i n g  t h e  l i f e  of n icke l -  
cadmium b a t t e r i e s  a t  t h e s e  h igher  depths  of d i scharge  i n  o r b i t .  

CONCLUSIONS 

1 )  On RCA Geostat ionary Ba t t e ry  In-Orbit Performance 

Both SATCOM F1 and F2 b a t t e r i e s  r epo r t ed  h e r e i n  have been ope ra t ing  
succes s fu l ly  i n  o r b i t  f o r  about 8  and 7-314 yea r s ,  r e spec t ive ly .  Thei r  end- 
of-discharge v o l t a g e  degrada t ion  wi th  i n c r e a s e  i n  e c l i p s e  seasons has been 
minimal f o r  approximately equal  depth-of -d is~harges .  This  degradat ion i s  con- 
s ide rab ly  lower than  o r i g i n a l l y  p red ic t ed .  This  can  be  a t t r i b u t e d  t o  a  l a r g e  
ex ten t  t o  t h e  unique RCA Ast ro  r econd i t i on ing  procedure app l i ed  p r i o r  t o  each 
e c l i p s e  season.  

2) On Real  Time Eclipse-Reduced Suntime L i f e  Cycling i n  t h e  Laboratory 

The extended depth-of d ischarge  group of c e l l s  (62% based on a c t u a l  ca- 
pac i ty )  and t h e  c o n t r o l  group (53% DOD based on a c t u a l  capac i ty )  have shown 
only minimal vo l t age  degrada t ion  over t h e  equiva len t  of 15 e c l i p s e  seasons.  
Comparing t h e s e  d a t a  t o  t h e  in -o rb i t  d a t a  shows good concurrence t o  d a t e .  

REFERENCES 

1. Gaston, S. J.: RCA SATCOM F1 and F2 Ni-Cd Bat te ry  O r b i t a l  Performance, 
Proceedings of t h e  15 th  I n t e r s o c i e t y  Energy Conversion Engineering 
Conference, 1980, Reference 809320. 

2. Gaston, S. J.: Unique Ba t t e ry  Reconditioning Cycle f o r  RCA'S Geo- 
s t a t i o n a r y  S a t e l l i t e s  and I ts  A p p l i c a b i l i t y  f o r  Low Ear th  Spacecraf t ,  
1982 Goddard Space F l i g h t  Center Ba t t e ry  Workshop Proceedings, Page 311. 

3.  Harkness, J. D . :  Evaluat ion Program f o r  Secondary Spacecraf t  C e l l s ,  
Synchronous Orb i t  Tes t ing  of Nickel-Cadmium C e l l s ,  WQEC/C 81-120A, 
1 June 1981, Page 212. 

ACKNOWLEDGEMENTS 

The au tho r s  g r a t e f u l l y  acknowledge M r .  Dave Stewart of RCA Americom f o r  t h e  
va luable  SATCOM s p a c e c r a f t  b a t t e r y  f l i g h t  performance d a t a .  
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CUSTOMER (AMP-HOURS) (NAME-PLATE) 

RCA AMERICOM 

RCA AMERICOM 

TELESAT OF CANADA 

RCA AMERICOM 

RCA AMERICOM 

ALASCOM INC 

RCA AMERICOM 

RCA AMERICOM 

* 2 2  CELLS PER BATTERY, 3 BATTERIES PER SPACECRAFT 
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Figure 2. Minimum average b a t t e r y  vol tage  vs. number of e c l i p s e  seasons. 
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Figure 3 .  Minimum average c e l l  vol tage  dur ing  e c l i p s e  vs. number of  
e c l i p s e  seasons.  
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Figure 5. Minimum average b a t t e r y  vol tage  vs. number of e c l i p s e  seasons.  



Kunigahalli, Bowie State  College: Cou1.d you t e l l  me what i s  the 
unique procedure tha t  i s  different  from other procedures? 

Gaston, RCA-Astro: We have a ser ies  of wheel outs in each battery 
and each relay leads to  a reconditioning which actually needs two 
relay contacts to  get the res i s tor  on, ground command a l l  the relays 
cl ick on and a l l  the relays close to  have these crystals  draining 
a l l  in the same time so a l l  are  separate. Each cell  has i t s  own 
res i s tor .  So i t  i s  different  from the others. So you can drain i t  
and not worry about any reversal. 

George, NASAIMarshall Space Flight Center: You said tha t  you applied 
th i s  unique reconditioning method prior to  each eclipse season? 

Gaston, RCA-Astro: Yes. 

George, NASAIMarshall Space Flight Center: How long prior to  each, 
immediately prior? 

Gaston, RCA-Astro: There are always some operation problems. The 
operation problems as follows you got three bat ter ies  and you have 
a fixed time you want to  be sure you cannot you don't  want t o  
recondition a11 three a t  the same time you always want to have some 
bat ter ies  on. So i t ' s  about two to  three weeks prior. I s  t ha t  the 
correct date Stewart? We s t a r t  about 2 t o  3 weeks prior to  s t a r t  
the eclipse so we can recondition the f i r s t  battery - battery 1, 
battery 2 or battery 3 or whichever way you l ike  to. 

George, NASAIMarshall Space Flight Center: So i t  takes approximately 
a week to  recondition the battery - run i t  down and recharge i t .  

Gaston, RCA-Astro: Well giving yourself ,  i t  shouldn't take quite that 
long but jus t  give yourself a l i t t l e  time extra - time in case you 
want t o  t r y  i t  longer or in case you jus t  want to  make sure you are  
ready in time. 

George, NASAIMarshall Space Flight Center: Thank you. 

Armantrout, Lockheed: Steve would you comment on what the plateau 
looks l ike  when you do t h i s  reconditioning and i s  i t  changing with 
time? 

Gaston, RCA-Astro: Well I don't  have i t  here to  show, you're talking 
about the discharge voltage profile.  Right? I s  that  what you are  
referring to? Right? 

Armantrout, Lockheed: Yes. 



A. Gaston, RCA-Astro: I don ' t  have i t  here b u t  when I get chance some 
day we will discuss i t  over the phone. I t h i n k  there a re  some s l igh t  
differences b u t  not very s ignif icant .  I haven't seen them yet .  

COMMENT 

Hendee, Telesat Canada: Really there i s  negligible being of course 
now t h i s  is a res i s t ive  discharge not a constant current or anything 
i t ' s  a res i s t ive  discharge and we see a negligible plateau perhaps 
barely perceptible plateau i f  you were to  go ahead and correct tha t  
back to  say some kind of a constant current discharge. Like to  say 
one other thing. We abuse those ce l l s  tremendously and we have been 
mistreating them on the Anik B discharging several times everyday 
and quite a few things have been running out quite we1 1. The original 
ce l l s  which were allocated to  Anik B were re t rof i t ted  just prior t o  
launch. I can see a t  t h i s  point where a l l  our abuse we're jus t  
s ta r t ing  t o  see a s l igh t  spread in the cel l  of voltages a t  the end 
of discharge whereas the f l igh t  simulation, they are  locked in t i gh t  
as can be. 

Gaston, RCA-Astro: Interesting. 

Hendee, Telesat Canada: One other thing you d idn ' t  mention i s  your 
charge sequence Steve, and tha t  i s  a major difference t o  other people 
as well and I 've  been getting a l o t  of questions a t  Telesat. Well 
what do you think about the sequential charge and as f a r  as I can 
t e l l  actually the sequential charge which we do f ive  minutes f a s t  
charge and ten minutes off .  Actually, i t  seems t o  be beneficial or 
I won't say i t ' s  beneficial l e t  me say that  I see certainly no 
degrading af fec ts  due to  that .  

Gaston, RCA-Astro: Let me jus t  add, Anik B was launched I mentioned 
before t h a t ' s  the table  I was missing was launched November 1978 so 
i t ' s  f ive  years,  ten eclipse seasons. 

Q.  Bell, Hughes Aircraft: Steve, do you have individual cell  voltage 
data on the battery? 

A. Gaston, RCA-Astro: No we do not. We f e l t  a t  tha t  time we don't  need 
i t .  I t ' s  usually when you have a common charging system you are 
concerned about reversing some ce l l s  so you 1 i ke to  go to  some 
threshold value then you would need cel l  voltages, individual ones. 
No we don ' t. 

Q. Bell, Hughes Aircraft: Just  one other question, because i n  some 
laboratory test ing that  we've done depending on the length of the lead 
wire on the res i s tor  with a ser ies  s t r ing  of bat ter ies  sometimes the 
individual cel l  res i s tors  ac t  l ike  a 22 res i s tor  s t r ing across a 22 
cel l  battery. That was the reason why I asked about the individual 
cell  voltages. 



A. Gaston, RCA-Astro: We d o n ' t  have i t  on t h i s  spacecraf t  and i n  t h e  
who1 e ser ies.  

A. B e l l ,  Hughes A i r c r a f t :  Thank you. 



PERFORMANCE OF THE IUE SPACECRAFT BATTERIES 
AFTER 70 MONTHS 

Smith E. Tiller 
Goddard Space Flight Center 

ABSTRACT 

The IUE spacecraft was launched on January 26, 1978 into an eccentric 
synchronous orbit with inclinations of 28.940 to the equator. The IUE power 
system contains two 6 ampere hour nickel-cadmium batteries designed to provide 
a beginning life of 145 watts during the eclipse seasons. In addition, 
battery power is required when the main buss exceeds the solar array output. 
The spacecraft design life was for three years with a design goal for 5 
years. As of November 1983 the batteries have supported the spacecraft 
requirements for 70 months with excellent performance. 

Papers presented at the 1978 and 1979 battery workshops describe the 
properties of the IUE power system including battery and cell characteristics. 
The objective of this paper is to update the battery performance since 1979. 

CONFIGURATION 

The battery in figure 1 is typical of the two flight batteries aboard the 
IUE spacecraft. Each battery contains 16 regular 6 ampere hour nickel-cadmium 
cells and 1 signal electrode cell. The batteries are diode coupled to the 
main buss via a boost regulator that provides 28 volts of regulated power to 
the spacecraft. Battery telemetry data includes battery voltage, current, 
signal electrode voltage and battery temperature. 

INTRODUCTION 

The eccentric synchronous orbit requires the spacecraft to experience 2 
eclipse seasons each year, in coincidence with the solar equinox. Shadow 
period range from 14 to 77 minutes with each eclipse season lasting from 23 to 
25 days. During periods when the solar array (spacecraft beta angles less 
than 00 or greater than 1300) is sufficient to supply the spacecraft power 
requirements, the batteries are required to augment the spacecraft needs. 

FLIGHT PERFORMANCE 

Each battery charger was designed to provide charge control as illustrated 
in figure 2a. This was accomplished by a C/10 (0.6 amp) charge current limit 
followed by a taper charge to be controlled by the signal electrode. Details 
of this charging scheme was presented during the 1978 battery workshop. 
During the early part of the eclipse season 1 it became apparent that the 



s igna l  electrodes were not performing i n  accordance with design. Figure 2b 
represents  a t yp i ca l  charge p ro f i l e  as observed i n  o rb i t .  Because of t he  
operational  anomaly, procedures were modified f o r  manual switching of the  
ba t te ry  chargers t o  a t r i c k l e  charge mode once t he  s i gna l  electrode had 
exceeded 0 . 1 v o l t s  f o r  3 hours. The t r i c k l e  charge r a t e  i s  0.1 amps. The IUE 
c e l l s  on l i f e  t e s t  a t  t h e  Naval Weapons Support Center (NSWC) a t  Crane, 
Indiana did  not i n i t i a l l y  show the  anomalous behavior. However a f t e r  several  
ec l ipses  the re  w a s  a progressive l o s s  of s i gna l  e lect rode s e n s i t i v i t y  t h a t  
resul ted i n  the  t e s t  c e l l s  experiencing an increase  i n  overcharge. A s  a 
r e su l t ,  t he  t e s t  a t  Crane was  modified t o  be ind ica t ive  of the  spacecraft  
recharge scheme f o r  the  f l i g h t  ba t te r ies .  

During the  s o l s t i c e  seasons the  spacecraft  b a t t e r i e s  a r e  maintained i n  t he  
low r a t e  t r i c k l e  charge mode except during periods when science a c t i v i t i e s  
require  ba t te ry  power t o  augment spacecraft  operations. As  a result of normal 
so l a r  a r r ay  degradation, the  beta angles a t  which the  power system buss 
remains power posi t ive  has decreased. Consequently addi t ional  demands have 
been placed on t he  b a t t e r i e s  t o  support an  increase  i n  the  demand f o r  
s c i e n t i f i c  data. These a c t i v i t i e s  have required t h e  ba t t e r i e s  t o  be 
discharged a t  low r a t e s  while  augmenting so l a r  a r ray  power. Because of the  
addi t ional  demands being placed on t he  ba t t e r i e s  operational  const ra ints  were 
developed t o  minimize bat tery  degradation and/or damage. The constra ints  
included a lower l i m i t  of ba t te ry  voltage of 20.9 v o l t s  f o r  average spacecraft  
loads, and 20.5 v o l t s  f o r  peak loads. When e i t h e r  of these conditions occur 
t he  spacecraft  is maneuvered t o  a more favorable sun angle f o r  bat tery  
recharge. 

Since t he  exact re la t ionsh ip  between t he  above s t a t ed  bat tery  voltage, and 
bat tery  s t a t e  of charge was not c lea r ,  the  l i f e  t e s t  a t  Crane w a s  interrupted 
t o  evaluate these new conditions. Following an 8 week t r i c k l e  charge (0.1 
amp), t he  Crane c e l l s  were discharged a t  .05 amps t o  a 20.5 vo l t  l i m i t .  
Following t he  discharge, the  c e l l s  were recharged and placed on a t r i c k l e  
charge f o r  7 days pr ior  t o  repeating the  t e s t  a t  a .1 amp discharge ra te .  
Figure 3 depic ts  the  discharge p ro f i l e  f o r  both of these conditions and 
compares t he  data  with the  voltage l i m i t s  se lected f o r  spacecraft  operations. 
Typically the  amount of ampere hours experienced from the  spacecraft  ba t t e r i e s  
a t  the  normal discharge r a t e s  (3 t o  4 amps) i s  2.3 t o  3.8. This is  contrasted 
with the  4.5 t o  6 ampere hours obtained a t  the  0.5 amp and .1 amp discharge 
ra tes .  

Figure 4 i s  a summary of the  composite of the  summer s o l s t i c e  periods 
using data  of 100 day in te rva l s .  A devia t ion from t h e  normal trend is  
i l l u s t r a t e d  a t  approximately day 1150 (Eclipse season 7) when the  s igna l  
electrode of ba t te ry  SN 05 increased t o  an output l e v e l  observed pr ior  t o  
launch. The reason f o r  t h i s  peculiar  behavior of t h e  s igna l  electrodes a r e  
not  known a t  t h i s  time. The low point observed a t  around 1300 days i s  
a t t r i bu t ed  t o  t he  mode of operations of t he  spacecraft .  This f igure  a l s o  
shows t h e  ba t te ry  temperature h i s to ry  and i l l u s t r a t e s  the  approximate 8 degree 
bat tery  temperature d e l t a  t ha t  has been prevalent throughout the  mission. 



During t h e  e a r l y  s t ages  of e c l i p s e  season 12, t h e  f i r s t  ind ica t ion  of 
ba t t e ry  current  divergence an  discharge i s  apparent (Figure 5)* By day 5 of 
t h e  season t h e  ba t t e ry  current  divergence reached a maximum of .8 amps near 
end of discharge. By day 16 load sharing between t h e  two b a t t e r i e s  was back 
t o  near normal. The exact  cause of t h i s  divergence i s  not  known. However, i t  
i s  thought t o  be associa ted  with v a r i a t i o n  i n  t h e  p la teau voltage between the  
2 ba t t e r i e s .  Battery cur ren t  divergence w i l l  be f u r t h e r  analyzed during t h e  
f u t u r e  e c l i p s e  seasons, 

Figure 6 i l l u s t r a t e s  a summary of GSFC c e l l  t e s t ,  spacecraf t  ba t t e ry  
performance, and r e s u l t s  of c e l l  l i f e  t e s t  conducted a t  Crane as compared t o  
pre-launch predict ions.  The ba t t e ry  voltage degradation predic t ion curve 
shown i n  t h i s  f igure ,  w a s  obtained from d a t a  acquired during synchronous o r b i t  
t e s t i n g  of o lder  c e l l s  of s i m i l a r  design, The ava i l ab le  power degradation 
predic t ion curve was ca lcula ted  using t h e  above b a t t e r y  vol tage  predic t ion data ,  
so la r  a r ray  degradation and the  e f f i c iency  fac to r  of t h e  power system boost 
regula tor .  

The GSFC t e s t  r e s u l t s  shown i n  f i g u r e  6 was acquired from Pnhouse test on 
f l i g h t  c e l l s  t o  an  80% peak depth of discharge and using the  s i g n a l  e l ec t rode  
f o r  charge control .  The t e s t  was accelera ted  by reducing the  s o l s t i c e  periods 
from 5 months t o  1 month. This t e s t  r e s u l t  w a s  used as a basel ine f o r  p r i o r  
t o  launch predict ions.  

The spacecraf t  ba t t e ry  vol tage  shows t h e  trend f o r  t h e  end of e c l i p s e  
voltage s ince  launch. The first 6 e c l i p s e s  t y p i c a l l y  required the  ba t t e ry  t o  
experience 60 t o  75% depth of discharges. I n  add i t ion  the  spacecraf t  loads 
required each b a t t e r y  t o  be discharged i n  excess of 4 amps during t h e  e c l i p s e  
operations. I n  t h e  i n t e r e s t  of obtaining maximum ba t t e ry  l i f e  (new goal  of 10 
years  l i f e )  power conservation measures were implemented t o  l i m i t  t h e  maximum 
ba t t e ry  discharge t o  4 amps per bat tery .  The s e l e c t i o n  of the  4 amp r a t e  was 
predicated on l i f e  t e s t  experience, 

The Crane da ta  depicted i n  f i g u r e  6 i l l u s t r a t e s  t h e  r e s u l t s  of r e a l  time 
da ta  from snychronous o r b i t  t e s t i n g  a t  Crane wi th  c e l l s  from the  f l i g h t  l o t ,  
The Crane d a t a  a l s o  follows t h e  voltage predic t ion curve f o r  e c l i p s e  seasons 1 
through 7 but  a t  a s l i g h t l y  higher vol tage  l e v e l  than t h e  predicted curve, 
During t h e  e a r l y  e c l i p s e  seasons t h e  s i g n a l  e lec t rode  degraded t o  a point  
where the  current  t aper  w a s  being control led  by t h e  b a t t e r y  voltage con t ro l  
alone. During e c l i p s e  7 t h e  con t ro l  was switched t o  another s i g n a l  e lec t rode  
c e l l  i n  t h e  t e s t  pack. During e c l i p s e  seasons 8 and 9 no improvement w a s  
evident  i n  con t ro l l ing  t h e  ba t t e ry  overcharge, P r io r  t o  ec l ipse  season 10 the  
charge con t ro l  w a s  modified t o  dupl ica te  t h a t  being used by the  spacecraf t ,  a s  
depicted i n  2b. 

The Crane t e s t  a l s o  provided f o r  capacity discharge during t h e  peak of t h e  
e c l i p s e  seasons. Cells were s e l e c t i v e l y  discharged beyond the  80% depth of 
discharge l e v e l  t o  1 , O  v o l t ,  For e c l i p s e  season 1, c e l l s  9 and 10 were 
discharged, e c l i p s e  season 2, c e l l s  8 and 9 were discharged, For each e c l i p s e  
season a n  a d d i t i o n a l  c e l l  w a s  added t o  each discharge group, u n t i l  a l l  c e l l s  
had been capacity discharged. Analysis of the  da ta  from these  type 



capacity checks indicated  t h a t  i t  was  c rea t ing  a vol tage  divergence between 
t h e  c e l l s  during discharge. Consequentially, p r i o r  t o  ec l ipse  season 11 t h e  
capacity discharges were modified t o  incorporate a l l  cells being discharged 
simultaneously. The da ta  as i l l u s t r a t e d  i n  f i g u r e  6 f o r  e c l i p s e  seasons 11 
through 14 i n d i c a t e  a progressive increase  i n  t h e  test pack voltage a t  t h e  80% 
depth of discharge l e v e l .  

Figure 7 i l l u s t r a t e s  t h e  lowest vol tage  l e v e l  that t h e  spacecraf t  
b a t t e r i e s  reached a t  t h e  end of discharge of each e c l i p s e  period of seasons 1, 
6, and 12. The d a t a  give an  ind ica t ion  of t h e  r a t e  of bat tery  voltage 
degradation over t h e  l i f e  of t h e  spacecraft .  The cons t ra in t s  ( l imi t ing  t h e  
ba t t e ry  discharge rates t o  4 amps) were e f f e c t i v e  i n  minimizing ba t t e ry  
degradation. 

Figure 8 i l l u s t r a t e s  t h e  discharge p r o f i l e  f o r  a day i n  e c l i p s e  season 2 
and 12 where shadow period were of equal t i m e .  The discharge f o r  day 6 of 
e c l i p s e  season 12 w a s  constrained by t h e  maximum discharge r a t e  of 4 amps. 

CONCLUSION 

It can be concluded that the  changes made i n  t h e  ba t t e ry  operat ional  
procedures have enhanced t h e  operations. The l o s s  of ba t t e ry  s i g n a l  e lec t rode  
s e n s i t i v i t y  i n  f l i g h t  was accommodated by changes i n  t h e  bat tery  opera t ional  
procedures, It w a s  an t i c ipa ted  t h a t  t h e  ba t t e ry  would s t a r t  t o  show some 
aging e f f e c t s  a f t e r  severa l  e c l i p s e  seasons and t h a t  t h e  e f f e c t s  would be 
somewhat amplified by t h e  80C temperature d e l t a  t h a t  t h e  b a t t e r i e s  have 
experienced during t h e i r  l i f e t ime .  The o v e r a l l  objec t ive  has been t o  a d j u s t  
ba t t e ry  operat ions without unduly constraining science a c t i v i t i e s .  Based on 
t h e  performance of t h e  f l i g h t  b a t t e r i e s  over t h e  f i r s t  6 years, it i s  believed 
t h a t  these  b a t t e r i e s  w i l l  meet t h e  new 10 year design goal.  
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Q. Russell, Space Communications Company: When your batteries are used to 
supply the spacecraft power do you have to command them into service 
or does it happen automatically? 

A. Tiller, GSFC: It happens automatically. The batteries are on 1 ine all 
the time so it just automatically picks it up if they should slue the 
spacecraft to an angle that we lose data acquisition the batteries 
automatically since they are connected to the main bus automatically 
that go into operation. 





MANAGEMENT AND PERFORMANCE CIP APPLE BATTERY 
IN HIGH TEMPERATURE EWICBLONMENT 

M. S. Smesh 
A, Sukamanyam 

B. L. A e a w d  
ISRO Satellite Centre 

Bangalore, India 

ABSTRACT 

India's first experimental communication satellite, APPLE, carried a 1 2  AH Ni-Cd 
battery for supplying power during eclipse. Failure to deploy one of the two solar 
panels resulted in the battery operating in a high temperature environment-- 
around 40 C. This also resulted in the battery being used in diurnal cycles rather 
than just half yearly eclipse seasons. This paper describes the management and 
performance of the battery during its life of two years. An attempt to identify 
the probable degradation mechanisms is also made. 

INTRODUCTION 

APPLE (Ariane Passenger Payload Experiment) spacecraft was launched by Ariane 
LO3 on June 19, 1981. This was a 380 Kg (in orbit mass) three-axis stabilized 
satellite parked at 102 E longitude and designed for a two-year life to conduct 
communication experiments. The power system was comprised of two deployable, 
sun-tracking solar panels supplying 250 watts of power to a regulated 28 volt bus. 
A 1 2  AH, 16 cell Ni-Cd battery was employed to supply eclipse, transfer orbit, and 
peak loads. Figure 1 shows the block schematic of the power system. 

The battery charge path had two chargers-one for the transfer orbit phase and 
the other for the on orbit phase. The on-orbit charger was a fixed 2 ampere char- 
ger with the 8-level voltage-limited auto and manual control for the changeover 
to a 350 mA trickle charge. The transfer orbit charger was a variable current 
charger which maintained the bus voltage at 33 volts or 28 volts as selected by 
ground command, and thereby pumping all the extra current into the battery. 
Control of the transfer orbit charger was also possible by the 8-level voltage limit 
or by ground command. However, the transfer orbit charger opened the charge 
path once the battery was completely charged. 

BATTERY DESIGN 

The battery was a single, 16 cell, 1 2  AH battery supplied by SAFT, France. The 
cell case was, in fact, identical to that of the 10 AH cell, and cells with a slightly 
higher loading were selected to achieve the capacity of 1 2  AH. The design para- 
meters and constructional details of the battery are given in Tables 1 and 2. The 
cell details are provided in Table 3. The battery was designed for an operational 
life of two years at 72% maximum depth of discharge, thereby undergoing four 



eclipse seasons. Complete reconditioning was not envisaged in view of its short 
life, and limited reconditioning to about 17.6 volts w a s  possible by proper choice 
of charger and control combinations. 

Table 1 

Battery Design Parameters 

Capacity 
Number of cells in series 
Operating voltage range 
Temperature range of 
operation 
Peak depth of discharge 
Operating life 

Charge current onorbit 
Transfer or bit 
Trickle charge current 
onor bi t 
Transfer orbit 
Discharge current 
Expected EOL capacity 
Expected EO L discharge 
Voltage 

Thermal control 

Battery Details 

Battery type 
Capacity 
Dim ensions 
Mass 
Thermal cutout 
Temperature sensor 
Cell type 
Vendor 
Cell bypass diodes 
Heaters 
Mounting 

12 AH 
16 
19-24 volts 

0 C-25 C (Average 20 C9 
7 2 8  
2 years - 180 cycles 
(4 eclipse seasons) 
1.8 0.2 Amps 
0 to  5 Amps 

120 10 mA 
0 (No trickle-battery open) 
6 Amps 
9.5 AH 

18.6 volts a t  the end of 
70% discharge 
Passive 

Nickel Cadmium 
12 AH (Nominal) 
225 x 135 x 225 mm 
9.3 Kg 
35 2 C  
4K thermistors (two) 
VO 10 S2 
SAFT, France 
Provided 
5 Watts (two) 
Under the  Al3M strut on the  
bottom deck 



Table 3 

Cell Details 

Cell type 
Capacity 
Mass 
Dimensions 
,Positive Electrode Number 
Thickness 
Loading 
Negative Electrode Number 
Thickness 
Loading 
Negative t o  Positive Ratio 
Case Thickness 
Negative Treatment  
Inter-electrode Distance 
Separator 
Electrolyte 
Specific Gravity 

VO 12 S2 
12 AH 
490 gms 
85 x 29.2 x 76.2 mm 
12 

- 
1 3  
0.89 mm 
17.5 gm/dm2 
1.8 
0.4 mm 
None 
0.26 mm 
Villidon 2119 
KOH 
1.306 

Figure 2 shows the l i fe  predictions by SAFT for their cells and i t  is  seen tha t  the  
design was adequate t o  meet  t he  two-year l ife goal at 20 C with 0.99 reliability. 
The thermal control of the  battery was passive control backed up by two heaters. 

ORBlT OPERATION 

The spacecraft  was put into synchronous orbit on the sixth transfer orbit, but the  
north solar panel could not be deployed resulting in covering a large area provided 
for thermal control. The battery temperature thus attained very high values. 
Another problem also arose as a consequence. As can be seen from the  power sys- 
tem schematic, certain heater loads were directly connected onto the battery 
apart  from the  emergency and power control loads. I t  was envisaged in the design 
tha t  the charger current in the  trickle charge mode be set t o  500 mA which 370 
mA was assigned t o  t he  loads and 130 mA for charging the  battery. However, due 
t o  the thermal problems, these heaters were not switched ON reqularly and about 
350 mA was flowing into the  battery, In trickle charge mode, this would be 
wasted as heat resulting in the  battery attaining a higher temperature. It  was 
thus decided t o  change over t o  t h e  transfer orbit charger in trickle mode, subse- 
quent t o  the  charging by the  on-orbit charger. Since the  transfer orbit charger in 
trickle mode opens the  charge path, a small amount of discharge ( 120 mA) was 
experienced by the  battery. During the  non-eclipse seasons, thus, the  battery was 
discharged daily t o  about 19.8 volts at 120 mA and was charged subsequently at a 
t ime when the  temperature was low, ie., around 5 UT. 

The battery was thus subjected t o  diurnal cycles apar t  from the  eclipse cycles. 
The operating temperatures were too  high from any standards for a battery. 
Reduced generated power due t o  t he  nondeployment of one solar panel did not 
cause much problem as the margin available was large but the  thermal problems 



were acute* The eclipse loads were reduced to a minimum to enhance the life of 
the battery. The maximum discharge was about 3 AH during the peak eclipse at 
2.5 A sate and during the non-eclipse season it was about 2 AH at 0.12 A rate. 

In Figure 3, battery voltage, current, and temperature are plotted For one 
complete day, Septemkr 20, 1981, a day on which the eclipse dwation was 64 
mim. It is obvious that the battery spends most of the time with low discharge in 
the transfer orbit trickle charge mode. Prior to and soon after eelipse, the bat- 
tery was charged* 

Table 4 lists the major events in the life of the battery in chronologicd order. 
The battery was not reconditioned prior to the first and second eclipses. Before 
the third edipse, limited conditioning was done. Perhaps, it is more appropriate 
to call them just deep discharges as the battery was discharged only up to 19.5 
volts at 300 mA. The problem about remnditioning was that manual control of 
charge/discharge was possible only with the redundant charger system and when 
all the main systems were working satisfactorily, changeover to the redundant 
system was not advisable. Only prior to the fourth eclipse season a meaningful 
reconditioning was possible and even then the discharge was not complete as the 
battery was required to supply peak power to the momentum wheel assembly. 

Table? 4 

Major Evenb In T k  Lge  Of The Battey 

Launch 
Orbit acquisition 
First edipse season 
Second edipse season 
Limited reconditioning 
Third eclipse 
Reconditioning after change- 
over to redundant systems 
Fourth eclipse season 
Reconditioning cycle 
Fifth eclipse season 
End of mission 

June 19,19841 
June 22, 1981 
August, September 1981 
Peb~uary, March I982 
August 11, 1982 
August, September 1982 

February 17,1983 
February, March 1983 
August 16, 1983 
August 24,1983 
Spetember 12, 1883 

In the reconditioning performed on Febrursiry 17, 1983, discharge was up to 18,1 
volts in the first cycle and up to 18.5 volts in the seeond cycle. Discharge beyond 
18.5 volts was not attempted as the eleventh cell voltage reached 0.7 volts, 
whereas the other cell voltages were still above 1.15 volts. The charge/discharge 
eharacteristim of these two cycles are shown in Figure 4. The improvement in 
the charaeteris8ie is evident. 

Before the fifth eclipse season, three reconditioning cycles were completed but 
this time reconditioning was done, rather inadvertantly, down to 17.1 volts. The 
fifteenth cell reversed to -0.16 volts for a few minutes. Figure 5 shows the 
ehargeldischarge cycles. The improvement in capacity from 5 AH to 6.5 AH and 
improvement in the voltage performance are clearly evident. 



On September 12, 1983, during the fifth eclipse season, soon after an eclipse, the 
solar panel failed to track the sun resulting in a total discharge of the battery 
down to zero volts. This was the first opportunity when the battery capacity was 
measured at normal discharge rate of 2.5 amps. During this discharge, the battery 
delivered 6.25 AH down to zero volts. The 12 AH battery had degraded by 50%: 
Considering the extremes of strain to which the battery was subjected, this was a 
remarkably good performance. 

BA'PTERY PERFORMANCE 

Figures 6 and 7 show the variation of the battery temperature. Figure 6 shows the 
diurnal variation for days which are approximately six months apart and Figure 7 
shows the variation of the maximum and minimum temperatures over its life. The 
days selected in Figure 6 correspond to the minimum temperature encountered by 
the battery during the equinoxes and the maximum temperature during the winter 
solstice. It is observed that for most of the time, the battery temepratures were 
above 30 C and for a considerable time, above 40 C, reaching a maximum of 55 C: 
on certain days (not shown in the figure). Increase in the battery temperature 
over its life was also due to the degradation of the passive thermal control ele- 
ments - OSR. Consequent to this, a crucial problem regarding battery manage- 
ment was the setting of the voltage at which the battery should change over from 
charge to trickle charge. Improper setting would result in the battery getting 
either grossly undercharged or overcharged. No data is available regarding bat- 
tery performance at temperatures above 30 C making predictions almost impos- 
sible. 

Table 5 summarizes the details of the performance of the battery during the four 
eclipse seasons. The battery temperature during charge was maintained within a 
degree. The post-eclipse end-of-charge voltage varied from 22.83 volts to 23.13 
volts. These values are the forced values rather than the values that would have 
been attained had the battery been allowed to charge completely under normal 
circumstances. In fact, it is evident that during the third and fourth eclipse sea- 
sons the battery was not charged completely. However, the battery was charged 
sufficiently before every eclipse to supply the required 3 AH of discharge. 

A comparison of the change in the charge voltage can be made by examining the 
battery charge characteristics during reconditioning before the fourth and fifth 
eclipse seasons-refer Figures 4 and 5. During reconditioning the charging was 
done in the manual mode and the battery was charged until it definitely showed 
signs of overcharge. During the first reconditioning, the battery charge voltage 
was 23.25 volts and during the second reconditioning, 24.75 volts. These two 
values correspond to temperatures of about 31 C, End-of-charge voltages on 
average cell basis correspond to 1.55 volts during the second reconditioning. This 
was rather unexpected and clearly shows a significant increase in the over poten- 
tials-increase in the internal resistance. The charge characteristic also is very 
much different from what one would normally expect at this temperature-not 
flat and sharply rising while nearing end-of-charge. The over charge factors cal- 
culated from these cycles are around 1.2. 



If one looks at the discharge characteristics--refer to Figure 8--one cannot figure 
out much, as there is hmdly any change in them from the first eclipse season to 
the fourth eclipse cycle. Our first opportunity to measure the capacity was during 
the first reconditioning cycle before the fourth eclipse season. For a discharge 
rate of 0.3 amps9 the capacity down to 18.4 volts (1.15 voltsjcell) was 6 AH. In 
the second reconditioning cycle, the battery delivered 6.25 AH at the same rate. 
The actual details of the discharge cycle are shown in Figure 9. 

Figure 10 compares the discharge characteristics with those of the fresh battery, 
as determined by ground tests prior to launch. Superposed over its characteristics 
are the discharge characteristics during the first eclipse and the last discharge 
cycle. It is observed that up to 2.5 AH discharge, there is absolutely no voltage 
degradation. 

CONCLUSIONS 

In conclusion, one can observe the following degradation modes: 

(a) Very high end-of-charge voltage-1.55 volts-an abnormal value for 
this high operating temperature. 

(b) Reduction in the battery capacity by about 50%. 

(c) No appreciable discharge voltage degradation up to 2.5 AH, but a sud- 
den fall  subsequently. 

Abnormal end-of-charge voltages indicate very high internal impedance due to the 
hydrolysis of the separator resulting from operation at high temperatures. This 
could also partly be due to electrolyte redistribution. The charge characteristics 
also indicate a significant loss of negative electrode capacity, approaching nega- 
tive capacity limitation. The loss in capacity is due to the combined effects of 
separator hydrolysis and electrode degradation. 

The surprising fact is the non-appearance of voltage degradation. Considering the 
fact that the battery has undergone 730 diurnal cycles in addition to the eclipse 
cycles and without proper reconditioning, this is remarkable. 

The authors are grateful to Mr. S. Kini for the assistance provided during all the 
tests conducted on the battery. 

The authors are also grateful to Mr. R. Ashiya, Head Electronics Division and 
Director, ISAC, for their constant encouragement and permission to publish this 
paper. 







Figure  2 .  L i f e  expectancy of Ni-Cd ce l l s  24h o r b i t .  





















COMPARISON OF STANDARD AND HEART-PACER 

TYPE 3RD ELECTRODES IN DESIGN VARIABLE CELLS 

George W. Morrow 
NASAJGODDARD SPACE FLIGHT CENTER 

ABSTRACT 

Nine packs of General Electric (G.E.) sealed aerospace nickel-cadmium cells were put on life 
test at the Naval Weapons Support Center in Crane, Indiana in February 1979 under the Design 
Variable Program. Each 5 cell pack contained one cell with a standard sensor signal electrode and 
one cell with a new heart-pacer sensor signal electrode. Testing was discontinued in May 1983 and 
the signal electrode performance data was studied. It was found that the heart-pacer electrode 
generally provided a greater voltage swing over a cycle; that both types of electrodes lost significant 
sensitivity during life, and that both types of electrodes show great signal variation from cell to cell. 

INTRODUCTION 

In 1977, the G.E. Battery Business Department patented a new sensor signal electrode (heart- 
pacer electrode) for use in sealed aerospace nickel-cadmium cells and announced that this new type 
would replace the standard signal electrode when existing supplies were depleted. The differences in 
construction of these electrodes are shown in Table I. Since any change in the manufacture of 
aerospace Ni-Cd cells requires qualification, a program to test the new electrode was proposed and 
implemented by David Baer as a part of a larger test program, Design Variables. The cells used in 
this program were G.E. 12 a-h sealed aerospace Ni-Cd cells. One pack was a control pack with the 
standard cell construction. The other 8 packs contained cells with various design changes. Testing 
began at the Naval Weapons Support Center in Crane, Indiana in February 1979 and was discon- 
tinued in May 1983. The Design Variable Program Test Regime is shown in Table II. A formal 
report on the Design Variable Program was given at the 1978 Goddard Battery Workshop. 

SIGNAL ELECTRODE TEST RESULTS 

In reviewing the data on the signal electrodes it was discovered that both signal electrodes per- 
formed consistently in only 3 out of the 9 packs on test, packs 3D, 3G, and 3H. In all other packs, 
the signal generated by the electrode varied from pack to pack and cycle to cycle in a particular 
pack. Because of a pressure transducer malfunction in pack 3H, packs 3D and 3 6  were used for this 
comparison of performance. 

Figure I shows a comparison of the standard and heart-pacer electrode performance in pack 3D 
near the beginning of life. From the plot it can be seen that the heart-pacer electrode produced ap- 
proximately a 350 mV signal swing over a cycle while the standard electrode swing was only 180 
mV. There was a 113% recharge for that cycle and a pressure delta of 9 psia. 

Figure 11 is a comparison of the signal performance of the 2 electrodes near the end of life. It 
appears that the standard electrode is now out performing the heart-pacer type, but this performance 



reverse is not as clear cut as it appears and is not indicative of the trend that is shown in the Stan- 
dard Electrode Life Performance Comparison shown in Figure III. As can be seen, the trend with 
age was for the electrode signal to slowly degrade through cycle 17200. Then, near the end of life, 
the electrode suddenly produced a better signal and swing than ever before. This is partly explained 
by looking at the percent return for that last cycle. From cycle 17200 to cycle 23257 it increased from 
108% to 119% and also caused the cell pressure delta to increase dramatically from 4 psia to 20 psia 
as Figure IV shows. This pressure increase was probably responsible for the performance improve- 
ment during that last cycle. 

While the increase in percent return produced a greater pressure delta in the standard electrode 
cell, it procuded no effect in the heart-pacer cell. There the pressure delta slowly decreased over the 
entire life ending at 2 psia on cycle 23257 as Figure VI shows. In Figure V, the signal degradation 
is shown for the heart-pacer electrode. It was a slow degradation from about cycle 200 to cycle 
17200 with the signal swing remaining good throughout. It was not until cycle 23257 that the elec- 
trode showed a dramatic loss of signal. Hence, the great reversal in performance shown in Figure II 
also had as a contributing factor the rapid signal loss of the heart-pacer electrode between cycles 
17200 and 23257. 

The data from Pack 3G was studied next. The life degradation of the heart-pacer electrode in 
pack 3G is shown in Figure VII. It was the same type of degradation as was shown for the heart- 
pacer electrode of pack 3D, the only difference being a more rapid occurrence of signal fall-off. 
Here, a noticeable amount of degradation was seen by cycle 5200, whereas before significant sen- 
sitivity loss was not evident until cycle 17200. Figure VIII shows that cell pressure was consistent 
over life with no great changes appearing. 

The standard electrode life plot, Figure IX, shows a more consistent degradation in pack 3 6  
than that shown in pack 3D. In 3G there was no great signal increase at the end of life, even though 
the percent recharge and cell pressure again made a dramatic increase in the last few cycles as is 
shown in Figure X. The signal magnitude and swing was not good in the standard electrode of Pack 
3 6  (80 mV to 90 mV), but was consistent with Pack 3D. 

CONCLUSIONS 

The heart-pacer signal electrode generally produced a signal of higher magnitude and greater 
voltage swing than the standard signal electrode, although both types of signal electrodes lost con- 
siderable sensitivity with life. This loss of sensitivity with life and the great signal variation from 
signal electrode to signal electrode of the same type would make the implementation of a reliable 
signal electrode charge control system very difficult, if not impossible. 

Some contributing causes of poor performance in the electrodes could be: the large volume of 
KOH present in cells of this design, and the lack of significant pressure variation over a cycle 
especially in the cells with the heart-pacer signal electrode. 
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SIGNAL ELECTRODE CONSTRUCTION 

Heart Pacer Electrode Standard Electrode 

0 Nickel Plated Steel Sub- 0 Nickel Plated Steel Sub- 
strate Coated with Sintered strate Coated with Sintered 
Nickel Powder. Nickel Powder. 

@ Impregnated with Cadmium, @ 'coated with a Hydrophobic 
Silver Treated, and Coated Fluorocarbon Polymer. 
with a Hydrophobic 
Fluorocarbon Polymer. 

0 External Resistor: 10 OHM @ External Resistor: 300 OHM 

TABLE II 

DESIGN VARIRBLE PROGRAM TEST REGIME 

@ Temperature: 20°C 

@ Depth of Discharge: 40 Percent 

0 Orbit Period: 90 Minutes - 
0 Charge Current: 9.6 Amps ( ) 

1.25 
To a Voltage Limit 

e 
@ Discharge Current: 9.6 ,Amps ( --) 

1.25 



HEART PACER 
ELECTRODE 

STANDARD 
ELECTRODE -- 

TIME (Min) 

FIGURE I DESIGN VARIABLE 3RD ELECTRODE STUDY TYPICAL CYCLE DATA, PACK 3D. CYCLE 222 





CYCLE 23257 CYCLE 17172 CYCLE 10514 CYCLE 5156 CYCLE 1163 CYCLE 222 
119.6% RCHG 108.3% RCHG 107% RCHG 107.8% RCHG 112.9% RCHG 113% RCHG 

TIME (Mid 

FIGURE Ill DESIGN VARIABLE 3RD ELECTRODE STUDY STANDARD 3RD LIFE BY TYPICAL 
CYCLE, PACK 3D 



CYCLE 222 
113% RCHG 

CYCLE 5156 
107.8% RCHG -- 

CYCLE 23257 
119.6% RCHG 

TIME (min) 

FIGURE IV DESIGN VARIABLE 3RD ELECTRODE STUDY STANDARD CELL TYPICAL 
CYCLE PRESSURE, 3D 







FIGURE VII DESIGN VARIABLE 3RD ELECTRODE STUDY HEART PACER LIFE BY TYPICAL 
CYCLE, PACK 3 6  







CYCLE 224 CYCLE 5214 CYCLE 17210 
111.7% RCHG 103.3% RCHG 112.5% RCHG -- -- 

FIGURE X DESIGN VARIABLE 3RD ELECTRODE STUDY STANDARD CELL TYPICAL CYCLE PRESSURE, 3G 



Q, Ritterman, Comsat: I guess you are  talking about a nickel cadmium cell 
or a bunch of nickel cadmium ce l l s  with two different  types of charge 
control electrodes? 

A. Morrow, GSFC: Signal electrodes. 

Ri tterrnan, Comsat: Oh signal electrodes. And you d idn ' t  get any 
variation in pressure. I mean t h a t ' s  what I essentially saw. What 
does each electrode respond to? I mean normally the signal electrode 
responds to  some so r t  of oxygen pressurized, the hydro directs  the 
proportion of pressure. The old GE signaling electrode i s  just  the 
minute you s t a r t  getting any amount of oxygen you s t a r t  getting a 
r i se .  I guess your auxi l l iary electrode i s  your signaling electrode 
i s  attached to be res i s tan t  to  the negative electrode. A whole bunch 
of things I d idn ' t  understand. What the cycle was, how wet the ce l l s  
were in respect to  CC's of KOH per amp hour? Could you identify the 
cel l  s ?  

A. Morrow, GSFC: Dave i s  a l i t t l e  more u p  on the design variable c e l l s  
than I am. 

A. Baer, GSFC: For the most part they had around 4CC's per amp hour. 

A. Ritterman, Comsat: Yeah tha t  should s t i l l  be enough t o  give you a 
1 i t t l  e bet ter  recombination than you've got. 

A. Baer, GSFC: I think the thing that  puzzled us was a t  the beginning 
of l i f e  some of them weren't too bad and a t  the end of l i f e  when you 
expect the ce l l s  to  s t a r t  drying out you weren't getting the 
expected pressure r i se .  

Q. Ritterman, Comsat: Are you charging i t  a t  about the same ra te  tha t  
you were discharging? 

A. Baer, GSFC: Yes. I think there was about 9.6 amps for  a 12 amp per 
hour ce l l .  

Q.  Rogers, Hughes Aircraft: The electrode that  you have I assume, i t  i s  
suppose to  react with oxygen? 

A. Morrow, GSFC: Right. 

Q.  Rogers, Hughes Aircraft: You've got cadmium on i t .  Now I guess I 
see two competing reactions. How does the electrode know what t o  
do ? 



A. Morrow, GSFC: The new electrode was designed for  heart pacer 
applications and in that  they real ly  have to  watch what the oxygen 
pressure does since i t  will be inside the body. So what they did was 
they t r i ed ,  they wanted to p u t  s i l v e r  on the electrode which would, 
s i lve r  i s  a l i t t l e  more ca ta ly t ica l ly  active with oxygen so i t  would 
produce a higher voltage and the cadmium i s  placed in contact with 
the s i lve r  so that  i t  holds i t  more to  the electrode not le t t ing  
s i lve r  oxide form and therefore migrate to  the ce l l s .  

A. Baer, GSFC: Howard, l e t  me say t h i s  i s  GE's reference electrode and 
a l l  we are  doing i s  comparing the two. I t ' s  what they want t o  switch 
to  and we want to  compare the two t o  see i f  they are compatible. The 
electrode wasn't our idea, I guess i s  what I 'm saying. 

A. Rogers, Hughes Aircraft: The reason for  my question i s  that  you were 
ta lkins  about a cadmium electrode which normally i s  not used as an 
oxygen-recombination electrode. 

- 

A. Morrow, GSFC: Right. 

A. Rogers, Hughes Aircraft: That's what the question came from. 





SPECIAL TEST METHODS FOR BATTERIES 

Sidney Gross 
Boeing Aerospace Company 
Seat t le ,  Washington 98124 

A variety of methods has  been used for determining h e a t  generation in primary and 
secondary ba t t e r i es  (References 1 - 3). One method useful for sealed primary 
ba t t e r i es  i t  t o  insulate t h e  ba t t e ry  with multilayer vacuum insulation, discharge i t  in a 
vacuum, and observe it's temperature  change with t i m e  (Figure 1). Six layers  of 
aluminized mylar separated by low outgassing bridal-veil type mater ia l  has  proved t o  
be  effect ive ,  resulting in nearly negligible h e a t  loss. H e a t  t ransfer  through supports is 
made insignificant by suspending t h e  ba t t e ry  with nylon string. Hea t  transport  through 
supports, leads and insulation is small, bu t  calibration is advisable nevertheless. The 
h e a t  generation r a t e  is then: 

dQ/dt = W C p  (dT/dt) + A EQN (1)) 

where Q is hea t  generated,  W is  ba t t e ry  mass, Cp is specific heat ,  T is temperature ,  t 
is t ime, and A is t h e  calibration factor. This method was applied t o  a sealed silver- 
zinc battery.  

Where a thermal  vacuum chamber is not  available or  is impracticable, a l ternat ive  
methods can be used for  measuring hea t  generation. One method is  t o  insulate t h e  
ba t t e ry  and make a correction for t h e  h e a t  t ranspor t  through t h e  insulation. A 
convenient way t o  make t h e  correction is t o  test with di f ferent  thicknesses of 
insulation, and extrapola te  results  t o  t h e  condition of z e r o  h e a t  loss. A preferred way 
t o  make t h e  correction is t h e  analytical  method described in Reference 1. Typical 
results  using t h a t  method a r e  shown in Figure 2, with h e a t  generation corre la ted on 
t h e  basis of enthalpy voltage. With this method, t h e  h e a t  generation r a t e  is equal t o  
cel l  cu r ren t  t imes  t h e  di f ference of enthalpy voltage and cel l  voltage. 

Hea t  generation measurement of large ba t t e r i es  presents special  problems. A method 
used successfully was t o  a t t a c h  an  insulated ba t t e ry  t o  a water-cooled coldplate 
suitably instrumented t o  function as a calorimeter.  The ba t t e ry  hea t  generated is t h e  
sum of t h e  h e a t  transported t o  t h e  fluid plus t h e  h e a t  s tored within t h e  bat tery ,  plus or 
minus h e a t  transported through t h e  insulation (Figure 3). High flow r a t e s  through t h e  
cold pla te  a r e  preferred t o  minimize t empera tu re  gradients, but  this results  in a small  
t empera tu re  rise of t h e  fluid through t h e  cold plate. T o  obtain accuracy in spi te  of 
having only a small  t empera tu re  rise, a sensit ive instrumentation system is used which 
measures t empera tu re  di f ference directly (Figure 4). Calibration curves of this sensor 
a r e  shown in Figure 5. Insulation of t h e  ba t t e ry  should be done in a way t h a t  is 
repeatable and permits  calibration. A conformally shaped insulation box with 
fiberglass surfaces  inside and outside served these  needs. Calibration with a ba t t e ry  
and hea t  exchanger installed and e lec t r i ca l  cables  a t t ached  resulted in overall 
conductance in ambient a i r  of 0.2 W/oF at a ba t t e ry  t empera tu re  of 500F, increasing 
linearly t o  0.4 W/oF at a ba t t e ry  t empera tu re  of 1800F. 

Specific h e a t  of ba t t e r i es  (Figure 6 )  can  be determined in a way similar t o  h e a t  
generation, provided a heater  is a t t ached  t o  t h e  ba t t e ry  (Figure 7); in t h e  case of a 
sealed secondary bat tery ,  s teady state overcharge can  be used in lieu of a heater. 
Thermal vacuum testing gives t h e  leas t  error;  a n  a l ternat ive  is t o  encapsulae t h e  
ba t t e ry  with a heater  in waterproof insulation and immerse  i t  in a water  bath  fo r  t h e  
test. A method used satisfactori ly is t o  precool t h e  ba t t e ry  below t h e  wa te r  



temperature ,  and allow t h e  experiment t o  continue until t h e  ba t t e ry  is ho t te r  than t h e  
water  b a t h  (Figure 7). Specific h e a t  is determined using equation 1, with minimum 
h e a t  correct ion at t h e  isothermal point. 

A common method for  cooling spacecra f t  ce l ls  is by sandwiching t h e  cells  between 
cooling plates, thus removing h e a t  f rom t h e  broad f a c e s  of t h e  cells. This raises t h e  
need for  determining cel l  thermal  conductance in t h a t  direction. One method t h a t  has  
been used is to sandwich a cel l  between two  thick pla tes  whose the rmal  conductivity is 
known and is also close to t h a t  of t h e  cell; h e a t  is then forced through t h e  assembly by 
means of two  h e a t  exchangers (Figure 8), with insulation around t h e  assembly t o  
minimize error. Plexiglas Type 2 has  suitable properties for  this test and has  been 
used satisfactorily. Cell  ther  ma1 conductance can  be  determined by comparison of t h e  
t empera tu re  gradient across t h e  cell  with t h e  gradient  across t h e  plexiglas of known 
thickness; t h e  use of t w o  layers of plexiglas permits  a n  assessment of t h e  error. 

Thermal vacuum tests have been found t o  be  very useful in determining thermal  
conductance within batteries.  The  ba t t e r i es  a r e  insulated around a l l  sides excep t  t h e  
bottom, which radia tes  t o  an adjacent temperature-controlled plate. Steady state 
overcharge at high r a t e s  will exaggerate  t h e  t empera tu re  gradient and provde d a t a  
needed t o  determine conductance. A test t h a t  is especially useful is t o  lower t h e  
t empera tu re  of t h e  pla te  hea t  sink with t i m e  in a programmed manner so  t h e  ba t t e ry  
t empera tu re  will reduce linearly with time. This induces t empera tu re  gradients 
between t h e  cells  and t h e  ba t t e ry  case which a r e  constant  with t i m e  (Figure 9). This 
test has  been used t o  identify poor thermal  bonding between cel ls  and t h e  case of a 
ba t t e ry  package. 

Measurements have been taken of t h e  t empera tu re  gradient in nickel cadmium cells  
during cycling fo r  possible use in charge control. This is based on t h e  principle t h a t  
charge efficiency decreases  as a nickel cadmium cel l  approaches a full state of 
charge, resulting in a sudden increase in t h e  h e a t  generation r a t e  within t h e  cell. 
Since spacecra f t  ba t t e r i es  a r e  generally mounted so the re  is a good thermal  path  
between t h e  ce l l  bot tom and t h e  h e a t  sink, this heating results in t empera tu re  
gradients across t h e  cell. The t empera tu re  di f ference may be taken between t h e  cel l  
top  and ce l l  bottom, between t h e  cel l  top  and t h e  h e a t  sink, o r  between t h e  cel l  
bottom and the  h e a t  sink. H e a t  flux transducers a r e  a n  a l ternat ive  approach. For a 
simulated 24-hour orbit,  t h e  t empera tu re  difference signal s t a r t s  t o  r ise at a recharge 
f ract ion of approximately 0.95 (Figure 10). The tests showed t h a t  t empera tu re  
gradient sensing can provide an  e f fec t ive  means of charge control  fo r  24-hour orbi t  
satellites. However, t h e  method is not  suitable for low-earth orbi ts  since t h e  h e a t  
generated during discharge has  insufficient t i m e  t o  dissipate before charging 
com mences, 

Auxilliary e lect rodes  can b e  useful for conducting tests on ba t t e ry  charge control. For  
t h e  Ni-Cd system, a n  oxygen-sensitive e lect rode coupled t o  t h e  negative e lect rode 
through a resistor provides a signal which gives a measure, though nonlinear, of oxygen 
part ial  pressure. This has  been applied t o  compare  pulse charging and constant  cur ren t  
charging. 

A var ie ty  of battery-level  tests has  been used t o  charac te r ize  nickel cadmium cells. 
Such tests can be conducted on cells  at t h e  beginning of a cyling test, then repeated at 
intervals t o  quantize t h e  degradation. A discharge sweep with current  increasing 
linearly with t ime  has  been used; similar tests have a lso  been done with two-second 
discharge pulses with current  increasing at each pulse. This quickly distinguishes t h e  
resistance-limited regime from t h e  diffusion-limited regime. Current-sweep tests 
have also been done for charge, with cur ren t  increasing linearly with time. 
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Another b a t t e r y  test which has  proved useful is a linear sweep of current  from charge 
t o  discharge. The crossing point where cur ren t  is ze ro  is identified as t h e  zero-current 
voltage. I t  is related t o  t h e  open c i rcui t  voltage, excep t  t h a t  it el iminates t h e  
problem of a continuously varying open c i rcui t  voltage t h a t  is associated with 
ba t t e r i es  having nickel electrodes. The  o ther  advantage is t h a t  it is a measurement 
t h a t  somet imes can be  obtained f rom te lemet ry  of flight spacecraft .  This has  proven 
useful in identifying incipient shorting during flight operation of Ni-Cd batteries.  

Definition of fas t  transient behavior of ba t t e r i es  in t h e  microsecond range has  been of 
in teres t  for some applications. Silver z inc  batteries,  for  example, exhibit a brief 
discharge voltage dip following open c i rcui t  with Ag202  present (Figure 11). 
Visicorders a r e  not f as t  enough to define some of these  transients. A transient voltage 
monitor sys tem is used which t akes  d a t a  every 200 nanoseconds. The signal is 
processed by an analogue-to-digital conver ter  and stored in memory. Followir,g t h e  
test, t h e  memory is fed repeti t ively t o  an  oscillosope through a digital  t o  analogue unit  
for  immediate  viewing, and also transferred t o  magnetic t a p e  for computer processing 
and point-by-point d a t a  printout. 

A number of t e s t s  have been conducted on cell  components. One unique test is t h e  
determination of t h e  e lect r ica l  conductance of nickel sinters in t h e  thickness 
direction. This is considered important because corrosion and mechanical s t ress  from 
cyling will reduce conductance significantly. A die was  used t o  c u t  15/16 inch 
diameter  discs of e lect rodes  or e lect rode sinters, indium foil, and copper. These a r e  
assembled in to  a stack: copper, indium, sinter,  indium, copper (Figure 12). Somet imes 
multiple indium-sinter sandwiches a r e  used in series. T h e  s tack  is compressed. t o  
obtain good con tac t  of t h e  indium foil and t h e  sinter,  y e t  not crush them. The 
e lect r ica l  conductance of t h e  s tack is measured, and an  adjustment is made for t h e  
calibration of t h e  s tack without t h e  sinter. 

Mechanical problems have been experienced in t h e  vibration of nickel-cadmium 
ba t te r i es  (Reference 4). Tests  t o  simulate t h e  cycling fa t igue of t h e  s teel  t abs  
connecting t h e  pla tes  t o  t h e  comb showed t h a t  a wide variation could b e  expected in 
t h e  fa t igue life of these  tables. Nickel cadmium cel ls  must be  under some 
compression when packaged for  spacecra f t  use, but  surprisingly l i t t le  is known about 
t h e  visco-elastic behavior of ce l ls  under such conditions. An analytical  model of a cel l  
under compression is shown in Figure 13. One ser ies  of tests defined t h e  distribution 
of fo rces  when cells  a r e  compressed during ba t t e ry  packaging. These tests showed 
t h a t  the re  was  a significant relaxation of compressive forces  on t h e  pla tes  with time. 
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HEATER POWER-WATTS 

Figure 6. Specific Heat Test of 70 AH Silver Cadmium Cell 
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Figunr 9. Radiant Cooling Vacuum Test of 10 AH Ni- W Battery 



a SIMULATED 24-HR ORBIT 
a 12 AH SEALED NiCd CELL 
a DISCHARGE 1.0 HR AT 8.0 A (87% DoD) 
@ CHARGE AT 3.0 A (U4) 
a TEMPERATURE DIFFERENCE MEASURED AT CELL MOUNTING 
a COMMENCE CHARGE WHEN AT < 0.6'~ 

F&m 1Q Sensitivity of Temperature Difference 
Smsing for Charp Termination 



CELL 
POTENTIAL 
(VOLTS) 

21Oc 
C/4 DISCHARGE 
FULLY CHARGED 
LIGHTLY LOADED PRIOR TO C/4 DISCHARGE 

1 I I 1 1 1 1 

0 100 200 300 

TIME (MICROSECONDS) 

Figure 1 1. Typical Voltage Delay Behavior of SiIyw~Zhc Qelh 







Q. Mani, Energy Conversion Devices, Inc.:  What k i n d  o f  equipment d i d  you 
use f o r  t h i s  heat  capac i ty  measurement? What t ype  o f  heat c a p a c i t . ~  - .  
you measure by t h i s  method? 

A. Gross, Boeing: What k ind  o f  heat capac i ty  does one measure by? 

Q. Mani, Energy Conversion Devices, Inc.:  This  k i n d  o f  heat capaci ty .  
The one where you a re  , I mean showed i n  the  f i g u r e ?  

A. Gross, Boeing: Okay, we l l  t h e  data shown f o r  t h e  example was heat 
capac i ty  o f  0.2 and which i s  t h e  same i n  l e t ' s  see t h a t  the  same i n  
engineering u n i t s  t h a t  BTU's per  pound per  degree fahrenhe i t .  

Q. Mani, Energy Conversion Devi:ces, Inc.:  You s a i d  the  heat  capac i ty  
vou measure i s .  Don' t  vou t h i n k  i t  i s  d i s t r i b u t e d  more i n  t h e  a l k a l i n e .  
knd how you can d i f f e r e n t i a t e  you a r e  going t o  measure one as a t o t a l  
b u t  t h e  c e l l  capac i ty  most ly  d i f f e r s  upon the  e lec t rode  and the  
a l k a l i n e  i n t e r f a c e .  How a re  you going t o  d i f f e r e n t i a t e  t h i s  one? 

A. Gross, Boeing: Well, t h i s  i s  a n e t  heat capacitance c e l l  and i f  you 
know e x a c t l y  what t he  percentage i s  o f  each ma te r ia l  t h a t  goes i n t o  
the  c e l l  and t h e  s p e c i f i c  heat  of those m a t e r i a l s  you can c a l c u l a t e  
the  average heat capacitance b u t  we d idn  ' t  have, we weren ' t  competent 
t h a t  we had good data and t h a t  was the  reason we wanted t o  r u n  the  
t e s t .  

A. Mani, Energy Conversion Devices, Inc. :  Thank you. 

Q. Un iden t i f i ed ,  Eastman Kodak: Your plaque res i s tance  t e s t .  Was t h a t  
a DC o r  a AC t e s t ?  

A. Gross, Boeing: That was a DC t e s t .  

Q. Un iden t i f i ed ,  Eastman Kodak: Was i t  pressure s e n s i t i v e  o r  was i t  
temperature s e n s i t i v e ?  

A. Gross, Boeing: We tes ted  t h e  a f f e c t s  o f  pressure and we found t h a t  
very low pressure gave us unreproducib le r e s u l t s  and very h igh  
pressure a l so  gave us r e s u l t s  where we would squeeze down too  much 
and would g i v e  us we f e l t ,  we were compressing t h e  m a t e r i a l s  too  
much and we found i n  between was an exceptable range where we got  
reproduc ib le  r e s u l t s  and y e t  we d i d n ' t  f e e l  as i f  we were i n j u r i n g  
any o f  the  par ts .  



Q. LaFrance, Aerospace Corp.: I found the techniques a re  interesting. 
I would l ike  to ask you more of a question about the resul ts  however. 
For example, essent ial ly  the charging you mentioned was in endo- 
thermic region you reached about 80% charge, then i t  becomes essent ial ly  
exothermic. Now i s  th i s  t rue a t  a charge r a t e  of C over 10 or C over 
two or something l ike  that  during the endothermic region. 

A. Gross, Boeing: Well that  data was for  nickel cadmium cell  and nickel 
cadmium cel l  i s  endothermic during charge except that  in for  large 
ce l l s  or even small ce l l s  that  height charge rates  the endothermic 
amount i s  frequently of fse t  by our eye drop due to  the charge current 
so frequently when you actually measure a ce l l  you will get very 
close to  zero, I t ' s  been our experiences i t ' s  very close t o  zero as 
a r e su l t  of the two cancelling out and then of course the point a t  
which the heat generation s t a r t s  i s  dependent upon the temperature 
and the charge rate .  So you real ly  can ' t  generalize to  say exactly 
what the shape of the heat as a function a t  the end of charge. 

Q. Unidentified, Aerospace Corp.: Sid, what i s  the purpose of the f o i l  
and the thickness resistance measurement. 

A,  Gross, Boeing: The purpose of the fo i l  i s  to  get e lectr ical  contact 
t o  the plaque material otherwise you can ' t  easi ly  make an electr ical  
contact over i t s  en t i re  surface. 



EMU BATTERYIMODULE SERVICE 

TOOL CHARACTERIZATION STUDY 

Charles  F . Palanda t  i 
Goddard Space F l i g h t  Center  

ABSTRACT 

The power t o o l  which w i l l  be used t o  r ep l ace  t h e  a t t i t u d e  c o n t r o l  system 
i n  t h e  SMM spacec ra f t  i s  being modified t o  ope ra t e  from a s e l f  contained 
b a t t e r y .  The ex t r aveh icu l a r  mob i l i t y  u n i t  (EMU) b a t t e r y  was t e s t e d  f o r  t h e  
power t o o l  a p p l i c a t i o n .  

The r e s u l t s  obtained dur ing  t h i s  s tudy  show t h e  EMU b a t t e r y  i s  capable  
of ope ra t i ng  t h e  power t o o l  w i th in  t h e  pu l se  cu r r en t  range of 2 .0  t o  15.0 
amperes and b a t t e r y  temperature range of -10 t o  40 degrees  Ce l s iu s .  

INTRODUCTION 

The S o l a r  Maximum Mission (SMM) s p a c e c r a f t  was launched February 14 ,  
1980. The a t t i t u d e  c o n t r o l  system (Acs) has  developed problems which have 
e f f e c t e d  t h e  normal spacec ra f t  ope ra t i on .  During t h e  s h u t t l e  mission (STS 13) 
scheduled A p r i l ,  1984 t h e  ACS w i l l  be rep laced  while  t h e  spacec ra f t  i s  
a t t ached  t o  t h e  " f l i g h t  support system" loca ted  i n  t h e  cargo bay of t he  
s h u t t  l e .  

A power t o o l  (F igure  1 )  has  been designed and developed t o  ope ra t e  from 
t h e  a l t e r n a t i n g  cu r r en t  (AC) power bus i n  t h e  s h u t t l e  and t h e r e f o r e  t h e  a r e a  
i n  which t h e  t o o l  can ope ra t e  i s  l imi t ed .  A d i r e c t  c u r r e n t  (DC) motor i s  
being designed t o  ope ra t e  from a b a t t e r y  contained i n  t h e  t o o l ,  thereby 
al lowing t h e  power t o o l  t o  ope ra t e  independent of t h e  s h u t t l e ' s  power bus. 

F igure  2 shows t h e  Ext ravehicu la r  Mobi l i ty  Unit  (EMU) b a t t e r y  which i s  
used by t h e  a s t r o n a u t s  dur ing  EVA maneuvers. The s i z e ,  weight (4.35 Kg) and 
nominal capac i ty  (25 Ah) o f  t h i s  s i l v e r - z i n c  b a t t e r y  i s  compatible wi th  t h e  
power t o o l  a p p l i c a t i o n .  The b a t t e r y  i s  p re sen t ly  r equ i r ed  t o  support  one 
15 amp pulse  f o r  5  seconds and seven hours  of continuous opera t ion  a t  3 .5  
amperes (Reference 1 )  a t  t h e  minimum b a t t e r y  temperature of 4 .4  degrees  
Ce l s iu s  (Reference 21, whereas t h e  gearmotor of t h e  power t o o l  w i l l  in t roduce  
numerous high pu l se  cu r r en t  loads t o  t h e  b a t t e r y  dur ing  i n i t i a t i o n  of removing 
t h e  b o l t s  from the  ACS, which r e q u i r e s  a  h igh  torque  c a p a b i l i t y  from t h e  
power too  1. 

There were no d a t a  a v a i l a b l e  t o  d e f i n e  t h e  EMU b a t t e r i e s '  -minimum 
ope ra t i ng  temperature  requi red  t o  support  t h e  high cu r r en t  f o r  t h e  power t o o l  
a p p l i c a t i o n  i n  t h e  thermal environment of ou te rspace ,  and t h e r e f o r e  i t  was 
necessary t o  perform t h i s  c h a r a c t e r i z a t i o n  s tudy of t h e  EMU b a t t e r y  a s  shown 
i n  F igure  3 .  



TEST PHILOSOPHY 

In order to determine the temperature range in which the battery could 
operate for the power tool application, it was necessary to establish dis- 
charge voltage profiles at various pulse current loads and temperature levels 
to a 100 percent depth of discharge (DOD). The 3.5 ampere constant current 
drain for the EMU regime was used to simulate the power tool "full speed" 
current drain and the battery's maximum pulse current capability of 15 amperes 
for a 5 second duration was used to simulate the gear motors "stall time" 
current load. Figure 4 is a plot of the typical discharge profile used 
throughout this study. The battery was discharged at 3.5 amperes and pulsed 
at 15 amperes every other minute. At minute 59 of each hour the battery was 
sequentially pulsed at seven different current levels (2.0 to 14.0 amperes). 
Battery current, voltage and temperature data was monitored every minute, 
three times during each pulse current level, and one second after the comple- 
tion of each pulse regime. In order to prevent cell reversal, each discharge 
was terminated (voltage cutout) when the voltage decreased to 12.0 volts. 

Although the power tool application will not require "battery recharging" 
during the shuttle mission, this battery was recharged many times during the 
study. Battery charging was performed according to the EMU specifications 
(~eference 11, 1.5 amperes and 21.8 volt cutout at 20°c or at 1.0 amperes. 
Two different charge currents were used to allow sufficient time for the 
battery temperature to stabilize at the next successive discharge regime 
(approximately one hour per At of 10'~). The data were monitored every ten 
minutes. 

EMU DISCHARGE CHARACTERIZATION TESTS 

The first discharge (cycle 1) was performed at 20°c ambient temperature 
in order to establish the baseline voltage characteristics and battery capa- 
city after the 7 month stand period, since the 3 previous cycles and recharge 
were accomplished at room temperature ambient. The capacity output was 
substantially greater than the pre-shipping recharge capacity because the 
battery had not been discharged to 100% DOD during the initial 3 cycles. 
Figure 5 is a plot of the entire discharge and Figure 6 shows the first 
sequential pulse regime during this discharge. 

There was a significant decrease in battery voltage during the O'C 
discharge and a severe decrease of -10'~ (Figure 7). There was also a 
decrease in discharge capacity at the lower temperatures due to the 
inefficiency of the electro-chemical reactions within the battery cells. 
The battery voltage was slightly above 15 volts at the end of the first 
sequential pulse (Figure 8 ) .  

There was very little change in the battery voltage between the steady 
state load and pulse current load during the 40% discharge shown in 
(Figure 9)  which occurred during the seventh discharge of this test regime. 
The higher battery voltage which was evidenced at the beginning of this 
discharge is attributed to Ag202 which gradually increased during the 
extensive cycling regime rather, than the higher test temperature. 



CONCLUSIONS 

The battery is capable of operating the power tool within the pulse 
current range of 2.0 amperes to 15.0 amperes and battery temperature range of 
-10'~ to 40°c. 

The "plateau" voltage which occurs when the silver electrodes are at the 
monovalent voltage level substantially decreases at the lower temperatures and 
higher pulse currents during the sequential pulse regime presented in 
Figure 10. The battery impedance ranged from 73 milliohms when battery 
temperature was 42'~ and increased to 162 milliohms when battery temperature 
was -6.7O~. Figure 11 is a graph of the calculated battery impedance derived 
from the change in battery voltage (aV) which occurred at the various current 
levels during the sequential pulse regimes after the battery voltage stabil- 
ized at the monovalent potential. 

Although the battery was capable of supporting numerous simulated "stall 
time/full speed" power tool operations at all temperature levels, the number 
of power tool operations will be reduced at sub zero temperatures if the 
power tool requires a higher operating voltage than the 12.0 volt cutout used 
to terminate all discharges throughout this study. 
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EMU BATTERY/SMM POWER TOOL CHARACTERIZATION STUDY 

PURPOSE 

. DETERMI NE TEMPERATURE RANGE FOR BATTERY OPERATI ON WITHOUT HEATERS 

. ESTABLISH VOLTAGE PROFILES AT VARIOUS PULSE CURRENT LOADS AND TEMPERATURE 
LEVELS 

. CHARACTERIZATION OF BATTERY IMPEDANCE FOR EACH TEMPERATURE LEVEL 

. DETERMINE BATTERY DISCHARGE CAPACITY AND EFFICIENCY AS A FUNCTION OF 
TEMPERATURE 

P 
N 
P TEST PARAMETERS . BATTERY CHARGING AT 200C AND 1.0 OR 1 . 5  AMPS 

. 3 . 5  AMP CONSTANT CURRENT LOAD (POWER TOOL FULL SPEED LOAD) 

. 15,O AMP, 5 SECOND PULSE LOAD (POWER TOOL STALL LOAD) 

. SEQUENTIAL PULSE REGIME (2,O TO 1 4 . 0  AMPS, 5 SECOND DURATIONS) 

. 100% DOD AT -10oC TO 4OoC (10 DEGREE INCREMENTS) 

Figure 3. Characterization study profile. 



EMU BATTERY / SMM POWER TOOL 
CHARACTERIZATION TEST 

DISCHARGE PROFILE 

CURRENT 
(Amps) 

1 2 3 59 p* TIME 
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NOTE: * indicates readings taken at this point 

Figure 4. Typical discharge profile. 



EMU BA T TER Y / SMM POWER TOOL CHA RAC TERIZA TION TES T 
LOAD SIMULATION - 3.5 Amp C. C. 8 15.0 Amp Pulse Load . 12.0 V Cutout  . 20 C 

CYCLE I 1 DATEa OCTOBER 7. 1982 BATTERY SNt 1057 
1 3 22 

............................................ ................................................. 

TIME (hours) 

r I  

-------. ...... TIME h e )  ..................................... 
26 - -- . - . . .......... .*..,..--*.. .-.. 

..-. . ...-. '.. **.- '. .-........ .-_ .-- .-..--."..-". .... .... ..I *-... 
.--.-...--..- ..-...-.-...-...-...-..-.-..-...-...-. -...----.--...- ..-.- 

-..-.a 

-s- 

16 I 1 
I 
2 

I 
3 

I 
4 

I 
5 

I 
6 

I 
7 - AMBIENT ............ BATTERY T I E  b 3  

F i g u r e  5. 20°C d i s c h a r g e  c h a r a c t e r i z a t i o n  tes t .  









U A  EM 5 TTERY / SMM POWER TOOL CHARACTERUA TION TFST 
LOAD S I M U L A T I O N  - 3.5 Amp C. C. 8 15.0 Amp Pulee Load . 12.0 V C v t w t  . 40 C 
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Figure 9. 40°C discharge characterization test. 





CALCULATED IMPEDANCE = AEIAI 

@ MINUTES 117 81 119 I' 

I I I I I I 

-10 0 10 20 30 40 
BATTERY TEMPERATURE O C  

Figure 11. Battery impedance vs. temperature. 
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PRELIMINARY SILVER-HYDROGEN CELL TEST RESULTS 

Charles Lurie 
TRW Space and Technology Group 

ABSTRACT 

Silver-hydrogen ce l l s  have been on t e s t  a t  TRW since July, 1982. The 
objective of the t e s t  i s  to estimate useful l i f e  by operation a t  accelerated, 
simulated geosynchronous orb i t  conditions. Ten simulated seasons have been 
run and are summarized. The resul ts  to-date r e f l ec t  stable,  trouble-free 
performance and indicate that  the silver-hydrogen couple shows promise as a 
lightweight a1 ternative to the nickel systems. 

INTRODUCTION 

The s i l  ver-hydrogen couple i s  a t t rac t ive  because of i t s  high specific 
energy and energy density. A t  the l a s t  Battery Workshop SAFT presented t e s t  
resu l t s  obtained with silver-hydrogen ce l l s  designed and bu i l t  in the i r  
aerospace faci 1 i ty in Romai nvi 1 l e ,  France. (1) The resul t s  reported were 
encouraging and projected a specific energy in the range 65 to  80 Whlkg and an 
energy density i n  the range 50 to  60 kWh/m . TRW purchased four of these 
ce l l s  in 1981 and started testing in 1982. This paper presents a summary of 
the testing to-date including the objectives, the t e s t  a r t i c l e s ,  the t e s t  plan 
and setup, and preliminary t e s t  resul ts .  

The primary objective of the t e s t  i s  t o  estimate the useful l i f e  of the 
SAFT silver-hydrogen ce l l s  by operating them a t  accelerated, simulated geo- 
synchronous orb i t  conditions. Testing i s restr ic ted t o  the geosynchronous 
orb i t  application because the limited number of t e s t  a r t i c l e s  d ic ta te  a single 
s e t  of operating conditions, and i t  appears that  booster l imitations will con- 
tinue to make battery specific energy a more important parameter for high- 
ai t i  tude mi ssions than for 1 ow-a1 t i  tude m i  ssions. 

A secondary objective i s  to  identify spacecraft integration issues pecu- 
1 i a r  to the s i  1 ver-hydrogen coup1 e. These wi 11 i ncl ude discharge vol tage 
character is t ics ,  thermal characteristics,  and charge management issues. 

TEST ARTICLES 

The t e s t  a r t i c l e s  are type H R A  46s silver-hydragen ce l l s  manufactured by 
SAFT in Romainville, France. SAFT rates  the cell  a t  46 ampere-hours and 
indicates that  beginning-of-life capacity, for an 11.2-ampere discharge a t  



23 +2"C, i s  58 ampere-hours f o l l o w i n g  22 hours o f  charge a t  2.8 amperes. T h i s  
d i  sFharge i s  te rmina ted  a t  0.8 vo l  t s  and t he  charge vo l  tage 1 i m i  t e d  a t  1.65 
v o l t s .  T e s t i n g  a t  TRW, us ing  the  same charge-discharge cyc le ,  y i e l d e d  average 
c a p a c i t i e s  o f  54.8 ampere-hours a t  10 +2"C and 56.0 ampere-hours a t  15 +Z°C. 
Ana l ys i s  o f  these data r e s u l  t s  i n  a  c a p a c i t y  temperature c o e f f i c i e n t  of-0.25 
Ah/"C. 

Maximum c e l l  ope ra t i ng  pressure i s  s p e c i f i e d  a t  40 atmospheres f o r  t he  
HRA 46s c e l l s  us i ng  Incone l  625 con ta iners .  New con ta ine rs  made f rom Incone l  
718 a r e  a v a i l a b l e  and w i l l  be r a t e d  a t  70 atmospheres maximum pressure. 
Rated s p e c i f i c  energy i s  75 Wh/kg a t  23 +2"C. Dur ing c h a r a c t e r i z a t i o n  t e s t i n g  
a t  TRW the  average s p e c i f i c  energy observed was 69 Wh/kg a t  15 +2"C. Fol low-  
i n g  e i g h t  charge-discharge cyc les,  each c o n s i s t i n g  o f  22 hours zf charge a t  
2.8 amperes f o l l owed  by an 11.2-ampere d ischarge t o  0.8 v o l t s ,  t he  observed 
s p e c i f i c  energy was 66 Whlkg. The c e l l s  weigh 880 grams and a re  f i l l e d  w i t h  
193 m l  o f  10.3 N potassium hydrox ide e l e c t r o l y t e .  

Wi th  the  excep t ion  o f  the  s i l v e r  e l e c t r o d e  and the  separator  t he  compon- 
e n t s  o f  the  s i l ve r -hydrogen c e l l s  under t e s t  a re  s i m i l a r  t o  those o f  a  n i c k e l -  
hydrogen c e l l .  The chemistry,  as i n d i c a t e d  i n  f i g u r e  1, i s  s imply  t h a t  o f  t h e  
s i l v e r  and hydrogen e lec t rodes .  The s i l v e r  e lec t rode ,  made by t he  SAFT 
cont inuous r o l l i n g  process, i s  0.57 m i l l i m e t e r  t h i c k  w i t h  a  p o r o s i t y  o f  60 
pe rcen t  and u t i l i z e s  an expanded s i l v e r  g r i d .  The separator  c o n s i s t s  o f  
m u l t i p l e  l a y e r s  o f  nonwoven ny lon  P e l l o n  m a t e r i a l  ad jacen t  t o  t he  s i l v e r  
e l e c t r o d e  and m u l t i p l e  l a y e r s  o f  Yardney C19 ce l lophane.  

TEST PLAN 

The f o u r  s i l ve r -hydrogen c e l l s  were p laced on t e s t  i n  J u l y  1982 and have 
been ope ra t i ng  con t inuous ly  s ince.  The 1 i f e  t e s t  s imulates geosynchronous 
o r b i t  c y c l i n g  and i s  preceeded by a  s e r i e s  o f  c h a r a c t e r i z a t i o n  cyc les  which 
w i l l  be repeated a f t e r  complet ion o f  t he  l i f e  t e s t .  Ec l i pse  seasons d u r i n g  
t he  l i f e  t e s t  c o n s i s t  o f  45 12-hour days w i t h  the  "stepped" e c l i p s e  d u r a t i o n  
p r o f i l e  shown below. S o l s t i c e  seasons a re  shortened t o  one week d u r i n g  which 
the  c e l l s  a re  d ischarged a t  29.2 amperes t o  0.8 v o l t  and recharged. 

Day 

1-5, 41-45 
6-10, 36-40 
11-15, 31-35 
16-20, 26-30 
21-25 

E c l i p s e  D u r a t i o n  
(Minutes)  

32 
50 
62 
68 
7  2  



During the course of the t e s t  i t  i s  anticipated that  conditions will be 
varied to simulate various loads and charge management approaches. 

The t e s t  ce l l s  are mounted i n  aluminum jackets heat sinked to a thermo- 
s ta t ica l ly  controlled thermal plate maintained a t  5 - +Z°C. 

Charge management consists of charging the c e l l s  a t  3.8 amperes u n t i l  the 
capacity recharged equals the capacity discharged d u r i n g  the cycle or the cel l  
voltage exceeds 1.67 vol ts .  The ce l l s  are  then t r i ck le  charged u n t i l  the next 
eclipse entry. The objective of this approach i s  t o  maintain a recharge r a t io  
very close to  1:l. The silver-hydrogen couple's h i g h  charge efficiency and 
low self discharge r a t e  make thi s feasible.  Maximum end-of-charge cel l  
pressures are  maintained below 600 psi.  

Thus f a r  a l l  eclipse discharges have been a t  the 29.2-ampere rate .  For 
the maximum duration (72 minutes) eclipse discharges th i s  i s  equivalent to  
depths-of-discharge of 76 percent of rated capacity or 63 percent of measured 
capaci t y  . 

RESULTS 

Typical voltage, current, temperature, and pressure characteristics 
observed during low-rate charging are shown i n  figure 2. The two-plateau 
voltage curve and the l inear pressure r i s e  are character is t ic  of the system. 

Similar character is t ics  are depicted i n  figure 3 for a typical C / 2  ra te  
discharge performed prior to  the l i f e  t e s t .  The small contribution of the 
peroxide plateau i s  typical of resu l t s  obtained with th i s  type of cycling. 
The pressure curve i s  l inear.  

Inspection of the plot  of minimum end-of-di scharge voltages versus 
eclipse season day for  Seasons 3, 5, 7, and 10 shown i n  figure 4 reveals two 
interesting points: 

e The range of end-of-discharge voltages observed during a season i s  
less  than observed w i t h  a nickel system. 

e No season-to-season trend i s  apparent indicating the absence of degra- 
dation through the 10 simulated seasons depicted. 

The voltage levels may appear to  be a l i t t l e  low b u t  are  attributed t o  an 
average end-of-discharge temperature of about 8°C. 

The cell  internal pressure versus eclipse season day relationship shown 
i n  figure 5 i s  typical. Data are presented for both end-of-charge and end- 
of-discharge pressures. The end-of-charge pressure data plotted represents 
end-of-trickle charge pressure as th i s  i s  a more accurate indication of 
state-of-charge, going into eclipse, then the pressure recorded a t  switch down 
from ful l  to t r ick le  charge. The relationships are smooth and suggest a 
stable configuration. 



Despite the smooth and stable end-of-charge and end-of-discharge pressure 
relationships, analysis of the evolving data base revealed that  the m i n i m u m  
end-of-discharge voltage was tracking the previous end-of-charge pressure as 
can be seen i n  Figure 6. Although th i s  observation has not yet been investi-  
gated, i t  appears to  be related to the fac t  that  i t  i s  d i f f i c u l t  to  return to  
the same state-of-charge each day when the charge management approach i s  based 
on a recharge r a t i o  of 1:l. 

I t  seems probable, as a genera1 observation, that  charge management 
approaches for the silver-hydrogen cell  will need to  be more sophisticated 
than for e i ther  the nickel-cadmium or nickel-hydrogen system. 

CONCLUSION 

Results to date indicate that  the silver-hydrogen cell shows promise as a 
lightweight a l ternat ive to the nickel systems. Testing a t  TRW has been 
res t r ic ted  to geosynchronous orbi t  simulation, and th i s  conclusion should be 
considered in that  context. However, the stable,  trouble-free performance 
observed thus fa r  suggests that  the system should also be evaluated a t  low 
earth orb i t  conditions. 
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Figure 4. End-of-Discharge Voltage Versus Eclipse Season Day for Seasons 3, 5, 7, 10. 







SESSION V 

DISCUSSION 

Unidentified, Aerospace Corp.: Have you taken any ce l l s  apart  yet? 

Lurie, TRW: No we are  going to  wait for  one to  f a i l .  

Dunlop, Comsat: One question when you are  estimating 25% energy 
density or  weight savings the only thing I don't  understand i s  you 've 
got about 10% improvement in energy density. Your measured 66 watt 
hours per pound or  one hour per kilogram rather i s  about the same 
as the 60 watt hours per kilogram now so you got about a 10% advantage 
r ight  now. 

Lurie, TRW: That's .66 we ought to  compare apples and apples tha t  
66 was an actually achieved number a t  a given temperature. I f  we 
take the maximum specif ic  energy that  we-could measure i f  we were 
looking for  the maximum number I think we would be up near 80. 
This was a 66 under specif ic  s e t  of conditions a t  a temperature 
which gave us less  than the max and a f t e r  eight deep cycles. 

Unidentified: What would be the maximum conditions? 

Lurie, TRW: A higher temperature for  one thing. 

Unidentified: What temperature you gave a number of 2.5 amp-hours per 
degree or something. I don't  know what the number was. 

Lurie, TRW: I f  you look in the regjon-of about 5 degrees Centigrade 
to  25 degrees. Centigrade and i t  looked as i f  the coefficient was 
minus .25 arnp hours per degree centigrade, 

Unidentified: Was there a peak, i s  there some peak? 

Lurie, TRW: We don' t  have enough data, i t ' s  based on three points. 
I might say tha t  t o  c la r i fy  that  a b i t .  The actual specif ic  energy 
tha t  we achieved i n  the cycling in the GO cycling was around 43 or 
44. The useable specif ic  energy a t  75% up to  discharge. 

Lurie, TRW: When I say tha t  25% I 'm talking about on a battery 
basis. Useable specif ic  energy. 

Gordon-:, You indicated that  you thermostatically control led the base 
plate or  heat s i n k  mounting. Did you do any work in monitoring 
envelope temperature to  determine the delta? 



A. Lurie, TRW: That was shown on the one of the curves was temperature. 
Yeah, the battery temperature did go up  above tha t  certainly.  

Q. Jagielski ,  GSFC: On one of the features you showed a very very l inear  
relationship between pressure and I was wondering i f  that  is typical 
of the s i lve r  hydrogen ce l l s  or i s  t ha t  just typical of your charge 
control scheme? 

A. Lurie, TRW: I t ' s  typical of the s i lve r  hydrogen ce l l s  that  we've just 
tested. 

Q. Jagielski ,  GSFC: Do you foresee maybe pressure sensing as a viable 
control method then? 

A. Lurie, TRW: I ' don ' t  see why not i f  someone can figure out how to 
measure temperature r e l i a b i l i t y  over a ten-year period. 

A. Jagiewski, GSFC: I said pressure sensing. 

A. Lurie, TRW: Measure pressure rel iably over a long period of time. 
I t h i n k  the sensor i s  possible more of a problem than the pressure 
character is t ics  of a ce l l .  

Q. Rogers, Hughes Aircraft: You give accelerated orb i t  and I 'm wondering 
whether there 's  any data relating the resul ts  you get t o  the 
accelerated o rb i t  with those you-might get i n  a real orbi t .  How do 
we re l a t e  th i s  to  what one would real ly  expect? 

A. Lurie, TRW: You mean because th i s  i s  s i lve r  and not nickel. 

A. Rogers, Hughes Aircraft: No. 

A. Lurie, TRW: Just  in general. That's a question t h a t ' s  always a f a i r  
question to  ask in f ac t  we don't  know. 

Q. Ritterman, Comsat: You mentioned that  you had a charge/discharge r a t io  
of 1 t o  1. You mentioned i t  again and tha tyou  did have some t r i ck le  
charges now s i  1 ver hydrogen as-you showed by- the two slopes on the 
charge/discharge curves has very low se l f  discharge so when you 
t r i ck le  you are  actually putting in some capacity? 

A. Lurie, TRW: Yeah. The t r i ck le  charge ra te  was 50 milliamps. I t  was 
so low tha t  i t  amounted to  a very very small fraction of an amp-hour. 
Oh l e s s  than that  much less  than that .  

Q. Betz, Naval Research Lab: Chuck, why do you,go to  such lengths to  
avoid overcharge a t  what real ly  doesn't seem to  be such a high ra te  
i f  you look a t  nickel hydrogen 3.8 amps on a 46 amp hour c e l l .  



A. Lurie, TRW: Okay the 3 .8  was dictated by the 12 hour day. That i s  
not a desirable current density fo r  th i s  system. We don' t  want to  
overcharge i t  just based on what we know of the s i lve r  electrode. 
If  we are  looking fo r  real ly  long 1 i f e  we don't want to  overcharge i t  
and because of the efficiency of the system i t ' s  not necessary. 

Q. Betz, Naval Research Lab:: I t ' s  not a separator problem i t ' s  the 
positive electrode problem? 

A. Lurie, TRW: Yes, t h a t ' s  my understanding. Nothing has fai led yet  but 
we are  assuming that  the s i lve r  electrode i s  the potential problem 
for  long l i f e .  





LONG LIFE NICKEL ELECTRODES FOR A 

NICKEL-HYDROGEN CELL: CYCLE LIFE TESTS 

H. S. Lim and S. A. Verzwyvelt 
Hughes Research Laboratories 

ABSTRACT 

In order to develop a long life nickel electrode for a 
Ni/H2 cell, cycle life tests of nickel electrodes were carried 
out in Ni/H2 boiler plate cells. A 19 test cell matrix was 
made of various nickel electrode designs including three levels 
each of plaque mechanical strength, median pore size of the 
plaque, and active material loading. Test cells were cycled 
to the end of their life (0.5~) in a 45-minute low earth orbit 
(LEO) cycle regime at 80% depth-of-discharge (DOD). This is an 
interim report of this cycle life test. The results to date 
show that the active material loading level affects the cycle 
life the most with the optimum loading at 1.6 g/cc void. 
Mechanical strength did not affect the cycle life noticeably in 
the bend strenth range of 400 to 700 psi. The best plaque 
type appears to be one which is made of INCO nickel powder type 
287 and has a median pore size of 13 pm. 

INTRODUCTION 

Nickel electrodes have been recognized as the life 
limiting components of nickel-hydrogen cells. In order to 
develop a long life nickel electrode for a nickel-hydrogen 
cell, we are engaged in a study program under a contract for 
NASA-Lewis Research Center. In this study we investigated 
the effects of various electrode parameters on the cycle life 
of the electrodes. These parameters include plaque pore size, 
plaque mechanical strength, and active material loading level 
which were varied in three levels for each parameter. The 
overall program effort is outlined in Fig. 1. Various fabri- 
cation parameters of nickel plaques including nickel powder 
type, powder density, and sintering time were studied in 
order to fabricate plaques with desired parametric variations. 1 

Selected plaques (7 types) were impregnated in three levels of 
active material loading using the standard Air Force/Hughes 
electrochemical deposition process in an alcoholic bath. 
Subsequently these electrodes were tested by a Hughes standard 
stress test procedure (200 cycles) as a part of their evaluation. 
For a cycle life evaluation of these electrodes, 19 different 
nickel-hydrogen boiler plate test cells were fabricated and 
tested for initial cell performance. These results have been 
published earlier . The present report describes interim 
results of the cycle life tests which are still in progress. 



TEST CELL MATRIX AND DESIGNATION OF ELECTRODES 

The nickel-hydrogen boiler plate test cells matrix 
includes 19 out of 21 various designs of electrodes as shown 
in Table 1. Each electrode was designated as follows for 
convenience of later discussions: The first two digits 
represent the nickel powder type and the median pore size, 
i.e. 55 for INCO nickel powder type 255 and 10 vm pore size, 
25 for 255 powder type and 16 vm pore size, and 87 for 287 
powder type and 13 vm pore size, respectively. The last two 
digits represent mechanical strength (band strength): 40 for 
400 psi, 55 for 550 psi, and 70 for 700 psi. For example, 
an 8755 plaque is made of 287 type powder with the bend 
strength of 550 psi and the median pore size of 13 vm. 

TEST CELLS AND CYCLE LIFE TEST 

All test cells contained three standard flig3t type 
nickel electrodes in a recirculation stack design and 
31% KOH electrolyte. The capacity of the cells were rated 
into three groups, i.e., 2.7, 3.0 and 3.3 AH, based on 
capacities measured by charging the cells for 80 minutes 
at C rate and then discharge to 1.00V at 2.74 C rate. The 
measured capacities ranged from 2.8 to 3.1 AH, from 3.1 to 
3.5 AH, and 3.5 to 3.9 AH for 2.7, 3.0, and 3.3 AH ratings, 
respectively. 

The cycle life test of all the 19 boiler plate test cells 
were carried out at 23OC by a continuous cycling to 80% depth- 
of-discharge (DOD) of their rated capacities using a 45-minute 
cycle regimes except for interruptions for periodic capacity 
measurements after approximately every 1500 cycles. The 
cycling regime included a 2.74C rate discharge for 17.5 
minutes and a 27.5 minute charge at 1.92C rate for 110% 
recharge. End-of-charge voltages (EOCV), end-of-discharge 
voltages (EODV), end-of-charge pressures (DOCP), and end-of- 
discharge pressures (EODP) of the cells were monitored daily 
(every 32 cycles). 

CYCLE LIFE TEST RESULTS 

Plots of EODV and EODP of various cells vs. number of the 
life cycles are shown in Fig. 2A and 2B. The group of elec- 
trodes made of 2540 plaques showed the lowest cycle life, as 
shown by the EODV curves, regardless of the active material 
loading level, The next lowest cycle life group included all 
electrodes with the lowest active material loadings (L-series; 
1.4 g/cc void), regardless of the plaque type. The comparison 
of the cycle life of the remaining electrodes was not as 
clear cut as the other electrodes. However, the general 
trend showed that the medium loading level (M-series; 1.55 
g/cc void) gave better cycle life than the high loading level 



(H-series; 1.7 g/cc void). No noticeable trend was observed 
with the variation of plaque mechanical strength. In regard 
to the effects of pore size, the best plaque appears to be 
the 87XX series which are made of 287 type nickel powder 
with 13 pm median pore size. These series of plaques with 
M or H level loading showed slightly higher cycle life on 
the average than the 55XX series with comparable loadings. 
The 55XX are made of 255 type nickel powder with 10 vm 
median pores. The 2540 plaques with 16 vm pores were the 
worst plaques as discussed above. 

The EOCVts of the cells showed neither any appreciable 
variations with various electrode types nor any appreciable 
change during the cycle life test. 

The EOCPts and EODP's of a given cell changed parallel 
to each other as expected by the fixed quantity of charge and 
discharge. The cells with short cycle life showed overall 
lower pressure than the other cells. These short life cells, 
which include the 2540 types and all L-series, also showed 
a pressure peak. The pressure of these cells were initially 
increased with cycling along with other cells up to about 
1000 cycles and then started to decrease while the pressure 
of the other cells on the average either remains constant or 
increases with cycling. 

The cycle life of various cells to 0.5 and 0.9 v of EODV 
are plotted against active material loading level in Figs. 3 
and 4, respectively. Both curves show that the loading level 
for the optimum cycle life is about 1.6 g/cc void. These 
figures also show the effects of plaque type on the cycle 
life. The 87XX plaques on the average give better cycle 
life than the other types with comparable active material 
loading as discussed above. 

CELL PRESSURE AND ACTIVE MATERIAL UTILIZATION 

A normalized cell pressure after full charge and dis- 
charge,(P-P )/Cot where P is cell pressure, P is precharge 
pressure, aRd C is theoretical capacity of neckel electrode, 
is plotted agaiBst active material utilization of the cells 
after 1700 life cycles in Fig. 5. The term (P-Po)/CQ is a 
measure of the average oxidation state of nickel actlve 
material. The plots after full charge and full discharge of 
the cell gave straight lines, respectively. The values of 
(P-PQ)/Co at charged state were increased while the values 
at discharged state were decreased as the utilization 
increased. The values at charged state increased more 
rapidly than those at discharged state decreased when the 
utilization increased. This result appears to indicate that 
an increased active material utilization is more dependent, on 



reaching a high average oxidation state than on discharge to a 
low average oxidation state. This observation after 1700 
cycles is quite contrary to an earlier observation at the 
beginning of life on the relatiopship between (P-Po)/C and 
the active material utilization as shown in Fig. 6. O ~ h e  
earlier observation showed that the average oxidation state 
in the charge state was independent of the utilization. The 
utilization was entirely dependent on the oxidation state 
in the discharged state. This change of the relationship 
between the utilization and (P-P )/C with cycling may 
indicate the change of the mecha8ismoof the active material 
utilization. 

The plots of (P-PQ)/CQ vs. the utilization at various 
life cycles are shown In Flg. 6. An additional trend observed 
in this figure is that the overall value of (P-P )/Co is 
increased with increased number of cycles. ~his~increase 
appears to be due to either an increase in the average 
oxidation state of active material or a gradual corrosion of 
the nickel sinter to be converted to nickel oxides or hydroxides, 
or both. 

CONCLUDING REMARKS 

This report is an interim report of our studies on var- 
ious parametric effects on the cycle life of a long life 
nickel electrode for nickel-hydrogen cells. The following 
remarks are based on the combination of the results of 
presentlcycle life test and the initial performance reported 
earlier . 

e Among all parameters studied presently, the 
active material loading level affected cycle 
life of the nickel electrodes the most. The 
optimum loading level was about 1.6 g/cc void. 

e No noticeable effect of the plaque mechanical 
strength on the cycle life was found in the 
bend strength range of 400 to 700 psi. 

e Type 87XX plaques with 13 vm median pore size 
showed the longest cycle life on the average 
and slightly were better than type 55XX plaques 
which have 10 vm pore size. However, the 
active material utilization at the beginning of 
life was slightly higher with 55XX than 87XX. 
Type 2540 plaques with 16 vm median pore size 
showed the poorest life performance of all types. 

e Values of (P-Po)/Co gradually increased with 
the cycling. 



The relationship between active material 
utilization and (P-Po) /C indicated that the 
mechanism of maximum utiyization of the active 
material may be changing with cycling. 
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T a b l e  1 

B o i l e r  P l a t e  T e s t  C e l l  M a t r i x  and  D e s i g n a t i o n  
o f  C e l l  Types 

PORE SIZE, 10 13 16 10 13 10 13 

*INCLUDED IN 19 TEST CELLS 



FABRICATION PARAMETER STUDIES ON PLAQUES 
(FOR MECHANICAL STRENGTH AND PORE SIZE) 

SELECTION OF PLAQUE FABRICATION PARAMETERS 

I FABRICATION AND CHARACTERIZATION OF PLAQUES (7 TYPES) I 

I IMPREGNATION OF ACTIVE MATERIAL (3 LEVELS) AND CHARACTERIZATION I 

200 CYCLE STRESS TEST 

' FAILURE ANALYSIS I L ,,,- -._.-I 

Figure 1. Outline of program. 
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ACTIVE MATER IAL LOADING, glcc VOID 

Figu re  3 .  A p l o t  of c y c l e  l i f e  t o  0.5V of EODV 
vs  . a c t i v e  m a t e r i a l  l o a d i n g  l e v e l .  



ACTIVE MATERIAL LOADING, glcc VOID 

Figure  4. A p l o t  of  cycle l i f e  t o  0.9V of EDOV 
vs .  a c t i v e  m a t e r i a l  load ing  l e v e l .  
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Figure  5 .  (P-Po)/C v s .  a c t i v e  m a t e r i a l  u t i l i z a t i o n  
a f t e r  1700 c y c l e s .  Charged f o r  16 hours  a t  0.1C 
r a t e  and d i scharged  t o  0.5V a t  0.5C r a t e .  
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Figure  6 .  (P-Po)/Co v s .  a c t i v e  m a t e r i a l  u t i l i z a t i o n  
a t  v a r i o u s  l i f e  c y c l e s .  



Q. Gross, Boeing: Based on the data you have taken so f a r  how would you 
compare the best of your combinations with the performance of the 
existing nickel electrodes used fo r  nickel hydrogen ce l l s .  

Q. Lim, Hughes Research Lab: The best combination appears to  be the 
87 excess plaques here which i s  287 powder. We d idn ' t  see any strong 
ef fec t  of the mechanical trends so the mechanical trends in the range 
of 400 to  700 PSI d idn ' t  make tha t  much of a difference. 

Q. Gross, Boeing: We11 how does tha t  material compare in other respects 
w i t h  the existing nickel electrodes commercial. 

A. Lim, Hughes Research Lab: I cannot speak i t ' s  a1 1 different  types of 
nickel electrode presently available b u t  t t i i s ' i s  very close to  the 
Hughes Air Force standard electrode which i s  madeof-287 nickel 
powder and the average pressure i s  around 550 PSI and the l'oading 
level i s  I understand Close to  1.55 to  1.6 which i s  very close to 
the optimum. 

Q. Edgar, Eagle Picher: Could you comment br ief ly  on active material 
loss from these electrodes a t  the different  cel l  s izes  you investigated. 

A. L i m ,  Hughes Research Lab: The active material loss we have reported 
ea r l i e r  a f t e r  the 200 cycle s t r e s s  t e s t  the loss was I think i t  was 
around 2% overall except 25 to  40 plaque which has a medium s ize  of 
16 microns. The plaque I think i t ' s  loss was about twice as the 
other average and a f t e r  t h i s  t e s t  we d idn ' t  measure the loss yet .  

Q. Mallory, AT&T Bell Labs: Could you remind me what impregnation method 
you were using for  these? 

Lim, Hughes Research Lab: This was Dr. Picket t ' s  method. 

Q. Mallory, AT&T Bell Labs: And do you know what level the carbonate 
was i n  the ce l l s?  

A. Lirn, Hughes Research Lab: We d idn ' t  analyze the carbonate level 
of t h i s  cel l  yet  b u t  I think we have a low i n i t i a l  carbonate content 
of the stock solution. I don't  have the number w i t h  me. Maybe my 
co-worker Scott  has i t .  

Q. Lirn, Hughes Research Lab: Scott ,  do you remember? We had a very low 
value i n i t i a l l y  b u t  a f t e r  the t e s t  we d idn ' t  measure that  yet .  



FACTORS AFFECTING NICKEL-OXIDE ELECTRODE 
CAPACITY IN NICKEL-HYDROGEN CELLS 

Paul F. Ritterman 
COMSAT 

The nickel-oxide electrode common to the nickel hydrogen and 
nickel cadmium cell is by design the limiting or capacity 
determining electrode on both charge and discharge. The 
useable discharge capacity from this electrode. and since it is 
the limiting electrode, the useable discharge capacity of the 
cell as well can and has been optimized by rate of charge, 
charge temperature and additives to electrode and electrolyte. 
Recent tests at COMSAT Labs with nickel hydrogen cells (Ref. 1) 
and tests performed almost 25 years ago with nickel cadmium 
cells (Ref. 2) indicate an improvement of capacity as a result 
of using increased electrolyte concentration. 

The capacity attainable from the nickel oxide electrode and 
hence from the nickel-hydrogen (and nickel cadmium) cells 
depend on how effectively and extensively the electrode can be 
charged. Full charge or the conversion of all active material 
to a higher valence state is extremely difficult to achieve 
under spacecraft flight conditions where there are rate, time, 
and temperature constraints on charge. The difficulty in 
charging the nickel-oxide electrode is due to the occurance of 
a competing parasitic reaction involving the evolution of 
oxygen at approximately the same potential as that of the 
charging reaction of the nickel-oxide electrode. The two 
reactions and their open circuit potentials as well as the 
relative effect of current density and the temperature on 
potentials are shown in Figure 1. 

At reversible (extremely low current densities) conditions a 
nickel hydrogen cell would never be charged because 81mv more 
voltage is required to charge the nickel-oxide electrode than 
to evolve oxygen in alkaline media. Because of the relative 
effect of temperature and charge current density on the 
potentials of these two reactions. it has been possible to 
combine these parameters so that the charge reaction 
predominates over the parasitic evolution of oxygen (Figure 1). 

Within the practical limits of cell charging; between 1 and 10 
ma/cm.2; the voltage-current density curves favor the 
charging of the nickel electrode (Figure 2). The 



temperature-voltage coefficient for the oxygen evolution and 
that of nickel oxide charging reaction are both negative. 
however, that of the oxygen evolution is more negative (Figure 
2). Therefore, a decrease in temperature would result in 
relative voltages favoring the changing.of the nickel 
electrode. The effect of decreasing temperature and increasing 
charging rate to improve the efficiency of nickel hydrogen and 
nickel cadmium cells is well known and has been empirically 
applied by users of these alkaline systems for many years. 

The thermodynamic effect of va~ying the KOH concentratiun is 
common to both the nickel electrode charging and the oxygen 
evolution reaction, nevertheless, a significant increase in 
available capacity has been noted as a result in increasing 
electrolyte concentration under constant condition of 
overcharge. (Ref. 1) 

Figure 3 shows capacities obtained with nickel hydrogen cells 
at 00 and 2806. The cells are identical except for their 
electrolyte concentrations. The capacities obtained at both 
temperatures are almost in linear proportion to electrolyte 
concentration. 

The effect sf increased electrolyte concentrations seems to be 
the same on the relative potentials of the nickel-oxide vs and 
parasitic oxygen evolution as that observed for decreasing 
temperature and increasing charge current. Thus there is an 
additional parameter which can be varied to create the most 
favorable conditions for nickel electrode cell charge 
acceptance, 

Figure 4 shows plots of nickel hydrogen cell pressure vs. 
charge input for the cells whose capacities are shown in 
Figure 3. When the positive electrodes in a nickel hydrogen 
cell evolve oxygen, hydsogen and oxygen react causing a 
decrease in the slope of pressure vs. Ah input. When all of 
the charging current is used for oxygen evolution, all hyd~ogen 
evolved at the negative electrode is consumed and the c e l l  
pressure remains constant as charge continues, 

As shown in Figure 4, the cells with the highest electrolytes 
concentration accept the most charge prior to 'pressure plateau 
indicating the greatest charge acceptance prior to predominant 
oxygen gassing. 

The effect of electrolyte concentration on cell and electrode 
capacities may also have frequently been demonstrated by the 
capacity d%ffer@nces reported for flooded electrode tests and 
for the same electrodes as part of electrolyte starved 
cells. Flooded capacities have generally exceeded cell 
capacities by about 1% to 20%. It is widely accepted that 
nickel oxide ehectrodes absorbs KOM from the electrolyte during 



charge and at the same time yields water to the electrolyte. 
The equations shown in Figure 5 are only one representation of 
what is believed to occur during the charge of a nickel oxide 
electrode (Ref. 3). COMSAT Lab has developed data for nickel 
hydrogen cells which indicate a PO% decrease in electrolyte 
concentration when a cell is taken from complete discharge to 
full charge (Ref. 4). 

The extent of decrease in electrolyte concentration as a result 
of charge is a function of ampere hours charged per unit volume 
of electrolyte. In a flooded condition the ampere hours of 
charge per unit volume of electrolyte is considerably saaller 
than that of a cell, therefore the decrease in KOH 
concentration will also be considerably less for electrodes 
charged in flooded electrolyte conditions than in case of the 
same electrodes contained in an electrolyte starved cell. 
Therefore, the electrodes in a flooded condition will accept 
more charge prior to gassing oxygen than the same electrode 
charged in a limited electrolyte volume cell as a result of the 
greater decrease in electrolyte concentration in the case of a 
cell. 

The charge acceptance of a cell can be affected by both 
electrolyte concentration and volume. Electrolyte can 
therefore be considered a variable for improving charge 
efficiency and utilization in a NI-NZ cell and adds another 
dimension to charge management of these cells and batteries. 
By appropriate increase of electrolyte concentration and/or 
volume, a lower charge current and/or higher temperature, can 
be used resulting in smaller batteries and smaller charge 
arrays. This will impact weight and cost of a spacecraft. 
With respect to the effect of electrolyte concentration on 
life, data exists for geosynchronous orbit application, which 
indicates no adverse effects on battery life in the range of 
electrolyte concentrations investigated. 

References: (1) M. Earl - COMSAT Labosatories Technical Note 
PSD-83-029. 

(2) L. Belove and I. M. Schulman - Proc. Ann 
Power Sources Conference 13, 82 1959. 

(3) Bourgault and Conway - Can. J. Chem 38, 1557 
(1960). 

(4) J. F .  Stockeb - COMSAT Laboratories Technical 
Memo PSD-83-002. 
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THE CONCENTRATION OF KOH DECREASES AS THE STATE OF CHARGE OF A 
CELL INCREASES; AS A RESULT OF KOH ABSORBED BY THE CHARGED 
POSITIVE, AND H20 RELEASED FROM THE DISCHARGED POSlTlVE ACTIVE 
MATERIAL. 

2 Ni(OH)2 1.28 H20 + 0.14 KOH + 2 OH- -- 2 NiOOH.0.14 KOH + 
4.56 H20 + 2f- 

Figure 5. KOH concantration vs. s t a t e  of charge. 



A. Thaller, NASA/Lewis Research Center: I take i t  Paul that  the benefits 
are  related to  using higher concentrations of KOH rather than using 
nickel hydrogen? 

Q. Ritterman, Comsat: Beg your pardon? 

Q. Thaller, NASA/Lewis Research Center: The benefits were they related 
to  using higher concentrations of KOH or benefits of using nickel 
hydrogen? 

Q. R i  tterman, Comsat: I don't  know why you are  comparing concentration 
with system you can combine these. You can use these in both nickel 
hydrogen and nickel cadmium b u t  I am talking primarily about nickel 
hydrogen because you have greater flexibi 1 i t y  as f a r  as current 
density and temperature goes. You are  not limited by cadmium in 
nickel hydrogen. 

Q. Green, RCA-Astro: Paul, would the l i f e  expectancy of the nickel 
hydrogen battery increase with the KOH concentration that  you've 
described? 

A. Ritterman, Comsat: Yes. Okay. There have been ce l l s  that  have r u n  
for  accelerated l i f e  t e s t  of 30 seasons a t  TRW with an end of dis- 
charge KOH concentration in excess of 38%. So within the range tha t  
I 've  talked about there has been reported no other problems in 
relat ion t o  l i f e  expectancy. 

Q, Green, RCA-Astro: No problem? 

A. Ri tterman, Comsat: No problem. 

Q. Milden, Aerospace Corporation: The choice of the 31 or 32% 
electrolytes  was over the years an optimum or a trade off between 
voltage character is t ics  and everything e lse ,  how would you suspect 
or expect the voltage on charge and discharge to  vary with the 
increased concentration and also the effects  of swelling and a l l  
other kinds of good s tuff  l ike  that  with a varied concentration. 
In other words, i s  t h i s  a l l  good or  i s  there a trade-off? 

A. Ritterman, Comsat: So f a r  i t  looks l ike  a l l  good. I guess some 
more s ~ e c i f i c  t e s t  would have to  be done to  determine the e f fec t  
on sweil ing. B u t  I think 1 i f e  data shows that  you can sustain 
certainly a t  the end of discharge with a concentration as high as 
40%. 

Q. Unidentifiedt: What I'm saying Paul, when the current was higher 
the difference between the end of discharge voltages was higher? 



Q. Ritterman, Comsat: Yeah. Was i t  a1 1 the way through on the discharge? 

A. Unident i f ied:  It was more pronounced toward the end. At  the very 
beginning they were a 1 i t t l e  c loser  bu t  they spread ou t  as the 
discharge went on. 

Q. Un ident i f ied:  For the same amp output? 

A. Ritterman, Comsat: I can ' t  answer that .  

COMMENT 

Unident i f ied:  This i s  a comment. There are two po in ts  coming ou t  o f  
t h i s  session. One po in t  i s  when you are t a l k i n g  about n icke l  cadmium 
o r  n icke l  hydrogen there are s i g i f i c a n t  changes i n  the e l e c t r o l y t e  
concentrat ion between charge and discharge. There are a lso 
s i g n i f i c a n t  d i f ferences i n  the va r i a t i on  i n  the KOH concentrat ion o f  
one t o  the other because the react ion t ha t ' s  tak ing place dur ing t h a t  
t ime of discharge. The other po in t  i s  t h a t  there are  d i f f e r e n t  n icke l  
hydrogen systems i n  operation using d i f f e r e n t  l eve l s  o f  KOH 
concentration. And one other t h i ng  t ha t  Paul has pointed ou t  very 
n i c e l y  i n  h i s  paper i s  t ha t  there i s  a s i g n i f i c a n t  impact on c e l l s  
performance as a resu l  t o f  KOH concentration. 

Ritterman, Comsat: Yes I guess I d i d n ' t  make my po in t  c lea r  about 
$ icke l  cadmium and n icke l  hydrogen. I n  n icke l  hydrogen you r e a l l y  
have no net  change i n  hydroxide due t o  compound formulat ion but  you 
do have a change i n  absorption o f  water and KOH concentration. But 
1 d i d n ' t  want t o  l i m i t  t h i s  t o  n icke l  hydrogen I th ink  i t ' s  
appl icable t o  n icke l  cadmium ce l l s .  

Hendee, Telesat Canada: Bas ica l l y  the comment you made was the one 
1 was qoinq t o  make. You have t o  be carefu l  about t r ans la t i ng  t h i s  
i n t o  n i cke l  cadmium as wel l .  One o f  the reasons f o r  the 31 t o  32% 
was the nylon separator was it not? The degradation o f  the nylon 
separator was shown t o  be the l e a s t  around a 31 o r  32% KOH 
concentration. I f  you can change t h a t  you have a new b a l l  game. 

Q. Rogers, Hughes A i r c r a f t  Corporation: Paul , I 'm wondering the t e s t  
data t h a t  you presented i s  t ha t  what we go t  a f t e r  bu i l d i ng  the c e l l s  
a t  Hughes o r  i s  add i t iona l  data which i s  the same bas i ca l l y  as what 
I remember we got? 

A. R i  tterman, Comsat: The i n i t i a l  data about the e f f e c t i v e  concentrat ion 
was found sometime p r i o r  t o  the Hughes tes t ing .  

A. R i  tterman, Comsat: Yes these c e l l s  are  48 amp per hour ce l l s .  
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INTRODUCTION 

Bi-Polar nickel hydrogen design studies (ref. 1) have 
indicated a potential improvement in energy density and 
specific energy if positive electrodes could be manufactured 
in configurations of twice or more of the present "normal" 
thickness. Such electrodes would have to achieve similar 
active material loading, utilization, and cycle life to 
conventional 0.8mm I.P.U. nickel hydrogen electrodes. Eagle- 
Picher's experience with D.O.E. near term nickel iron batteries 
(ref. 2) indicated that 2.0mm or greater thickness electrodes 
could be manufactured by the wet slurry process (ref. 3 ) ,  
loaded by electrochemical impregnation processes, and achieve 
useful capacities and cycle lives. 

Both the dry sinter and wet slurry plaque processes are 
presently producing 0.8rnm thin positive electrodes for nickel 
hydrogen flight programs. The slurry process is known to be 
capable of producing thick electrodes, but the dry sinter 
process used in many space applications had not yet demon- 
strated thick electrode capabillty. 

The EPIIUSAF electrochemical impregnation process (ref. 4 )  
is utilized for flight quality thin electrodes (ref. 5) and 
was thought to be adaptable to impregnation of thicker electrodes. 
The reported high utilization, and limited swelling with elec- 
trochemical impregnation processes were seen as desirable 
qualities to achieve for thick electrodes. In addition a large 
data base incorporating formation, electrochemical characteri- 
zation tests, accelerated high rate tests, and cell tests, 
exists for electrochemically loaded thin electrodes, that offers 
a good comparison to the thick electrode data generated in this 
test. 

ELECTRODE PRODUCTION 

FLOW (fig. 1 )  

Nickel powder and wire plus binders and solvents for the 
slurry process are combined and sintered at high temperatures. 
Subsequently the nickel plaque is characterized for bend 
strength, porosity, thickness, and weight. Impregnation lots 
of forty plaque are selected through a weight sorting technique 
and process tabs are attached. The electrochemical impregnation 
system processes three lots at a time and individual lots may 
be independently controlled in terms of time, current density, 
etc. Following a short rinse in D.I. H20 the plaque undergo a 
five and one half cycle formation procedure followed by scrub- 
bing, rinsing, drying, and weight pickup calculation. Plaque 
lots are returned to the formation tanks for twenty-one cycles 
of electrochemical characterization testing which continues 



the active material formation and allov7s a plaque capacity 
determination. Following a second scrubbing, rinsing, and 
drying operation random plaques are selected to undergo an 
accelerated, high rate (10C) stress test consisting of two 
hundred cycles followed by five capacity measurement cycles. 

SINTER PRODUCTION 

Sintering process data is shown in figure 2. The dry 
sinter process utilizing I.N.C.O. 287 powder produced 1.03 
mm thickness, 84.4% porosity and bend strength of 521.6 
P.S.I. All properties are well within the tolerances set 
for this program. Plaque size is 11 x 14.5 in, and 150 
plaque were produced for this program. The wet slurry pro- 
cess which incorporates I.N.C.O. 255 powder produced 1.52 
mm thickness, 84.4% porosity, and 847 P.S.I. bend strength. 
Slurry plaque size is 11.25 x 12 in. and 160 plaque were 
manufactured. 

ELECTROCHEMICAL IMPREGNATION 

The EPIIUSAF impregnation process (fig. 3) utilizes a 
mixed solvent consisting of 45% ethanol and balance water. 
Metal salt content is analyzed by Atomic Absorption prior 
to each run and adjusted to the range of 1.6 to 1.8 molar 
Ni(N03)2 and 0.12 to 0.18 molar Co(N0 ) . pH is continu- 
ously monitored and held between 2.8 ing 3.2 by the automatic 
addition of dilute nitric acid. Impregnation bath tempera- 
ture is maintained between 70" and 80°C, near the solution 
boiling point. Current, voltage, and time of impregnation 
are microprocessor controlled functions. Three different 
current regimes and variable times between 140 and 320 
minutes were employed to achieve a target loading level of 
1.60 to 1.70 grams per cubic centimeter of plaque void. 
Plaque are cathodically protected during all phases of the 
impregnation procedure to assure minimal corrosion of the 
nickel sinter. Immediately following impregnation plaques 
are rinsed in D.I. water to remove bulk nitrates. 

FORMATION 

The formation procedure (fig. 4) employs five and one 
half cycles of chargeldischarge starting with discharge. 
Formations are carried out in 20% KOH electrolyte against 
nickel sheet counterelectrodes. Current densities are cal- 
culated on the basis of surface area at 0.45 amps/in2 
through cycle 4, 0.10 amps/in2 for cycle 5, and 0.07 amps/ 
in2 for the last half cycle. Currents were run for the 
larger size 1.03mm plaque which gave the higher rates 
shown for the smaller 1.52mm slurry plaque. Time of each 
half cycle is twenty minutes. Plaque are subsequently 
rinsed and scrubbed, dried under nitrogen, and weighed. 



ELECTROCHEMICAL CHARACTERIZATION TEST 

E.C.T. (fig 5) is again carried out in 20% KOH with 
nickel counterelectrodes. The test consists of twenty 
complete formation cycles at the nominal capacity rate. 
Charge is 120% of capacity and the plaque are discharged 
to -0.2 volts vs. a Hg/HgO reference electrode. The 
final charge is sixteen hours at a C/10 rate followed by 
discharge to -1.0 volts vs. Hg/HgO. The C rate for E.C.T. 
was a calculated average from the formation loading data 
for the three lots subjected to this test. Following 
E.C.T. plaque are rinsed, scrubbed, and dried. A final 
thickness and weight for each plaque are also taken. 
Capacities for each lot are calculated based on the time 
of the final discharge. 

IMPREGNATION RESULTS 

The results of six different impregnated lots are 
shown in table 1. Data is presented on lot sinter char- 
acterizatics followed by results after either formation, 
E. C .T. , or both. ~m~regnation efficiency has been 
calculated in terms of ampere hours loaded divided by 
ampere hours input to the impregnation tanks. 

AH loaded X 100 = Loading Efficiency 
AH Impreg. 

Input 

Lot nos. 7023, 7024, and 7027 were loaded with the same 
current/voltage regime with impregnation time varied to 
achieve different loading levels or compensate for increased 
void volumes. Lot nos. 7025 and 7026 were loaded at reduced 
current densities, but at a similar number of total ampere 
hours to the above lots. Lot no. 7028 was loaded with an 
Eagle-Picher proprietary current/voltage regime with the 
same total ampere hour input as lot no. 7026. All loading 
levels were 1.60g/cm3 void or greater. Thickness change 
after impregnation, formation, and E.C.T. was calculated 
on the basis of nine points per plaque averages. Weight 
loss during E.C.T. is shown for the three lots that went 
through this procedure. 

STRESS TEST 

Two plaque per lot were selected at random for the EPI/ 
HAC accelerated stress test. From each plaque two test 
electrodes were taken as well as samples for chemical 
analysis and active material distribution testing. Stress 
test electrodes were sized on the basis of their parent 



plaque loading to give a theoretical capacity of 1.70 ampere 
hours per electrode. The stress test (fig. 6) incorporates 
a two cycle hot formation step to prepare electrodes for 
the test. Hot formation is carried out at 70°C in 20% KOH 
at the 5C rate. After formation, test electrodes are 
characterized for weight, thickness, and visual appearance. 
The actual stress test takes place in flooded, excess, 31% 
KOH against nickel counterelectrodes. An initial electrode 
capacity cycle is run consisting of 5C charge for 12 minutes 
followed by C/2 charge for 1 hour or 150% charge. Discharge 
is at the capacity rate to -1.0 volts vs. nickel sheet. The 
200 stress cycles are 10C rate for 12 minutes of charge or 
200% charge, and discharge at 10C for 8 minutes with the 
reverse voltage clamped to -1.0 volts vs. Ni. by individual 
cell bypass diodes. After stress, electrodes are subjected 
to five capacity cycles identical to the initial capacity 
above. When stressed electrodes are removed from the test 
fixture, they are examined for visual appearance then scrub- 
bed, rinsed, and dried. Dried electrodes are characterized 
for weight loss, swelling, and other anomalies. 

STRESS TEST RESULTS 

ELECTRODE BASIS 

Table 2 gives the test results for the twenty-four individual 
electrodes from six lots. Prestress and post stress capacities 
are indicated as well as individual weight and thickness 
changes. Electrode capacity increase during stress is given 
as a percentage. 

LOT BASIS 

In table 3 stress tests results have been compiled as lot 
averages. Utilization has been calculated using 1.70 ampere 
hours as the theoretical capacity. 

DISCUSSION 

Individual plaque lots of the same type exhibited remark- 
ably uniform sinter characteristics, indeed all lots are quite 
similar in terms of porosity, and differ mainly in void volume 
and thickness. These plaque similarities accomodate relatively 
straightforward comparison of impregnation results. Lower 
current density impregnation appears to increase void volume 
loading in both types of plaque, while the Eagle-Picher 
proprietary current/voltage regime gave the highest loading 
results. Thickness change through impregnation, formation, 
and E.C.T. is quite small and with plaque visual appearance 
and weight change is indicative of little or no surface loading 



or plating of active material. Impregnation efficiencies 
are all quite similar, but interestingly are maintained at 
the higher void volume loadings. 

Stress test results indicate low capacities prior to 
test especially on the thicker more highly loaded electrodes. 
The three dry sinter lots seem to show some benefit from the 
extended E.C.T. formation that two of them received, however, 
this correlation is not clear for the slurry plaque lots. 
Post stress utilization for all dry sinter lots is uniform 
and slightly high for that capacity regime, slurry lots 
demonstrated dramatic capacity improvement through stress 
although their utilization is still below expected values. 
Thickness increase follows a general trend upward with 
increased loadings and in conjunction with respective void 
loadings may indicate some support for the contentions of 
mcIIenry (ref 6) concerning practical limits of loading. 

CONTINUING INVESTIGATIONS 

Eagle-Picher and Hughes Research Laboratories are pursuing 
thick electrode development and testing under the sponsorship 
of NASA Lewis Research Center. 0.86mn thick dry sinter plaque 
will serve as a baseline for this program which will look at 
the feasibility of producing 2.0mm- thick dry sinter plaque 
with and without a supporting wire grid. Plaque characteriz- 
ation and electrochemical impregnation experimentation will 
take place as well as stress testing, electrode chemical tests, 
and cell testing. Reports of this work will be presented as 
it progresses. 

SUMMARY 

We have demonstrated a capability for producing l.Omm 
dry sinter and 1.51nm slurry sinter structures on production 
processes and equipment. The EPI/USAF electrochemical impreg- 
nation process proved capable of loading thick electrodes to 
1.60 g/cm3 void or higher. Sample electrodes incurred 200 
high rate stress cycles without significant structural or 
performance degradation. Formation regimes developed for 
thin plaque are not optimal for thick plaque and further 
investigation into electrode capacity build--up would seem 
warranted. Thick electrode technology development is con- 
tinuing under other programs and shows promise of fulfilling 
the projected energy density and specific energy improvements. 



REFERENCES 

1. Adler, E.; and Perez, F.: Advanced Nickel Hydrogen 
Cell Configuration Study. Proceedings NASAIGSFC 
Battery Workshop, 1982, p. 496. 

2. Research, Development, and Demonstration of Nickel- 
Iron Batteries for Electric Vehicle Propulsion. 
Annual Report, Argonne National Laboratory, 1980. 

3. Edgar, T.: The Development of Multipurpose Slurry 
Sintered Structures for Use as Nickel Oxide and 
Cadmium Electrodes. Proceedings 30th Power Sources 
Symposium, June 1982, p. 105. 

4. Pickett, D.F.: Preparation of Nickel Electrodes. 
U.S. Patent 3,827,911, 6, Aug. 1974. 

5. Bleser, C.: Positive Electrode Processing For 
Hughes Ni-H2 Cells. Proceedings NASAIGSFC Battery 
Workshop, 1979, p. 461. 

6. McHenry, E.: The Practical Limit of Loading Nickel 
Hydrogen Electrodes. Proccedings NASAIGSFC Battery 
Workshop, 1979, p .  461. 



Table 1 

Impregnation/Formation Results 

Im re nation 
8fi$ency 

30.7?'0 

28.7% 

29.8% 

31.1 % 

29.1 % 

32.2% 

E.C.T. 
Wt. Loss 

-- 

- 1.59 

+0.65 

- 4.08 

-- 

-- 

Thickness 
Change 

0.0005 in. 

-- 

0.0009 in. 

-- 

0.0015 in. 

0.0027 in. 

Void 
Loading 

1.62 glcm3 

1.62 glcm3 

1.72 glcm3 

1.77glcm3 

1.60 glcm3 

1.81 glcm3 

Plaque 
Loading 

1.38.3 g 

138.3 g 

147.4 g 

187.5g 

170.7 g 

195.6 g 

Void 
Volume 

85.2 cm3 

85.4 cm3 

85.5 cm3 

105.6cm3 

106.4 cms 

108.0 cm3 

Porosity 

84.2% 

84.1 % 

83.9% 

84.1% 

83.9% 

83.9% 

Lot Number 

7023 

7024 

7025 

7026 

7027 

7028 

Ori inal a Thic ness 

0.0402 in. 

0.0404 in. 

0.0405 in. 

0.0582in. 

0.0588 in. 

0.0597 in. 



T a b l e  2 

S t r e s s  T e s t  R e s u l t s :  E l e c t r o d e  B a s i s  

7024-49 B 

7024-49 A 

7025-1 13 A 

7025-93 A 

7025-1 13 B 

7025-93 B 

7026-1 5 B 

7026-34 8 

7026- 1 5 A 

7026-34 A 

7027-44 A 

7027-44 B 

7027-68 B 

7027-68 A 

7028-86 A 

7028-114 8 

7028-1 14 A 

7028-86 6 

1.62 AH 

1.53 AH 

1.50 AH 

1.50 AH 

1.56 AH 

1.45 AH 

1.16AH 

0.96 AH 

0.79 AH 

0.65AH 

0.99 AH 

0.99 AH 

0.62 AH 

1.02 AH 

0.96 AH 

0.57 AH 

0.71 AH 

0.57 AH 

- 0.067 g 

- 0.072 g 

- 0.031 g 

- 0.070 g 

- 0.101 g 

+ 0.01 1 g 

+0.031$ 

- 0.1 17 g 

- 0.042 g 

-0.188g 

- 0.216 g 

- 0.137 g 

- 0.418 g 

-0.181 g 

- 0.402 g 

- 0.360 g 

-0.393 g 

- 0.375 g 

+ 0.0004 in. 

+ 0.0002 in. 

+ 0.0016 in. 

+ 0.0004 in. 

+ 0.0010 in. 

+ 0.0010 in. 

+0.0029in. 

+ 0.0034 in. 

+ 0.0037 in. 

+0.0047in. 

+ 0.0025 in. 

+ 0.0018 in. 

+ 0.0078 in. 

+ 0.0046 in. 

+ 0.0097 in. 

+ 0.0045 in. 

+ 0.0072 in. 

+ 0.0060 in. 

2.07 AH 

1.96 AH 

1.64 AH 

1.96 AH 

1.93 AH 

1.93 AH 

1.615AH 

1.47 AH 

1.605 AH 

1.655AH 

1.59 AH 

1.64 AH 

1.345 AH 

1.81 AH 

1.575 AH 

1.47 AH 

1.67 A3 

1.30 AH 

1 28 O/O 

1 28 O/O 

1 09 O/O 

131 O/O 

1 24 O/O 

1 33 O/O 

1 39 O/O 

1 53 O/O 

203 '10 

255 O/O 

161 '10 

1 66 O/O 

21 7% 

1 77 O/O 

1 64 O/O 

258 O/O 

235 O/o 

228 O/o 



T a b l e  3 

S t r e s s  T e s t  R e s u l t s :  L o t  B a s i s  

Lot Number 

7023 

7024 

7025 

7026 

7027 

7028 

Wt. Change 

0.143 g 

0.079 g 

0.048 g 

0.079 g 

0.238 g 

0.383 g 

Thickness 
Change 

0.0018 in. 

0.0003 in. 

0.0010 in. 

0.0037 in. 

0.0042 in. 

0.0069 in. 

Pre-Stress 
Capacity 

133 AH 

1.55 

1.50 

0.89 

0.91 

0.70 

Pre-Stress 
Utilization 

78% 

91 % 

88% 

52 % 

53 '10 

41 '10 

Post-Stress 
Capacity 

Post-Stress 
Utilization 

Capacity 
Increase 

123% 

1 29 '10 

125% 

178% 

177% 

21 4% 

1.92 AH 113% 

1.94 AH 114% 

I 

1.87 AH 1 1 1 O/O 
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F i g u r e  4 .  Format i o n  p r o c e d u r e .  
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Figure 5. Electrochemical characterization t e s t .  
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Hendee, Telesat Canada: Were these w i t h  dry powder or was i t  the 
s lurry process? 

Edgar, Eagle Picher Company: We used both. Most of the work has been 
done real ly  with dry powder plaque although some of the l a t e r  data you 
saw on the l a s t  sheet were with s lurry process. Principally, I think 
for  the aerospace type electrodes we would be looking to  dry sooner 
a t  the moment. 

Hendee, Telesat Canada: Okay, any schedules? 

Edgar, Eagle Picher Company: As I said we are following u p  the pro- 
duction equipment essent ial ly  r ight  now for  ful l -scale  type production 
and then we are  going to  go into an evaluation phase on those 
electrodes and we are  hoping to  ta lk  more about i t  t h i s  year and t a lk  
you guys into i t  a l i t t l e  b i t .  

Hendee, Telesat Canada: Well when would you come out and say hey, 
Ed I 've  got something new for  you? 

Edgar, Eagle Picher Company: We are hoping for  th i s  year Ed. Really. 

Lim, Hughes Research Lab: You said the voltage against the reference 
electrode there i s  a kind of indication for  the end of the loadins. 
Is  the loading a f t e r  the voltage against reference an indication o f  
surface loading? 

Edgar, Eagle Picher Company: Yes, i t  seems typically to  be surface 
loading i f  you stop the impregnation a t  the point of where you reach 
about - .65 volts you have a pretty good surface plaque tha t  i s  
f a i r l y  uniform appearance and i f  you continue beyond that  point even 
under the same regime you get a considerable amount of thickening 
on the surface you get a very dark deposit of cadmium. 

Lim, Hughes Research Lab: The second question i s  the weight loss 
during the i n i t i a l  cycling i s  tha t  related to  a cadmium solubi l i ty  
in the KOH. I f  so, i t  should be related to the volume of KOH you 
used i f  you are  using those conditions. 

Edgar, Eagle Picher Company: I think the weight loss i s  principally 
cadmium that  i s  lossely adhered to  the surface of these plaques 
e i ther  loaded on the surface or in pores tha t  are  very close to  
the surface that  the electrodes have typically been in a large 
excess of KOH and subsequent cycling of course i s  done in smaller 
amounts b u t  I'm not sure that  I real ly  follow your question about 
the soluabi l i ty  of KOH. 



Q. Maurer, AT&T Bell Labs: Have you measured the percent u t i l iza t ion  or 
have you done a chemical analysis of the plates? One of the 
problems with comparing weight gains in several different  processes 
i s  the possibi l i ty  of a difference in nickel corrosion i n  various 
cases so you get a l o t  of nickel hydroxide precipitated you will get 
an a r t i f i c i a l l y  high weight gain. 

A. Edgar, Eagle Picher Company: Right. 

Q. Mauyer, AT&T Bell Labs: One of the prob'lems I was worried about i s  
in the current reversal technique? We would be making a plaque 
more subcepti bl e corrosion. 

A. Edgar, Eagle Picher Company: Yeah we are  quite aware of tha t  problem 
and I agree with you. We have done some chemical analysis of the 
electrodes that  hasn't  been shown here. We intend to ta lk  about tha t  
in the future as well as the u t i l iza t ion .  We've experienced 
u t i l iza t ions  tha t  reported in the l i t e ra tu re  by yourselves a t  Bell 
Labs and Dr. Pickett. The corrosion problem we considered early on 
to  be a significant problem to  worry about especially with the current 
reversal techniques. So we followed tha t  in a couple of ways. One 
i s  by the traditional chemical analysis of the plates and u t i l iza t ion  
test ing which indicated in fac t  that  the sintered materials did 
corrode quite a b i t  and we got some loaded with nickel hydroxide and 
that  showed u p  in the chemical analysis. You can also see i t  
building u p  in your impregnation solution which i s  a real c lear  
cut way of looking a t  i t .  That's one of the big driving reasons we 
went to  the dry s in t e r  plack and we experienced a s ignif icant  
reduction in corrosion by doing tha t  and we intend to continue with 
that  especially since we are  using the current reveral techniques 
as you said. 

Q. Ritterman, Comsat: You showed a viewgraph of impregnation time versus 
voltage against the counter reference a t  three different  current 
densit ies and i f  memory serves me properly you had a s ignif icant  
increase in the impregnation time and evidently in the loading level 
when you went from $ 2  t o  .16. Did you do that  for  a whole bunch 
of plaques or i s  tha t  data for  one plaque? 

A. Edgar, Eagle Picher Company: Those were data points for  single runs 
b u t  they are indicative of numerous runs that  we made and essent ial ly  
what we are doing there Paul i s  monitoring the impregnation with 
the potential and turning i t  off as the potential rose above a certain 
1 eve1 . 

Q.  Ritterman, Comsat: I t  looks l ike  you would get maybe two or three 
times as much impregnation going to  .16. I gather you went below 
.16 in current densit ies.  



Edgar, Eagle P i che r  Company: Yes. 

Q. Ritterman, Comsat: Did you cont inue  t o  g e t  t h i s  i nc reas ing  
impregnation t i m e - o r  was t h e r e  some s o r t  of l i m i t  on t h e  lower c u r r e n t  
d e n s i t y ?  

A. Edgar, Eagle P i che r  Company: Yeah, we d i d  seem t o  encounter  t h a t  you 
could i n  f a c t  run f o r  tremendous1.y long per iods  o f  time wi thout  
reaching t h e  h igher  p o t e n t i a l s  bu t  you -d idn ' t  seem t o  g e t  t h e  b e n e f i t  
i n  terms o f  added loading.  
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INTRODUCTION 

Space platforms and many o the r  f u t u r e  spacecraf t  a r e  expected t o  
operate a t  e l e c t r i c a l  power l e v e l s  of 20 t o  125 kW and beyond. To 
reduce d i s t r i b u t i o n  l o s s e s ,  t h e  e l e c t r i c a l  power systems a r e  l i k e l y  t o  
operate a t  higher bus vol tages  (150-250V) than commonly used today. 
Space qua l i f i ed  energy s to rage  systems compatible with these  high-power 
and high-voltage requirements do not e x i s t  and must be developed. An 
a d d i t i o n a l  d e s i r a b l e  c h a r a c t e r i s t i c  of such systems i s  t h a t  they should 
lend themselves t o  r a t h e r  s traightforward i n s t a l l a t i o n  and in tegra t ion  
i n  o r b i t .  

One energy s to rage  system which has been i d e n t i f i e d  a s  an exce l l en t  
candidate f o r  these  app l i ca t ions  is t h e  b ipolar  nickel-hydrogen bat tery .  
S tudies  aimed a t  iden t i fy ing  design approaches f o r  t h i s  ba t t e ry  system 
have been conducted by severa l  organizat ions.  Ford Aerospace & 
Communications Corporation and Yardney E l e c t r i c  Corporation have 
designed a bipolar  nickel-hydrogen b a t t e r y  which e f f e c t i v e l y  addresses 
a l l  key requirements, inc luding long-term r e l i a b i l i t y  and low mass. I n  
1984 Ford Aerospace and Yardney w i l l  s t a r t  development of t h i s  ba t t e ry  
under NASA Lewis sponsorship. This paper d iscusses  t h i s  design i n  t h e  
context  of  system requirements and nickel-hydrogen (Ni-H2) ba t t e ry  
technology i n  general .  

SYSTEM DESIGN OBJECTIVES 

To achieve t h e  u l t imate  goal  of an aerospace app l i ca t ion  of a 
b ipolar  Ni-H2 ba t t e ry  severa l  ob jec t ives  must be met i n  the  design and 
development of  t h e  system. These ob jec t ives  include: 

o Maximization of r e l i a b i l i t y  and l i f e  
o High s p e c i f i c  energy and energy dens i ty  
o Reasonable c o s t  of manufacture, t e s t ,  and i n t e g r a t i o n  
o Ease i n  s c a l i n g  f o r  growth i n  power requirements 

These bas ic  ob jec t ives  t r a n s l a t e  i n t o  a number of s p e c i f i c  design 
requirements, which a r e  discussed below. 



BIPOLAR BATTERY REQUIREMENTS 

A key requirement f o r  a p r a c t i c a l  b ipolar  Ni -H  ba t t e ry  is effec- 
t i v e  e l e c t r o l y t e  management. A s i g n i f i c a n t  e l e c t r o f y t e  path between two 
c e l l s  i n  a  b ipolar  s t a c k  e s s e n t i a l l y  s h o r t s  ou t  these  cells and any i n  
between, leading t o  s u b s t a n t i a l  performance problems. The requirement 
f o r  e l e c t r o l y t e  i s o l a t i o n  between cells is more s t r i n g e n t  i n  a bipolar  
ba t t e ry  than i n  a mul t ip le ,  conventional s t ack  common pressure vesse l  
(CPV) design. I n  a  CPV the  height  of t h e  e l ec t rode  s t a c k  and the  
required i n t e r c e l l  d i s t ance  can be used t o  advantage t o  prevent an 
e l e c t r o l y t e  path from developing from c e l l  t o  cell. Conversely, because 
the  c e l l  compartment containing t h e  two e lec t rodes  o f  a  b ipolar  c e l l  
r equ i res  very l i t t l e  height ,  i t  is poss ib le  t o  have high vol tages  ac ross  
very s h o r t  s t ack  d is tances .  

One of  t h e  most e f f e c t i v e  methods of  dea l ing  with p o t e n t i a l  elec- 
t r o l y t e  paths is t o  u t i l i z e  hydrophobic ma te r i a l s  and t o  provide long 
and tor tuous  e l e c t r o l y t e  paths i f  t h e  individual  c e l l s  cannot be com- 
p l e t e l y  sealed.  This can be accomplished by designing necessary gas  
vent openings s o  t h a t  the  c e l l  provides a lengthy path constructed o f  a  
ma te r i a l  such a s  polyte t raf luoroethylene  through which t h e  gases must 
pass. 

F ina l ly ,  the  method of  s e a l i n g  the  perimeter of  each c e l l  i n  t h e  
a reas  o ther  than a vent opening must be r e l i a b l e .  Because o f  t h e  creep 
c h a r a c t e r i s t i c s  of  t h e  potassium hydroxide e l e c t r o l y t e ,  any s l i g h t  
s e a l i n g  flaws w i l l  be vulnerable t o  leakage. Therefore, redundant o r  
permanent s e a l i n g  f e a t u r e s  must be considered wherever possible.  

Material  Balance 

Material  balance management is a p a r t i c u l a r l y  c r i t i c a l  i s s u e  i n  a 
bipolar  ba t t e ry  design. Gases (H* and 0 ) must be reacted i n  the  c e l l s  
where they were s to ichiometr ica ly  evolve%; otherwise t h e  drying ou t  o f  
one c e l l  and the  f looding of another  may occur. This r equ i res  c a r e f u l  
con t ro l  of  t h e  flow of oxygen from t h e  n icke l  e l ec t rode  on overcharge s o  
t h a t  it is d i rec ted  t o  the  recombination sites. These must be designed 
s o  t h a t  a l l  oxygen is  scavenged before it can reach t h e  common gas 
space. Because of  the  r e l a t i v e l y  l a r g e  s i z e  of  t h e  e l ec t rodes ,  ma te r i a l  
u t i l i z a t i o n  g rad ien t s  ac ross  t h e  su r face  must be considered and 
minimized. This can be achieved by maintaining good thermal con t ro l ,  
providing good e l e c t r o l y t e  wicking and r e s e r v o i r  ma te r i a l s ,  and properly 
f i l l i n g  the  c e l l s  i n i t i a l l y  with e l e c t r o l y t e .  

Thermal Management 

The heat  d i s s ipa ted  a s  a  r e s u l t  of  s t a c k  r e s i s t i v e  l o s s e s  i s  mini- 
mized by t h e  b ipolar  e l ec t rode  approach. However, hea t  evolved because 



of charging/discharging inefficiencies (e.g., O2 generation and elec- 
trode polarization) and the exothermic 0 -H recombination reaction must 
still be removed from the stack. In fa&, Ehermal control of a bipolar 
battery is more challenging than for a conventional stack individual 
pressure vessel (IPV) or CPV battery, because a single-electrode bipolar 
cell, of equivalent capacity, is substantial in size. Further, elec- 
trolyte isolation requires encasement of each cell, hindering heat 
transfer and eliminating electrode to pressure vessel wall proximity. 
Also, in a continuously operating bipolar battery, cell-to-cell tempera- 
ture gradients must be eliminated to maintain long-term material 
balance. 

Current state-of-the-art LEO or GEO cells, with an electrode size 
of approximately 3.5 inch diameter, can be adequately cooled by employ- 
ing passive cooling. Because of the constraints imposed by a multiple, 
high capacity bipolar electrode stack configuration, the only viable 
approach to thermal control is an active cooling system. 

Two possible physical arrangements for an active system are either 
to place cooling plates within the electrode stack, parallel to the 
electrodes, or to place cooling plates externally, in contact with the 
edges of the cell stack. Parallel cooling plates require heat transfer 
perpendicular to the stack components including the negative electrode 
and separator, which have a low coefficient of heat transfer. In 
addition, when the cooling plates are placed at intervals of several 
cells to minimize mass, a thermal gradient will exist from cell to cell. 
Furthermore, parallel cooling plates may require the battery current to 
flow through them. In this case extreme care must be taken so that the 
cooling loops do not electronically short out the bipolar stack via the 
conduits or ionically via the coolant. Lastly, the large number of 
fluid path connections raises serious concerns about the long term 
reliability. 

Edge cooling, however, results in relatively even temperatures from 
cell to cell. Yet, the thermal gradient across each electrode could be 
greater than with parallel cooling plates. Therefore, in order to hold 
this gradient to a manageable level, the distance from any part of the 
electrode to the cooling plate must be reasonably small. Additionally 
an edge cooling system is electrically isolated from the cell stack. 

A significant positive factor resulting from the need for active 
cooling is that it eliminates the requirement that the cell stack 
perimeter be adjacent to the pressure vessel wall. This allows the 
consideration of other than a circular cell configuration as is neces- 
sary with the multi-electrode IPV and CPV passive cooling systems. 



BIPOLAR BATTERY DESIGN 

Battery Configuration 

The b ipolar  ba t t e ry  design which Ford Aerospace and Yardney w i l l  
develop c o n s i s t s  of 210 cells of 75 Ah capaci ty  each. The ba t t e ry  w i l l  
be a hermetical ly sealed pressure vesse l  containing the  cell  s tack ,  an 
a c t i v e  edge cooling system, and support  hardware. To minimize tempera- 
t u r e  g rad ien t s  within each c e l l ,  t he  shape of  t h e  cell is rec tangular ,  
with an approximate e lec t rode  s i z e  of  12.7 x 96.0 cm ( 5  x 37.8 inches) .  
The c e l l  s t ack  assembly is divided i n t o  th ree  series-connected s t acks  of 
70 c e l l s  each. Including the  cel l  frames, the  approximate s i z e  of the  
individual  s t acks  w i l l  be 14.0 x 97.3 x 25.1 cm (5.5 x 38.3 x 9.9 
inches)  and with heat  removal channels i n s t a l l e d  on each s i d e  15.2 x 
97.3 x 25.1 cm ( 6  x 38.3 x 9.9 inches) .  The th ree  s tacks ,  combined i n  a 
f i n a l  s t ack  assembly measuring 45.7 x 93.7 x 30.5 c m  (18 x 38.3 x 12 
inches) ,  is i n s t a l l e d  i n  a c y l i n d r i c a l  pressure vesse l  with the  s t a c k ' s  
long dimension p a r a l l e l  t o  t h e  vesse l  long i tud ina l  axis .  Figure 1 
i l l u s t r a t e s  the  o v e r a l l  layout  of  the  b a t t e r y  and b ipolar  c e l l  s tacks .  

The decis ion  t o  change e lec t rode  conf igura t ion  from c i r c u l a r  t o  a 
long, rec tangular  shape is i n i t i a l l y  d i f f i c u l t  t o  accept  because the  
n a t u r a l  shape which f i t s  the  pressure v e s s e l  is c i r c u l a r .  However, 
extensive and in tens ive  review of the  impl ica t ions  of  t h i s  change led 
Ford Aerospace and Yardney t o  t h e  r e a l i z a t i o n  t h a t  it y i e l d s  a number of  
s i g n i f i c a n t  benef i t s .  One is e s s e n t i a l  t o  the  successful  long-term 
performance of b ipolar  Ni -H  b a t t e r i e s ,  namely the  maintenance of  the  
lowest ce l l - to -ce l l  temperazure g rad ien t s  possible.  Using an edge 
cooling system with long, narrow e lec t rodes  achieves the  same l e v e l  of 
thermal c o n t r o l  wi th in  each e lec t rode  a s  i n  t h e  case  of t h e  es tabl i shed 
IPV designs. Another advantage is t h a t  heat  removal with a heat-pipe 
system becomes a p r a c t i c a l  option,  which would con t ro l  in t ra-e lec t rode  
g rad ien t s  even be t t e r .  

A perceived disadvantage of  rec tangular  e l ec t rodes  is t h a t  they 
w y  not  be as e f f i c i e n t l y  packaged i n  a pressure vessel .  However, the  
required combined s t ack  and gas  volume w i l l  be independent of e l ec t rode  
configurat ion.  With a p r a c t i c a l  maximum opera t ing  pressure of 41 t o  48 
atmospheres (600 t o  700 p s i ) ,  t he  volume impact is ins ign i f i can t .  

Stack Configuration 

Each bipolar  s t a c k  c o n s i s t s  of 70 c e l l s  d i r e c t l y  connected i n  
s e r i e s .  These c e l l s  each c o n s i s t  of a group of a c t i v e  components and a 
b ipolar  conduction p l a t e  placed within a polymer frame i n  the  following 
sequence : 

o Bipolar conduction p l a t e  
o Meta l l ic  gas d i f fus ion  screen 



o Hydrogen electrode 
o Asbestos separator 
o Nickel electrode 
o Oxygen recombination site/electrolyte reservoir 

The reservoir is placed against the back of the nickel electrode, a 
similar approach to that used in some recirculating stack designs. The 
reservoir, by choice of material properties and pore size distribution 
will readily yield most of its electrolyte content to the nickel 
electrode. However, during overcharge it will absorb and retain elec- 
trolyte displaced from the nickel electrode due to oxygen gassing. The 
pore size structures of the asbestos separator and the reservoir are 
such that the asbestos forms a much more effective gas barrier. As a 
result, oxygen is forced into the reservoir. The total cell electrolyte 
inventory should be chosen such that the reservoir is only partially 
filled with electrolyte during overcharge, so that the oxygen will pass 
through relatively easily to the recombination layer. This structure 
could be a metal screen or perforated metal sheet with platinum dis- 
persed on it. Alternatively, a platinum impregnated reservoir type 
material could be used. On the back of the recombination layer a porous 
teflon sheet is placed to provide for hydrogen access to the recombina- 
tion sites. 

Tha cell seal is obtained by joining the frames of two adjacent 
cells. The frames are molded with sealing and alignment provisions to 
enhance the seal quality. Depending on material selection, the seal may 
be accomplished by mechanical compression, heat sealing (ultrasonic 
bonding), or adhesives. Gas access holes in the walls of the frame 
provide for adequate hydrogen flow during both charge and discharge. 

The second major element in accomplishing individual cell sealing 
is the bipolar conduction plate molded in place in each frame. This 
provides both an effective cell-to-cell electrolyte barrier and an 
effective electronic cell-to-cell bipolar contact. 

The heat conduction path through the cell frame is improved by 
extending the bipolar plate into the frame. The thermal path can be 
further improved by increasing the foil thickness, but this does entail 
a mass penalty. 

The estimated mass breakdown for the 75 Ah bipolar Ni-H2 battery is 
shown in Table I. 

DEVELOPMENT PLAN 

NASA Lewis Research Center has selected Ford Aerospace and Yardney 
to develop the 75 Ah bipolar Ni-H2 battery under a program titled 
"Advanced Nickel-Hydrogen Battery Developmentu. The three year program 



scheduled to start in January 1984, will consist of three overlapping 
phases: development, improvement, and optimization. 

The Development Phase consists of the design, fabrication, and test 
activities associated with the development of an initial bipolar battery 
design. Two bipolar stacks of 10 cells will be fabricated and tested in 
boiler plate pressure vessels. Another design will be considered in 
parallel with the design described in the preceeding paragraphs. This 
design eliminates the bipolar plate and achieves the bipolar connection 
in a different manner. It has the advantage that it permits significant 
mass savings. The estimated specific energy for this configuration is 
50.8 Wh/kg (23.1 Wh/lb) for a 75 Ah battery. Two stacks of 10 cells 
using this design will be assembled and tested. At the conclusion of 
the Development Phase of the program one of the two designs or a hybrid 
version will be selected to continue through the final two phases of the 
program. 

The Improvement Phase has the objective to improve the initial 
design based on information generated in the Development Phase. Two 
more 10 cell stacks will be fabricated and evaluated based on the 
improved design. 

Based on the experience with the initial and improved stacks, the 
Optimization Phase will result in a final design. Two optimized design 
cell stacks of 10 cells will be assembled and tested. 

All cell stacks will undergo a characterization test followed by a 
LEO cycling test. Characterization testing will be performed at three 
charge rates (C, C/2, C/4) and four discharge rates (2C, C, C/2, C/4). 
The LEO regime consists of a one hour charge and a one-half hour 
discharge. 

CONCLUSION 

Ford Aerospace and Yardney have designed a bipolar Ni-H battery 
capable of meeting the electrical power levels for spece plagforms and 
other future spacecraft. The design achieves the system design objec- 
tives in a mass efficient way. Development of two designs will be 
sponsored by NASA Lewis Research Center beginning in early 1984. The 
design represents a significant improvement in bipolar Ni-H2 technology. 
The development program provides the opportunity to achieve a space 
quality energy storage system for high power applications. 



TABLE I 

Component 

Cell Stack: 

Mass Breakdown - 75 Ah Bipolar Ni-H2 Battery 

Bipolar Plate 

Nickel Electrode 

Separator 

Hydrogen Electrode 

Recombination Site/Reservoir 

Electrolyte 

Cell Frames 

Miscellaneous Hardware 

Total Cell Components 

Mass ( K A  Mass (lbs) 

Battery: 

Cooling Channel Assembly 14.1 3 1 

Coolant 14.5 32 

Assembly Hardware 8.b 19 

Stack Supports 4.1 9 

Pressure Vessel 86.6 191 

Miscellaneous 16.4 - 3 6 

Total Battery 486.3 1070 

Specific Energy (18,900 MI) 38.9 Wh/kg 17.7 Wh/lb 



STACK END PLATES 

BIPOLAR CELL 
STACK - 3 EACH 

COQLING AIBANBFOLDIMO AND 
ELECTRICAL BOP86 BARS 
NOT SHWRI FOR CsbARlWj STACK CBOLINQ 

PANELS - 4 EACH 
-NO SCALE- 

"-- LATERAL 8U~CsgdRT 
BRACKETS 

F i g u r e  1, Ford Aerospace/Yardney B ipo l a r  B a t t e r y .  



Lackner, Defense Research Canada: You've go t  an awful l o t  o f  t roub le  
when you are  g e t t i n g  a s p e c i f i c  energy a t  17% amp hours. 

Koehler, Ford Aerospace Corporation: 17% w a t t  hours per  pound. 

Lackner, DND/DREO: There i s  a f i g u r e  mentioned by Jim Dunlop something 
1 i k e  44 a l i t t l e  e a r l i e r  and I 'm wondering i s  a1 1 t h i s  t r o u b l e  wroth 
what you are  doing. 

Koehler, Ford Aerospace Corporation: I ' m  no t  q u i t e  sure what 
assumptions J im i s  us ing i n  h i s .  Maybe I can h i t  on t h a t  again. The 
number was 389 w a t t  hours per  ki logram. I based t h a t  on a worst  case 
end o f  l i f e  assumption o f  1.2 v o l t s  per c e l l .  

Un iden t i f i ed :  What i s  the  best  you can g e t  ou t  o f  i t ?  

Koehl er,  Ford Aerospace Corporat ion : I 'm sorry.  

Un iden t i f i ed :  What i s  i s  t h e  best  p o t e n t i a l  you can ge t  o u t  o f  the  
sys tem? 

Koehl e r ,  Ford Aerospace Corporation: I t h i n k  p la teau voltages and 
discharge o f  a t  l e a s t  1.25 v o l t s  a re  conceivable. 

Ritterman, Comsat: I s  your  38.4 based on 100% depth discharge o r  80% 
depth discharge? 

Koehler, Ford Aerospace Corporation: No t h a t ' s  a l l  t h e  way down. 
Tha t ' s  complete discharge. 

Un iden t i f i ed :  The p o t e n t i a l  you a re  t a l k i n g  about i s  vol tage 
p o t e n t i a l  . I 'm wondering about t h e  energy dens i t y  p o t e n t i a l  t h a t  you 
can poss ib l y  g e t  o u t  o f  i t ?  

Koehler, Ford Aerospace Corporat ion: The energy w e l l  i t  would be 
maybe you can he lp  me Gert. The quest ion i s  what would be t h e  
o p t i m i s t i c  s p e c i f i c  energy? 



COMMENT 

Unidentified: I think we have to  look a t  bipolar bat ter ies  i n  a way 
that  real ly  doesn't concentrate completely on specif ic  energy, there ' s  
a few other reasons why bipolar bat ter ies  a re  being pursued. I can 
answer the question direct ly  and s t a t e  tha t  w i t h  the bipolar plate 
approach we can probably reach specif ic  energies on the order of 21 
hours per pound. I f  the other approach is successful t ha t  we a re  
going to  take a look a t  the, might reach 23 o r  24 watt hours per 
pound. The lower specif ic  energy system w i t h  the bipolar plate has 
a number of advantages through tha t  i n  terms of overall cost e f fec t  
of the system as i t  i s  applied they ' l l  be very s ignif icant .  One 
thing i s  that  i t  has a pretty high current capabili ty because of the 
very large cross section. That gives the system a very high pulse 
ra te  capabili ty which for  many future applications is  a very important 
consideration. The other thing is tha t  the cost effectiveness of 
integrating the large battery we are  talking multi kilowatt hours into 
a work space s tat ion or other space systems. The cost of integrating 
a large battery i s  1 i kely t o  be much less  than the cost of 
integrating many individual ce l l s .  There a re  two of the reasons 
beyond specific energy that  t h i s  system i s  being pursued so vigorously. 

Q. Lim, Hugh Research Lab: I understand you have the cool ing panel 
vertical  t o  the bipolar rate? 

Koehler, Ford Aerospace: Yes t h a t ' s  r ight .  

Q. Lim, Hughes Research Lab: And i f  you have tha t  the heat collection 
should be through the frame of the cel l  and I'm wondering i f  you 
have an advantage of collecting tha t  way versus the heat collection 
parallel  t o  the bipolar plate or incorporated inside a bipolar 
pl ate.  

A. Koehler, Ford Aerospace: One thing tha t  we a re  going t o  t r y  to  
incorporate in the design i s  tha t  the conduction plate will be 
incased in the cel l  frame and the conduction plate  will actually 
s t ick  into the cel l  frame almost to  the very outside edge. There 
will be a very small layer of the frame covering the edge of the 
bipolar plate b u t  i t  will be very close. 

Q. Sperber, GTE: I s  your design a constant compressive force on the 
stack design? 

A. Koehler, Ford Aerospace: Yes tha t  would be required tha t  the 
compressant force over the stack area has to  be very uniformed and 
the stack compressant plates will have to  be designed accordingly 
to  provide that  function. 



Q. Unidentified: Do you have some sort of spring arrangement to provide 
that? 

A. Koehler, Ford Aerospace: The specific details of the design have not 
been set. The developmental phase of the program is approximately 
a year to a year and half project in itself and no specific type 
details will be identified at that point. 





Robert L. Cataldo 
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Space power systems of the future are projected to require power levels that 
extend far beyond those currently in the 1 KW range. Sigh power systems will 
most likely utilize either higher battew voltages in the 200V-300V range or 
special power processing equipment to convert low battery voltage to high system 
voltage. This second option will demand batteries with high capacity (greater 
ampere-hours per cell or cells configured in parallel), and high discharge current 
capability. The energy storage for such large systems becomes a challenging bat- 
tery engineering problem. 

The two candidate battery systems for space power are nickel-cadmium and 
nickel-hy drog en. Presently, both these types are aarail~ble in capacities ranging 
from 30 to 50 ampere-hours. The energy storage for a low-earPh orbit mission 
requiring 35 KW of power would contain about 500 individual 50 ampere-hour 
cells, arranged in series andlor parallel. No battery of this magnitude has yet 
been constructed and tested, and there are serious concerns about the feasibility 
of such a system for the long lifetimes required in low earth orbit. 

In light of this problem, a study was initiated in late spring of 1981 at  the NASA 
Lewis Research Center to design and evaluate a new design concept for nickel- 
hydrogen cells. This concept involved constructiw a battew in a bipolar stack 
with cells consisting of one plate for eaeh nickel and hydrqen electrode. Prelim- 
inary designs at the system level of this concept promised improvements in both 
volumetric and gravimetric energy densities, thermal manqement, life extension, 
costs, and peak power capability over more eonventionaB desigm.(l) 

To get an early confirmation of these encouragiw design studies, a concept veri- 
fication program was initiated, The first phase of the program was the design and 
assembly of a preprototype bipolar battery. The design fncoqorated hardware and 
components available from past programs along with some that were specially 
constructed. The size of the cell hardware (10 cm x 21 em active area) allowed 
the use of a 6.5 ampere-hour capacity nickel electrode. Ten of these cells were 
assembled into a stack with the dimensions length - 3s5,4 em, height - 15.2 cm, 
width - 10 cm. The second phase included a series of characterization and cycle 
tests. 



The following discussion of oxygen, electrolyte and thermal management, convey 
the design philosophies incorporated into the bipolar concept as applied to nickel- 
hydrogen batteries. Use of these concepts offers a high probability of a successful 
design which theoretically would yield good performance and long-life. 

In prior designs, oxygen generated on overcharge has been allowed to combine 
with hydrogen at the hydrogen electrode, A separate electrode for recombination 
would prevent damage to the hydrogen electrode from the heat generated. The 
approach taken in this design was to have recombination occur behind the Ni elec- 
trode (1). Figure 1 depicts the methodology used. A high bubble pressure asbestos 
separator forces the O 2  into a highly porous electrolyte reservoir plate. The 
recombination sites are strips of hydrogen electrodes 0.47 cm x 19 cm. They are 
encapsulated in a vapor permeable tubing to allow passage of gases in and water 
vapor out. The tubing also isolates the catalyst electrically, preventing parasitic 
reaction between the recombination sites and the nickel electrode. This method 
of oxygen management also benefits the overall electrolyte management scheme 
by keeping the recombined water from possibly flooding the hydrogen electrode. 

ELECTROLYTE MANAGEMENT 

Electrolyte management can have a significant effect on the cycle life of a 
nickel-hydrogen battery and should be a prime consideration of the overall battery 
design. The objective of electrolyte management is to prevent flooding of the 
hydrogen electrodes and drying of the nickel electrodes and separators. The 
approach taken to achieve this objective is through pore size selection of compo- 
nents such that each component has the optimum amount of electrolyte (2). 

The electrolyte reservoir plate has a pore size that freely accommodates the 
water formed during the charge portion of the cycle and returns electrolyte by 
wicking to the nickel electrode and separator as required. The wicking action is 
created by choosing a reservoir plate with larger pores than the electrode and 
separator and maintaining physical contact. Flooding of the hydrogen electrode is 
also prevented by proper pore size selection as well as use of hydrophobic 
materials in the electrode. 

THERMAL MANAGEMENT 

In the present design, heat is primarily rejected from the stack by cooling fins 
which are that part of the bipolar plates that extend beyond the frame edges. 
Thus, the heat generated during cycling is transferred by a combination of conduc- 
tion and convection to the test chamber wall. Cell temperatures did not exceed 
29°C (84°F) at the end-of-discharge. Therefore, this method of cooling is adequate 
at  the power levels being tested, However, larger power levels would require 
alternate heat rejection options such as heat pipes or cooling plates within the 
stack with gaseous or liquid recirculating coolant. 



CELL COMPONENTS 

The following paragraphs describe the composition, manufacture, and function of 
the components used in the cell. 

GAS FLOW SCREEN 

The flow screen for the hydrogen electrode was expanded nickel of 1.05 mm (0.042 
in) thickness with approximately 95% open area. 

NICKEL ELECTRODE 

The nickel electrodes used in the battery are chemically impregnated, pressed 
powder sinter type electrodes remaining from a previous program. These 
electrodes have a screen grid and an average loading of 2.1 gramslcc of void 
volume. The electrodes for this application were cut slightly smaller than the 
frame dimensions to allow for electrode expansion. The electrode thicknesses 
ranged from 0.96 mm to 1.0 mm. The capacity of the ele trode was calculated to  B be about 6.50 ampere hours with a surface area of 218 cm (one side). 

HYDROGEN ELECTRODE 

The hydrogen electrode was a fuel cell type catalyzed porous screen electrode, 
Electrode dimensions we?: 0.025 cm thick, 10.1 cm wide, and 21.6 cm long, with 
a surface area of 218 cm (one side). Other electrode properties are proprietary 
to the manufacturer. 

SEPARATOR 

The separator material was a beater treated asbestos (BTA). BTA is a 
reconstituted blend of asbestos sheets with a 5% latex binder. The experimentally 
determined bubble pressure (pressure a t  which the first bubble passes through the 
separator) is 2.0 atmospheres. The dimensions of the separator are 11.9 cm wide 
by 23.3 cm long, making it larger than the electrodes. This extra separator area, 
along with six wick rings, forms a seal with the frame ledge to provide a barrier 
against oxygen passage to the hydrogen electrode (Figure 2). The uncompressed 
thickness of the separator is 0.053 cm (21 mils), while the average compressed 
thickness is designed to be 0.025 cm (10 mils). 

ELECTROLYTE RESERVOIR PLATE 

The electrolyte reservoir plate (ERP) was a foam nickel structure with a density 
of 10%. Each plate was compressed from 0.25 cm to 0.125 cm, followed by 
cutting with a rule die that cut out four slots 0.8 cm wide and 20.6 cm long to  
house the recombination strips. The average pore diameter is 0.025 cm (10 mils). 
This pore size allows the passage of hydrogen and oxygen gas through the ERP to  
the recombination sites. The water that is formed a t  the recombination sites 
during charge and overcharge is freely wicked out of the ERP by the separator and 
nickel electrode since these cell components have smaller pores. 



BATTERY HARDWARE 

The hardware used for the bipolar battery was originally a carbon dioxide removal 
unit for the life support system on the Apollo missions. The configuration of the 
unit was such that it could readily be utilized for verification testing of a bipolar 
nickel-hydrogen battery. The items used from the unit were ten polysulfone 
frames, eleven gold-plated nickel bipolar plates, two polysulfone insulation plates, 
and two stainless steel end plates. 

The injection molded polysulfone frames were used to contain the cell components 
and electrolyte. The nominal frame thickness was 0.378 cm (,I49 in) as shown in 
Figure 2. The inner frame ledge provides a means of sealing the separator around 
the nickel electrode, thus eliminating evolved oxygen passage to the  hydrogen 
electrode. Hydrogen gas was channeled to the hydrogen electrode via qo t s  
connecting the inner frame to two manifolds. The 16 slots provide 0.515 cm of 
area for hydrogen gas ingress/egress. These slots were in line with the gas flow 
screen (expanded nickel). Similar slots and manifolding were provided on the 
other side of the frame to supply hydrogen g y  to the recombination sites. The 
total slot area for this side was 0.296 cm and these slots align with the 
electrolyte reservoir plate. 

The bipolar plates are thin gold-plate nickel sheets and were sandwiched between 
each frame. Each cell was enclosed between two bipolar plates. A neoprene 
gasket fit  into a recess in the frame and seals against the bipolar plate, retaining 
the electrolyte within each cell. External current connections were made to the 
bipolar plates on each end. The interior bipolar plates conduct current from the 
positive electrode of one cell to the negative electrode of the next, thus no inter- 
cell electrical connectors were needed. However, electrical connections were 
made to each plate to monitor individual cell voltages. The bipolar plate was also 
used for heat rejection. Each plate extends beyond the frame on two opposite 
sides forming a set of cooling fins. 

The stainless steel end plates and tie bolts compressed the cell components and 
gaskets. The cell compression was designed for a nominal 0.028 cm (.011 in), 
which compressed the separator from 0.053 cm to 0.025 cm. The manifolds 
formed by the cell frames and end plates allowed for vacuum electrolyte fill and 
drain. 

Life Systems Inc. of Beechwood, Ohio, has loaned to NASA Lewis Research Center 
the following hardware: cell frames, stack end plates, insulation plates, tie bolts, 
and bipolar plates t o  help expedite the verification testing of the bipolar concept 
as applied to nickel-hydrogen batteries. 

STACK ASSEMBLY 

The following sequence was used to assemble the stack components: 

1. The negative side end plate was placed in position. 

2. The negative side insulation plate and "0" rings were positioned. 



3. Six guide pins were inserted into bolt holes for alignment of subsequent 
parts. 

4. The negative terminal bipolar plate was positioned. 

5. The hydrogen side gasket was placed over the guide pins. 

6. The polysulfone frame was positioned on the gasket. 

7. The cell components were inserted in the frame cavity in the following 
order: 

a) hydrogen flow screen 
b) hydrogen electrode 
c) separator 
d) nickel electrode 
e) wick rings 
f) electrolyte reservoir plate 
g) recombination strips 

8. The nickel side gasket was lowered over the guide pins. 

9. The bipolar plate was positioned on the gasket. 

Steps 5-9 were repeated for the next nine cells followed by the positive side insu- 
lation plate and end plate. The tie bolts were inserted from the negative side and 
threaded into the positive side end plate with 3 inch-pounds of torque. 

The stack was then placed in a hydraulic press with an applied force of 5000 
pounds. The tie bolts were retorqued to 10 inch-pounds. The press was readjusted 
to 5000 pounds and the tie bolts were torqued to  15 inch-pounds. This step was 
repeated once more. 

ELECTROLYTE FILL AND DRAIN 

Two acrylic plates were fitted to the stack end plates with gaskets and C- 
clamps. The acrylic plates had tube fittings adjacent t o  the manifold openings. 
After a vacuum was pulled on the stack, a 31% potassium hydroxide solution was 
valved into the stack. The stack remained filled overnight and was then drained 
of excess electrolyte over a period of several hours. The manifolds were then 
wiped clean of excess electrolyte and the stack inserted into the test chamber. 
The test chamber was evaluated, leak checked, and filled with hydrogen a t  50 
PSI. (The test chamber was an oversize pressure vessel and the pressure changes 
during cycling were negligible.) 



TEST PROCEDURES 

Initid testing was carried out in several phases. First, characterization tests 
were run to determine the performance of the bipolar nickel-hydrogen battery. 
Following the successful completion of this test matrix, the second phase of tests 
was initiated. Low-earth orbit (LEO) cycle tests were run with a depth-of- 
discharge of 80%. The third phase was to determine the peak power capability of 
the battery. 

The characterization tests were carried out a t  three charge levels, C/4, C/2, and 
C rate. The capacity of the battery is designated as 6.5 ampere-hours based on a 
C/4. Discharge rates (constant current) used in the characterization matrix were 
C/4, C/2, C, and 2C. The recharge ampere-hours were the same (6.5 Ahr) for all 
conditions of the test matrix regardless of discharge rate. Therefore, the battery 
received an overcharge a t  conditions where discharge rates were high. The 
discharge was terminated when the voltage of the weakest cell in the stack fell to  
0.5V. 

LEO cycling tests were run a t  one hour charge and half-hour discharge intervals. 
(The battery was rated a t  6.0 Ahr for the LEO testing, based on the 1.6C 
discharge rate to be used in this testing.) Constant current charge and discharge 
rates were employed for this phase of testing. The depth-of-discharge was set a t  
80%, giving a discharge current of 9.6 amperes. A recharge fraction of 1.10 of 
the rated capacity was necessary for end-of-discharge voltage stabilization. A 
peak power test was carried out a t  the end of 100 LEO cycles. Using a program- 
mable load, the discharge current was increased until the power passed its 
maximum value. 

After completion of the peak power tests, the test chamber was opened and the 
stack examined. Cell number one was removed from the stack solely for evalua- 
tion and analysis (no anomalies were evident in the data). This also would permit 
possible problem areas within the cell or stack to be discovered a t  an early date. 
The stack was then reassembled with nine cells and placed on LEO cycling tests to 
establish an operational data base. 

The individual cell voltages and the stack current were monitored and recorded. 
Cell temperatures were monitored, but not recorded. Temperatures were 
measured on the fin of the bipolar plate with an iron-constant thermocouple. 
Computer-generated data includes ampere-hours and watt-hours with integration 
intervals of every 18 seconds. 

Characterization test results are shown in Figures 3 and 4. Figure 3 shows 
ampere-hour and wat t-hour efficiencies a t  different charge and discharge levels. 



The equations used to determine efficiencies are: 

Id Td x 100 = ampere hour eff. 

'd " Td x 100 = watt-hour eff. 

where: I - current (amps) c = charge 
P = power (watts) d = discharge 
T = time (hrs) 

In general, the efficiencies increased as  the charge rate is increased, which is con- 
sistelit with nickel electrode behavior in other battery systems such as nickel- 
cadmium and nickel-zinc. Figure 3 further shows that efficiencies increase as the 
discharge rate decreases. This is expected; however, since a fixed recharge of 6.5 
ampere-hours was returned each test, the highest rate discharges were penalized 
by being overcharged. Figure 4 shows a family of curves a t  the different 
discharge rates. An additional curve was added for the 10C (65 amperes) 
discharge rate. This data was obtained when the discharge equipment 
malfunctioned during LEO cycling. Five ampere-hours were withdrawn (83% 
DOD) in just under six minutes. 

A LEO cycle regime of 60 min. charge, 30 min. discharge, 80% DOD with 1.10 
recharge fraction would correspond to a 1.6C rate discharge and a 1.10 C rate 
charge and would be predicted to have amp-hour and watt-hour efficiencies of 
about 88 and 76 percent, respectively. 

The peak power was determined following the 100th LEO cycle. The battery 
current and voltage was 165 amperes (about 27C) and 6.6 volts, respectively, 
supplying 1.1 KW of power. This is shown in Figure 5. The peak power would 
probably have been higher but the power leads were only two #14 AWG wires con- 
necting the stack to the terminals that were mounted in the vessel. In addition, 
the slip-on type electrical connectors that attach to  the end plates are rated for 
about 10 amperes. These factors contribute to  a significant voltage drop. 

Following the peak power test, one end cell was removed for evaluation and the 
physical appearance of the stack observed. The nickel electrode was measured for 
growth. A 10% increase in thickness and 2-3% increase in length and width were 
noted. The hydrogen electrode appeared as that of an unused electrode. The 
separator was wet and could be easily separated from the electrodes intact. The 
ERP was damp but not wet with electrolyte. The strips of hydrogen electrode 
used for recombination showed no evidence of burning. 

Some evidence of corrosion was noted on the positive end bipolar plate inside the 
manifold. The substanee was analyzed and found to be a nickel compound. It's 



greenish color suggests the substance was probably nickel carbonate or nickel 
nitrate. An electrolyte film probably remained on the inner surface of the mani- 
fold, even after a thorough cleaning, which most likely contributed to the 
corrosive actions. The bottom of the vessel was damp with electrolyte. Several 
causes were postulated; these being insufficient draining time, electrolyte forced 
out during vessel evacuation preceeding the hydrogen fill or electrolyte forced out 
during charge. If the electrolyte was due to the latter cause, it would have only 
occured during the early cycles, since such a process continuing over 2000 cycles 
would tend to cause resistive cells (high polarization voltage) which had not been 
observed. 

The stack was refilled with electrolyte and drained. The nine-cell stack was again 
placed on LEO cycle testing. Initially, a minimum end-of-discharge voltage of 
1.20 V per cell was obtained with a 1.10 recharge fraction, a charge of 5.3 
ampere-hours and a 4.8 ampere-hour discharge. After 600 cycles, cell #4 would 
reach 0.50 volts prematurely, terminating the half-hour timed discharge. The 
battery was then deep-discharge reconditioned by placing a 10 ohm resistor across 
the terminals, followed by a short circuit overnight. The battery was then 
charged for two hours at a current of 6.5 amperes and placed on cycle test with a 
recharge fraction of 1.20. After 182 additional cycles, cells 3, 4, and 5 exhibited 
voltages in the 0.80 volt range at the end-of-discharge. Shunt currents were 
suspected, therefore the stack was removed from the pressure tank and wiped 
clean. Evidence of free electrolyte was found in the manifolds and a few drops 
between the bipolar plate fin area. When the stack was replaced into the test 
chamber more electrolyte came out. The stack was then cleaned in place. 

After another 200 cycles at a recharge fraction of 1.20, cell #3 again had a low 
end-of-discharge voltage. After a complete charge, cell #3 was charged individu- 
ally through the voltage data leads with an additional 3 ampere-hours. After 4 
cycles, cell #3 had low voltage again. The whole stack was then deep-discharge 
reconditioned in the same manner as before. All weak cells recovered, 
maintaining 1.20 volts per cell after the half-hour discharge. The recharge frac- 
tion was varied over thrze levels, 1.20, 1.15, and 1.10. Figure 6 shows that a 
recharge fraction of 1.10 cannot maintain 1.2 volts per cell at end-of-discharge. 
Shunt currents formed by electrolyte paths between cells could be the cause for 
the need to increase the recharge fraction. 

An open circuit self-discharge test was conducted to determine if any shunt 
currents existed. Figure 7 shows individual cell voltages on open circuit. Cell #3 
went to zero volts after 53 hours. This corresponds to about a 120 milliampere 
average shunt current. Cells #4 and #5 also possess shunt currents, but of a lesser 
magnitude. The other cells have a normal self-discharge curve. Electrolyte 
bridges will divert a portion of the charge current, thus contributing to the need 
for larger recharge fractions when shunt currents are present. However, the 
battery is still operable, but at reduced efficiency. 

Constant voltage charging was tested to provide some additional operational data, 
since many spacecraft use this mode of charging. Figure 8 shows a 
chargeldischarge voltage profile of an early cycle. Original indications were that 
constant voltage charge method was a more efficient method, because charge 



voltages were lower than constant current voltages. However, over a few days of 
increasing the charge voltage to stabilize end-of-discharge voltage, a recharge 
fraction of 1.30 could not maintain a 1.2 volt end-of-discharge voltage. 

CONCLUSIONS 

Test results of the first NASA Lewis Research Center bipolar nickel-hydrogen 
battery are most encouraging. This preprototype battery, built with less than 
ideal components and hardware, exceeded expectations. A total of 2000 LEO 
cycles a t  80 percent depth of discharge have been accrued. A cycle life goal of 
30,000 cycles appears achievable with minor design changes. These improvements 
include advanced technology nickel electrodes, insulated bipolar plates and specif- 
ically designed frames to minimize shunt currents. 

The discharge rate capability of this design exceeds 25C. At the 10C discharge 
rate, 80% of the battery capacity can be withdrawn in six minutes. This data 
shows that the bipolar design is well suited for those applications requiring high 
peak power pulses. 

Deep discharge reconditioning improved end-of-discharge voltages on LEO 
cycling, while overcharge techniques were much less effective. Those cells with 
probable shunt currents had improved capacity performance following 
reconditioning. 

Low polarization voltages, which result in a cyclic watt-hour efficiency of 76- 
80%, have been demonstrated an improvement over other more conventional 
nickel-hydrogen designs. This will result in reduced weight of the solar array and 
power processing components. Additional weight savings are realized with the 
battery itself. Thus, the high voltage bipolar stack within one common pressure 
vessel makes an ideal building block for large advanced energy storage systems for 
applications like the manned space station. 
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Bell ,  Hughes Aircraf t :  The nickel hydrogen c e l l ,  the  Hughes Air Force 
c e l l ,  t h a t  was compared there  had a energy density of about 21 watt 
hours per pound. Does t h a t  imply t ha t  the 50 amp per hour ce l l  was 
only 20 hours amp per hours useable capacity i n  the  application? 

Cataldo, NASA/Lewis Research Center: Mostly when people toss  around 
numbers from IPB i t  says ce l l  l eve l .  You c a n ' t  compare bipolar 
ba t t e r i e s  a t  a c e l l  l&el  because i f  you say i t  has 'so man$ watt 
hours of the  c e l l .  

Bel l ,  Hughes Aircraf t :  I wasn't using the bipolar c e l l  I was j u s t  
inquiring as  t o  the  energy density over 50 amp per hour ce l l  shown 
t o  have 20 watt hours per kilogram. 

Cataldo, NASA/Lewis Research Center: That ' s  what i t  says. I ' m  j u s t  
comparing the  end of charge voltage and then the  discharge voltage 
on t h a t .  

Bel l ,  Hughes Aircraf t :  Okay, thank you. 

Milden, Aerospace Corporation: Are you going t o  look fo r  platinum 
throughout the  ce l l  or  a r e  you going t o  analyze f o r  i t  as well as  
o ther  materials  i n  your corrosion products? 

Catal do, NASA/Lewi s Research Center: We haven ' t. 

Milden, Aerospace Corporation: Look f o r  i t .  I t  m i g h t  be going 
around. 

COMMENT 

Rogers, Hughes Aircraf t :  The data you showed d idn ' t  look t e r r i b l y  
famil iar  t o  me b u t  I should point out t ha t  we normally cycle a t  
1.05 t o  one CD r a t i o  primarily t o  keep the posi t ive  e'iec'trode 
from being overcharged a l l  the time. I would point out  t h a t  1.15 
t o  1 could be po ten t ia l ly  dangerous t o  l i f e  even though i t  does 
give you be t t e r  voltage performance. So t h a t ' s  one of t he  reasons 
you saw voltage difference.  I t  wasn't simply the  bipolar design, 
a1 though t h a t ' s  ce r ta in ly  par t  of i t .  

Cataldo, NASAILewis Research Center: You've been charging a t  the  
2C r a t e .  I t  s t i l l  does not ge t  much over 1.15. I t ' s  j u s t  t ha t  
the  current  density i s  so.  

Rogers, Hughes Aircraf t :  What I'm saying i s  t ha t  the  .15 par t  of i t  
i s  oxygen off  the  posi t ive  electrode which i s n ' t  pa r t i cu la r ly  good 
f o r  i t  over a long term. 



A. Cataldo, NASA/Lewis Research Center: There i s  no ro l l  over voltage 
tha t  we see on charge. 

A. Rogers, Hughes Aircraft: You are  gett ing an inefficiency somewhere 
and I don't  real ly  know where i t  would be other than oxygen. 

Q. Edgar, Eagle Picher Company: I 'd 1 i ke t o  ask you a couple of questions 
about the expansion of the nickel electrode. Was some of tha t  
expansion taken u p  i n  the separator? You indicated tha t  the separator 
looked very good when you took i t  apart  but thickness growth of tha t  
kind must have gone somewhere. The second question i s  the nickel 
foam metal that  you used as a reservoir appeared quite black i n  t ha t  
l a s t  s l ide .  I s  that  active materials from the nickel electrode? 

A. Cataldo, NASA/Lewis Research Center: Yes b u t  we haven't determined i f  
that  has any capacity. For the f i r s t  question if our nickel 
electrode expanded 20 mills and we had only had 10 mil ls  of separator 
and a l l  the other components were the same thickness as we put in,  I 
tend to  think that  some of the things expanded once we s tar ted t o  
loosen the t i e  bolts. Because otherwise we wouldn't have any separator 
a t  a l l .  

Q. Dudley, European Space Agency: A couple of questions. I f  I understand 
i t  you are  aiming for  battery which will have the fu l l  best voltage 
within one vessel so that  you may have one or  more modules i n  
paral le l?  This leads to  two imniediate thoughts on my part .  One is do 
you foresee the need to  provide any extra components t o  insure that  
a fai led cel l  in a large battery will not allow fa i lu re  of the whole 
module, and do you regard having a l l  of your battery as one pressure 
vessel as a s ignif icant  single point fa i lure  problem and would tha t  
lead to  choosing a number greater than one for  an actual power system. 

A. Cataldo, NASAILewis Research Center: I think i f  you were to  compare 
a bipolar module you are  going t o  compare i t  t o  some other system 
e i ther  120 ser ies  or 120 nickel hydrogen ser ies .  If  one nickel 
hydrogen cell  IPV leaks you have a f a i lu re  there of the whole 
strength i f  you have an open. As long as you have a short  then 
i f  you can suffer the reduce voltage there ' s  no problem. 

Q. Question inaudible. 

A. Cataldo, NASA/Lewis Research Center: Oh no we'll not. There i s  no 
external relay or by pass c i rcu i t ry  or any of tha t .  Otherwise we 
would have to  conduct a current out the sides through some leads 
and relays and then come back through again. That 's  something I 
don't  think we are  trying to  eliminate number of connections, 
number of pressure vessels for  extremely large systems. Three or 
four of these modules will replace upwards of 600 or 700 50 amp 
per hour ce l l s  of whatever nature. 





FAILURE ANALYSIS OF NICKEL-HYDROGEN CELL SUBJECTED 

TO SIMULATED LOW EARTH ORBIT CYCLING 

Vernon C. Mueller 
McDonnell Douglas Astronautics Company - St.  Louis Division 

ABSTRACT 

A nickel -hydrogen cel l  completed 10,080 simulated 1 ow earth orb i t  charge/ 
discharge cycles a t  depths-of-discharge ranging from 50 t o  80 percent prior 
to  fa i lure .  The cell  i s  of the Air Force design, rated a t  50 ampere-hours, 
8.9 cm (3.5 inches) in diameter., Upon disassembly, the end of the polysul- 
fonecore supporting the electrode stack was found to  have fractured. This 
allowed the electrode stack to  expand. A massive short was found a t  the 
inner diameter of the electrodes centered roughly a t  plate se t  34 t o  37 from 
the positive end of the electrode stack. The damaged area extended through 
approximately one third of the electrode stack, w i t h  the e f fec t  becoming 
progressively less  with distance from plate s e t  34 to  37. Measured thick- 
nesses of the positive plates were significantly greater than the i n i t i a l  
specification values. The postulated cause of f a i lu re  i s :  (1 ) Positive plate 
growth caused fracture of the shoulder from the end of the polysulfone core 
on which the electrodes are  mounted, (2)  The electrode stack relieved and 
pressure points were created a t  the area near the inner diameter of the plates 
a t  the tab attachment, and (3)  A short occurred a t  a pressure point between 
opposing plates and propagated to  other electrode se t s  due to  thermal and 
mechanical s t resses  caused by the short. 

INTRODUCTION 

Nickel -hydrogen cell  serial  number 148 was provided t o  McDonnel 1 Doug1 as 
Astronautics Company-St. Louis Division (MDAC-STL) by the Air Force Wright 
Aeronautical Laboratory (AFWAL) for  parametric and simulated 1 ow earth osbft  
cyclic t e s t s .  The cell  i s  rated a t  50 ampere-hours and i s  8.9 cm (3.5 inches) 
in diameter. Figure 1 shows the cell  general arrangement. This cel l  was 
constructed with asbestos separators. 

MDAC-STL mounted the ce l l s  horizontally during t e s t  in a f ix ture  which 
gripped the cel l  about the cylindrical section and permitted heat t o  flow from 
the cell  t o  the aluminum clamp and then to  the supporting aluminum plate. 
Figure 2 shows three c e l l s  in the t e s t  f ixture .  The aluminum baseplate was 
cooled by a circulating 1 iquid coolant bath to  permi t temperature control of 
the t e s t  ce l l s .  Insulation was applied around the c e l l s  such tha t  a l l  heat 
removed from them was by conduction through the mounting clamp t o  the temp- 
erature controlled baseplate. 



The cel l  was cycled by discharging into a fixed res i s tor  such tha t  25 
ampere-hours were removed over a 35-minute period, followed by charging a t  
approximately 50 amperes to  a voltage 1 imi t ,  which was then held constant 
while the current tapered for  the balance of the 55-minute charge interval.  
Nominal cel l  temperature was 23OC. Cycl ing was controlled automatically to  
permit unattended operation. In order to  prevent cel l  damage due t o  equip- 
ment malfunction, alarms were provided to  shut down the t e s t  (open-circuit 
the cell  ) fo r  over/under vol tage, excessive discharge current, overtemperature, 
overpressure, and loss  of f a c i l i t y  power. Approximately 5 minutes into the 
charge period of cycle 10,080, the ce l l  exceeded the temperature 1 imit, and 
on the next data-scan a few seconds l a t e r  the voltage dropped below 0.5 volts. 
The system automatical 1 y shut down, open-ci rcui t ing the cell  . Eighteen 
minutes l a t e r  when the fiext data se t  was recorded, the highest temperature 
was 89.6OC, measured a t  the top of the cylindrical section fur thest  removed 
from the coolant bath. Intermediate data points were not recorded, and the 
peak temperature excursion i s  not known. After about an hour, the cel l  
voltage dropped to  zero. Later in the day, a charge current of 5 amperes was 
applied f o r  one hour b u t  the voltage did not exceed 8.3 mill ivolts.  The cel l  
was then disconnected e lec t r ica l ly  from the t e s t  system b u t  physically l e f t  in 
the f ix ture  for  approximately 11 months before the f a i lu re  analysis was done. 

FAILURE ANALYSIS RESULTS 

The cell  was cut open with a la the just  below the weld toward the 
negative terminal (See Figure 1 ) . Before any cutting operations, something 
loose could be heard r a t t l i ng  within the pressure vessel. When the negative 
end of the pressure vessel was removed, exposing the electrode stack, the 
ceramic insulating washer a t  the negative terminal was found broken into 
four pfeces which accounts for  the ra t t l ing  noise. A1 so, the end plate,  
be1 l e v i l l e  washer, and the end of the polysulfone core were loose. These 
parts were captured by the negative leads, however, and not f ree  to  move 
within the pressure vessel. Figure 3 i s  a sketch of the electrode stack 
assembly showing component parts in greater de ta i l .  The end of the poly- 
sulfone core had fractured a t  the shoulder completely around the intersection 
with the central part of the core. Also, a plast ic  washer with a square 
opening and 2.69 cm (1.06 inches) outside diameter which was not identified 
on the drawing available to  us, was found broken inside the ce l l .  Figure 
4 i s  a photograph of the shoulder of the core, broken ceramic insulating 
washer, end plate,  unidentified washer, and be1 l e v i l l e  washer shown clock- 
wise from the upper l e f t .  The electrode stack had relieved w i t h  the f i r s t  
negative roughly flush with the broken end of the polysulfone core. The 
reservoir had melted completely across the annular section in the area of 
the negative tab. Also, the electrode stack was indented in the area of the 
negative tab extending across the annular section of the plate. This may 
have been caused by the negative tabs which applied forces to  the plates when 
the electrode stack relieved. Figure 5 i s  a photograph of the electrode stack 
prior to  fur ther  disassembly, showing these features. 



Referring t o  Figure 3, for  purposes of identification the electrodes are  
numbered consecutively from the positive end (weld ring end). Therefore, 
negative plate number 41 i s  the f i r s t  electrode encountered when disassembly 
proceeds from the fractured end of the polysulfone core. I t  was discovered 
during disassembly tha t  t h i s  particular cell  had been constructed with an 
additional reservoir between each se t  of plates rather than one a t  each end 
of the stack as shown in t h e a r t i s t ' s  sketch of Figure 3. Mr. Don Warnock 
of AFWAL confirmed tha t  some early ce l l s  had been constructed in t h i s  manner. 
The sequence of stack components was positive electrode, separator, negative 
electrode, gas screen, and reservoir. This sequence was repeated through- 
out the electrode stack. Another observation of general in te res t  was tha t  
many of the positive plates had irregularly shaped depressed areas randomly 
dispersed over the surface. There appeared t o  be two d is t inc t  levels of 
material similar to  looking over a broad plain with mesas protruding from 
i t .  Finally, the positive electrodes had grown in thickness considerably 
due to  extended cycling. 

Shorting of adjacent positive and negative plates was found a t  the inner 
perimeter of the plates in the area of the negative tab. In many cases, 
active material from the positive plate was embedded in the adjacent 
negative. The gas screen and reservoir between negative and positive plates 
had me1 ted and shrunk and were fused to  the teflon coated side of the negative 
electrodes. Figures 6 and 7 i l l u s t r a t e  these conditions. Figure 6 i s  a 
photograph of positive plate 36 viewed from the negative end of the electrode 
stack. Note the missing active material and the burned area a t  the core 
where the tab attachment to  the adjacent negative was located. Figure 7 i s  
a photograph of the adjacent negative plate 37 viewed from the positive side 
of the electrode stack a f t e r  removal. Note the active material from positive 
plate 36 adhering in the tab area, and the melting and shrinking of the gas 
screen and reservoir which adhere to  the plate.  Such damage was found to  
extend from the negative end of the electrode stack to  plate se t  27. The 
most massive damage appeared to  occur in plate se ts  34 to  37 with the e f fec t  
becoming l e s s  pronounced on e i ther  side. Also, the plates became more 
planar as disassembly progressed toward the positive end of the electrode 
stack. 

The heat pulse generated when the shorting occurred appeared to  discolor 
and swell the polysulfone core, such tha t  a ribbed appearance was created and 
a black deposit was l e f t  where the positive plates restr ic ted t h i s  swelling. 
Figure 8 i s  a photograph i l lus t ra t ing  th i s  phenomenon a t  the fractured end 
of the core (negative end of electrode stack).  The dimension from the end 
of the core to  the f i r s t  indentation caused by a positive plate i s  less  than 
the combined thickness of the end plate and be l lev i l le  washer, which imp1 ies  
that  the end of the core fractured prior to  the occurrence of the short. 

CONCLUSIONS 

The thicknesses of positive plates were measured during disassembly and 
are tabulated in Figure 9. As bui l t  positive electrodes have a thickness of 



of 0.762 mm (0.030 inches) to  0.813 mm (0.032 inches). Assuming tha t  each 
positive electrode was fabricated a t  the maximum dimension, the electrode 
stack heighth increased by 1 .OO cm (0.395 inches) due to  positive plate 
growth during cycling. This growth i s  believed to  have caused the fracture 
of the shoulder from the center of the polysulfone core. Examination of the 
fa i led  area shows s t r ia t ions  in the material which i s  typical of a fatigue 
fa i lure  in metals. Since the material properties of polysulfone are  differel 
a similar conclusion can not be supported. Also, the angle tha t  the tabs ma1 
with the electrodes were acute angles in the case of negative electrodes and 
obtuse angles f o r  positive electrodes. The ef fec t  i s  most pronounced a t  the 
negative end of the electrode stack where the greatest  re lat ive movement 
occurred. This i s  believed t o  have been caused when the electrode stack 
relieved, by the forces applied through the tab. The tabs are res t r ic ted  
in the center of the core and ac t  as a column pushing on the attachment poin, 
in the case of negative electrodes. In the case of positive electrodes, the 
tab pulls on the attachment point. 

A chronological history of the fa i lure  can be postulated as  follows: 

o Positive plate growth during cycling causes fracture of the shoulder 
from the polysulfone core. 

o Forces applied to  the electrodes when the stack expands create 
pressure points between adjacent pairs of electrodes, most pro- 
nounced a t  the tab attachments. 

o A short occurs a t  a pressure point a f t e r  some period of time. 

o The heat pulse and mechanical forces generated by the short cause 
the f a i lu re  t o  propagate to  adjacent plate sets .  
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Figure 1. 50 ampere-hour nickel-hydrogen cell. 
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Figure 2. Nickel-hydrogen cells mounted in test figure. 
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Figure 9. Measured positive plate thicknesses-Cell S/N 148. 



Q. Pickett ,  Hughes Aircraft: Could you t e l l  me what year the ce l l s  were 
made? 

A. Mueller, McDonnell Douglas Astronautics Company: No I can't .  The 
ser ia l  number is 148 i f  tha t  h e l ~ s .  I think we aot them i n  about 

COMMENT 

Pickett ,  Hughes Aircraft: I jus t  wanted to  comment that  these don't  
have the plates tha t  we are  currently making now. 

Muel l e r ,  McDonnell Douglas Astronautics Company: No these have the 
old plates. I don't know. I talked t o  different  people about this 
plate expansion problem or the plate expansion I saw they have told 
me tha t  there i s  some t e s t  data available. I think they ci ted some 
a t  Lewis and one other location that  shows tha t  the plates, that  you 
have now expansion rates of less  than 10% of what we see here. 

Q. Lim, Hughes Research Lab: Do you have the plate  loading data for  
th is?  

A. Muel 1 e r ,  McDonnel 1 Doug1 as Astronautics Company: No I have not. 

Q. Unidentified: You didn ' t  mention much about the broken ceramic 
washer which i s  something tha t  would concern me because i t ' s  going 
to  be representative of ce i l  fa i lure .  Did you find anything t o  
t e l l  you why tha t  broke? Whether i t  broke ea r l i e r  or a t  the same 
time as the core? 

A. Muel l e r ,  McDonnell Douglas Astronautics Company: No. I theorized 
tha t  broke a t  the same time and mv theorv i s  tha t  i t  broke due to  
the mechanical shock which creat& the ~ m e l y  shorting. We had no 
indication we were leaking hydrogen and I do think t h a t ' s  a good 
indication tha t  the end of the core broke before the cell  shortage. 
I might mention also that  the ce l l  continued t o  work relat ively 
well up until  the cycle before the f a i lu re  occurred. 

Q. Green, RCA-Astro: Could you t e l l  us anything about the history of 
the ce l l s ,  what was done before you yourself put them on t e s t .  

A. Mueller, McDonnell Douglas Astronautics Company: Yes we got them 
from the Air Force and I assume tha t  a l l  that  was done to  them was 
normal exceptance testing. We did some characterization t e s t  where 
we t r ied  different  charge schemes and different  charge rates  
probably about a month in duration. Then we went on to  cycling 
and we did 10,000 cycles on th i s  particular cel l  - 90 minute cycles. 



COMMENT 

Rogers, Hughes Aircraft: Jus t  a comment on the ceramic washer. Had 
that  fa i led  prior to  your main fa i lure  you would undoubtedly l o s t  the 
hydrogen. 

Muel l e r  , McDonnell Douglas AstronauLics Company: I would think so. 

Rogers, Hughes Aircraft: I t ' s  c lear  that  was associated with the 
other f a i lu re  in the ce l l .  

Muel 1 e r ,  McDonnell Dougl as Astronautics Company: As I was saying 
before there was no indication of performance degradation other 
than normal graceful degradation before the f a i lu re  occurred. 

Q. Ritterman, Comsat: You had no pressure indicator on the ce l l s  as I 
saw. 

A. Muel 1 e r ,  McDonnell Dougl as Astronautics Company: Yes we did. 

Q. Ritterman, Comsat: You did have pressure? 

A. Mueller, McDonnell Douglas Astronautics Company: And we saw no loss 
of pressure. 

COMMENT 

Milden, Aerospace Corporation: I was a t  Hughes Aircraft when these 
were bu i l t  and I was actually the guy who was building them and f i r s t  
the good news i s  the cel l  went 17,500 cycles a t  23 degrees centigrade 
which i s  astounding. 

Muel 1 e r ,  McDonnell Dougl as Astronautics Company: That i s  the one 
tha t  just fai led yes th i s  one went 10,000. 

Milden, Aerospace Corporation: Considering t h a t ' s  a f i r s t  generation 
of the f i r s t  f i f t y  tha t  were produced in any quantity, i t ' s  
astounding tha t  they went tha t  fa r .  There have been a number of 
changes made in the design as a resu l t  of the learning experiences. 
One of them i s  tha t  the positive electrode tabs a re  performed now so 
that  there ' s  not quite a sharp a edge there so tha t  shorting path 
would be a l i t t l e  b i t  different .  Also in one program that  area 
has been redesigned and improved significantly.  The electrodes were 
an early attempt and very very f a r  from optimum i n  terms of lower 
orb i t  electrodes. And i t ' s  amazing that  they went that  fa r .  So fo r  
f i r s t  generation a i r  force design production cel l  s actual ly pre- 
production since they were advanced development i t ' s  astounding. 



Kunigahall i , Bowie State College: Could you please tell me what was 
the volume of the electrolyte in the cell? 

Muel 1 er, McDonnel 1 Dougl as Astronautics Company: I 'm sorry I can ' t 
tell you any details about the cell construction. 

Kunigahall i, Bowie State College: What was the condition of the 
separator? 

Muel 1 er, McDonnel 1 Douglas Astronautf cs Company: The separators toward 
the end of the stack were actually in very good condition and in fact 
they were not, did not adhere to the positives very much. In some 
cases they did adhere to the positives, but we were able to get them 
off usually in one piece, some shredding some adherence. But really 
not bad at all. 

Kunigahalli, Bowie State College: Because my experience of nickel 
cadmium cells you know most of the time the separator would be verv 
strongly sticking to the negative due to the cadmium migration. 
I was wondering what is the situation in nickel hydrogen? 

Muel 1 er, McDonnel 1 Dougl as Astronautics Company: I 'rn always sticking 
to the positives. The negatives have teflon coating on them. 

Kunigahall i ,. Bowie State College: Excuse me one last question. By 
any chance did you take the same pictures of the positives? Were 
there any crystal growth or anything like that? 

Mueller, McDonnell Douglas Astronautics Company: All we did was a 
tear down of visual inspection. We did do a chemical analysis of 
the separator to verifym it was asbestos. It was kind of amazing 
to us that it was hanging together so well if it was asbestos, 

Kunigahall i , Bowie State College: Thank you very much. 

Unidentified: Vern, you did mention that they had a reservoir in the 
building stack. Did it have a wall wick also? 

Muel 1 er, McDonnel 1 Dougl as Astronautics Company: We1 1 it had one the 
standard wick on wall .yes- As I mentioned it was wet thev must have 
had very good electrolyte ' retention. 

" 



COMPARATIVE PERFORMANCE ASSESSMENT 

INTELSAT V NICKEL HYDROGEN AND NICKEL CADMIUM BATTERIES 

D. Cooper and A. Ozkul 
International Telecommunications Satellite Organization 

Washington, D. C. 

ABSTRACT 

The first Nickel Hydrogen battery deployment onboard a commercial 
geosynchronous communications satellite was realized with the launch of the 
INTELSAT V, Flight 6 spacecraft on 19 May 1383. The initial five spacecrafts 
in this series are equipped with Nickel Cadmium batteries. Based on the data 
available on both types of batteries, design and operational performance 
comparisons of INTELSAT-V Nickel Hydrogen and Nickel Cadmium batteries are 
presented. General characteristics of the INTELSAT-V spacecraft as related 
to electrical-power-subsystem functions and battery operations are summarized. 

1.0 INTRODUCTION 

INTELSAT (International Telecommunications Satellite Organization), 
with headquarters in Washington, D.C., is a global satellite communications 
system formed in 1964 by its member countries in two segments as space and 
earth segments. The space segment consists of 14 operational and spare 
satellites distributed among the three ocean regions as Atlantic (AOR), 
Indian (IOR), and Pacific Ocean Region (POR). The INTELSAT earth segment is 
formed by 678 ground stations (owned by 109 user countries) which are linked 
to those satellites operating in each region. Although the planning, 
procurement, launch, TTC&M functions, and operational management of the space 
segment are administered by the INTELSAT organization, the construction and 
operation of the individual earth stations are performed by the user 
countries under the guidelines and standards established by INTELSAT. 
INTELsAT's services include provision of capacity in telephone, data, and 
television communications to the world community in general. as well as lease 
services in maritime and regional/domestic communications to various 
organizations. 

INTELSAT began operations in 1965 with INTELSAT I (Early Bird) and 
recently launched Flight 7 of the fifth generation satellites in the 
INTELSAT-V series. The next generation satellites of the INTELSAT-VI series 
are currently under procurement with planned commencement of service in 
mid-1986. The evolution of the INTELSAT space segment is shown in Figure 1. 



In  regards  t o  INTELSAT'S exper ience  w i th  i n - o r b i t  ope ra t i on  of 
spacec ra f t  b a t t e r i e s ,  w e  experienced t h e  f i r s t  major problem wi th  INTELSAT-IV 
b a t t e r i e s  du r ing  t h e  1976-1978 pe r iod .  The degraded performance of  b a t t e r i e s  
on board INTELSAT-IV'S r e s u l t e d  i n  f i v e  t o  s i x  years  of  f u l l  c apac i ty  
opera t ions  i n  c o n t r a s t  t o  seven yea r s  des ign  l i f e .  During t h i s  pe r iod  
var ious  a t tempts  were made t o  make t h e  optimum use  of t h e s e  b a t t e r i e s ,  among 
which powering h a l f  of  t h e  t ransponders  onboard each mal func t ion ing  
spacec ra f t  and thereby  reducing t h e  necessary  depth-of -d ischarge  helped t o  
prolong t h e  s a t e l l i t e s '  ope ra t i ona l  l i f e .  I n  a d d i t i o n ,  co loca t ion  of poor ly  
performing s a t e l l i t e s  were i n i t i a t e d  i n  e a r l y  1980 wi th  two INTELSAT-IV'S 

(F4-F5 a t  1 7 9 ' ~  l o c a t i o n )  when n e i t h e r  s p a c e c r a f t  could provide f u l l  
communications c a p a b i l i t y  dur ing  e c l i p s e  pe r iods  due t o  i n s u f f i c i e n t  power 
a v a i l a b i l i t y .  

The Nickel-Cadmium b a t t e r i e s  of INTELSAT-IVA s a t e l l i t e s ,  which 
commenced s e r v i c e  i n  1974 wi th  a  seven-year des ign  l i f e ,  have performed 
excep t iona l ly  w e l l .  Current  d a t a  i n d i c a t e  t h a t  t h e r e  i s  no s i g n i f i c a n t  
performance degrada t ion  on INTELSAT-IVA b a t t e r i e s  even a f t e r  n ine  years  of 
s e r v i c e  corresponding t o  18 e c l i p s e  seasons .  The minimum vo l t age  on 14 
b a t t e r i e s  i s  approximately 28.8 Vol t s  (1 .15 V o l t s / c e l l ) ,  wi th  measured 
capac i ty  du r ing  r econd i t i on ing  pe r iods  main ta in ing  a  minimum va lue  of 30 Amp 
Hours ( r econd i t i on ing  vo l t age :  25 V). The measured c a p a c i t y  of INTELSAT-IVA 
b a t t e r i e s ,  which c o n s i s t  of 25 hickel-Cadmium cells ,  is  26 Amp Hours (22 Amp 
Hour name-plate r a t i n g ) .  The nominal dep th-of -d ischarge  of  14 ope ra t i ona l  
b a t t e r i e s  ranged between 26-43 percent  of t h e  measured capac i ty  dur ing  t h e  
recent  e c l i p s e  season of F a l l  1983. 

Af t e r  having reasonably succes s fu l  ope ra t i ona l  experiences  with Nickel 
Cadmium b a t t e r i e s ,  e s p e c i a l l y  dur ing  t h e  INTELSAT-IVA and e a r l y  INTELSAT-V 
e r a ,  t h e  c u r r e n t  INTELSAT-V and V A ' S  ( s t a r t i n g  wi th  F l i g h t  6  launched i n  May 
1983),  and INTELSAT-VI s a t e l l i t e s  a r e  equipped wi th  Nickel-Hydrogen 
b a t t e r i e s .  Aside from t h e o r e t i c a l l y  proven improvements and l imi t ed  t e s t / l o w  
o r b i t  performance r e s u l t s  a v a i l a b l e  on Nickel-Hydrogen b a t t e r i e s ,  it can be 
expected t h a t  t h e  long-term, p r a c t i c a l  b e n e f i t s  of u s ing  t h e s e  b a t t e r i e s  may 
be proven towards t h e  e n d - o f - l i f e  of INTELSAT-V s a t e l l i t e s .  

2 . 0  GENERAL DESIGN AND OPERATIONAL CHARACTERISTICS 

The f i r s t  INTELSAT-V s p a c e c r a f t  ( F l i g h t  506) equipped wi th  a  Ni-H2 
b a t t e r y  was launched on 19 Flay 1983. S ince  t h e  launch and dur ing  t h e  r ecen t  
e c l i p s e  season of F a l l  1983, t h e  b a t t e r i e s  have been used dur ing  t h r e e  
i n c l i n a t i o n  maneuver per iods  u t i l i z i n g  t h e  e l ec t ro - the rma l  t h r u s t e r s  (ETT). 
Both b a t t e r i e s  of s p a c e c r a f t  506 were recondi t ioned  p r i o r  t o  t h e  e c l i p s e .  

A l l  INTELSAT-V'S a r e  t h r e e - a x i s - s t a b i l i z e d  s p a c e c r a f t  wi th  t o t a l  
e n d - o f - l i f e  s o l a r  a r r a y  power c a p a b i l i t y  of approximately 1500 Watts.  The 
Ni-H2 b a t t e r i e s  of t h e  l a t e r  s p a c e c r a f t  (506 through 516) c o n s i s t  of two 
27 -ce l l  modules l oca t ed  on t h e  n o r t h  and south  pane l s .  The b a t t e r y  
temperature  c o n t r o l  i s  accomplished by means of  o p t i c a l  s o l a r  r a d i a t o r s  (OSR) 
and t h e r m o s t a t i c a l l y  c o n t r o l l e d  h e a t e r s .  The modular des ign  and loca t ion  of 
b a t t e r i e s  on a l l  INTELSAT-V s p a c e c r a f t  a r e  shown i n  F igure  2 .  



The Ni-H2 b a t t e r i e s  were d i r e c t  replacements f o r  t h e  Ni-Cad b a t t e r i e s  
of e a r l i e r  spacecraf t  with near ly  i d e n t i c a l  volume and she l f  a rea  
requirements. The top  view of each N i - H Z  b a t t e r y  assembly on t h e  north and 
south panels of the  INTELSAT-V support subsystem module is shown i n  
Figure 3. 

The INTELSAT Ni-H2 b a t t e r y  c e l l  design is s i m i l a r  t o  t h a t  of NTS-2 
(Navigation Technology S a t e l l i t e )  launched i n  June 1977 i n t o  low ea r th  o r b i t  
with 12 hours o r b i t  period.  The experimental b a t t e r y  package onboard NTS-2, 
which was developed and manufactured under INTELSAT sponsorship, cons i s t s  of 
fourteen 35-Amp Hour N i - H Z  c e l l s  with a design DOD of 60 percent and a t o t a l  
ec l ipse  load of 350 Watts. A p i c t o r i a l  view of the  INTELSAT-V b a t t e r y  
assembly and t h e  c e l l  design diagram a r e  shown i n  Figure 4.  This f igure  a l s o  
shows t h e  t y p i c a l  temperature sensor ( thermis tor)  locat ions  on a s i n g l e  
c e l l .  Each ba t t e ry  assembly contains one c e l l  with a thermis tor  and another 
with a s t r a i n  gage bridge t o  provide pressure  readouts i n  t h e  telemetry da ta .  

Table 1 shows the  design c h a r a c t e r i s t i c s  of Ni-Cad and Ni-H2 b a t t e r i e s  
f o r  comparison. The charge current  c h a r a c t e r i s t i c s  on a l l  INTELSAT-V 
spacecraf t  a r e  l i s t e d  in  Table 2. 

Figure 5 shows t h e  s impl i f i ed  diagram of one bus of t h e  INTELSAT-V 
e l e c t r i c a l  power subsystem. The o ther  bus is  i d e n t i c a l  t o  the  one shown i n  
t h i s  f igure .  The ava i l ab le  telemetry da ta  on t h e  e l e c t r i c a l  power subsystem 
parameters a r e  a s  follows: 

On Each On Both 
Function Bus/Battery Busses/Batter ies  

Battery Volts 1 
Cell  Volts 2 7 
Battery Temp 2 .  
Battery Pressure 1 
Discharge Current 1 
Charge Current 1 
Bus Current 1 
Array Current 1 
Shunt Current 1 
Bus Voltage 1 

The contro l  re lays  shown i n  Figure 5 a r e  used t o  configure the  
ba t t e ry  charge r a t e s ,  cross s t rapping,  and recondit ioning.  The 
ba t t e ry  sequencer is  a five-minute OFF/ON switch which sequen t i a l ly  
charges the  nor th  and south b a t t e r i e s  f o r  a  period of f i v e  minutes 
each. Although t h e r e  e x i s t s  an overr ide  capab i l i ty  on sequent ia l  
charging t o  switch t o  continuous charge, t h e  l a t t e r  charging mode is 
r a r e l y  used s ince  t h e  thermal and charge r a t e  design of t h e  
spacecraf t  a r e  based on sequent ia l  charging. 



3 .0  IN-ORBIT PERFORMANCE CHARACTERISTICS AND COMPARISON OF NICKEL- 
HYDROGEN AND NICKEL-CADMIUM BATTERIES 

INTELSAT has had ex t ens ive  exper ience  i n  t h e  o p e r a t i o n a l  
a spec t s  of Ni-Cad b a t t e r i e s .  With t h e  deployment of s p a c e c r a f t  506, 
which r ep re sen t s  t h e  f i r s t  Ni-H2 b a t t e r y  system on board a 
commercial geosynchronous communication s a t e l l i t e ,  we a r e  i n  a 
p o s i t i o n  t o  make a comparative assessment of t h e  performance of each 
type  of  b a t t e r y .  An at tempt  is made i n  t h i s  r e p o r t  t o  p re sen t  such 
a comparison. I t  should be noted h e r e  t h a t  a l though our  experience 
on t h e  i n - o r b i t  performance of  Ni-H2 b a t t e r i e s  is l i m i t e d  t o  one 
e c l i p s e  season ( F a l l  1983) fo l lowing  t h e  deployment of s p a c e c r a f t  
506 i n  June 1983, t h e  comperative assessment a s  shown i n  t h e  
fol lowing diagrams is  s t i l l  of  i n t e r e s t .  

Comparative performance c h a r a c t e r i s t i c s  of  a t y p i c a l  Ni-Cad 
(Spacecraf t  503, Ba t t e ry  No. 1 )  and Ni-H2 b a t t e r y  dur ing  t h e  e c l i p s e  
season of F a l l  1983 is  shown i n  F igu re  6 .  This  f i g u r e  i n d i c a t e s  a 
nominal b a t t e r y  load of  11-11.5 Amps f o r  both b a t t e r i e s ,  with 
corresponding minimum end-of-discharge vo l t ages  o f  33.6 Vol t s  and 
32.7 Volts  f o r  Ni-Cad and Ni-H2, r e s p e c t i v e l y .  Among t h e  f i v e  
INTELSAT-V's equipped wi th  Ni-Cad b a t t e r i e s ,  s p a c e c r a f t  503, Ba t t e ry  
No. 1 was s e l e c t e d  f o r  comparison w i t h  Ba t t e ry  No. 2 of s p a c e c r a f t  
506 because of s i m i l a r  load ing  c h a r a c t e r i s t i c s  du r ing  t h e  e c l i p s e  
season .  

Shown i n  Fi-gure 7 i s  t h e  comparison of t h e  vo l t age  and 
temperature  p r o f i l e s  of  s p a c e c r a f t  503,  Ba t t e ry  No. 2 w i th  t hose  of 
Ni-H2 Ba t t e ry  No. 2 of  s p a c e c r a f t  506 dur ing  t h e  24 September 1983 
e c l i p s e .  Notice he re  t h a t  DOD on both  b a t t e r i e s  a r e  s i m i l a r  ( 3 5  
p e r c e n t ) ,  and t h a t  t h e  s t e e p  vo l t age  r i s e  a t  t h e  end of charging 
cyc l e  of t h e  Ni-Cad b a t t e r y  is  not  apparent  i n  t h e  case  of t h e  Ni-H2 
b a t t e r y .  

The performar~ce d a t a  on Ni-H2 b a t t e r i e s  du r ing  t h e  longes t  
e c l i p s e  of t h e  F a l l  1983 season (23 September) i s  shown i n  
F igure  8 .  This  f i g u r e  inc ludes  b a t t e r y  v o l t a g e ,  d i scharge  c u r r e n t ,  
p r e s s u r e ,  and temperature  p r o f i l e s  du r ing  a 24-hour c y c l e ,  a s  we l l  
a s  t h e  p re s su re  and temperature  p r o f i l e s  ~ i t h  t ime  s c a l e  of two 
hours t o  show t h e  v a r i a t i o n  on t h e s e  parameters dur ing  t h e  d i scharge  
pe r iod  i n  more d e t a i l .  I t  should be po in ted  o u t  he re  t h a t  
s p a c e c r a f t  506 is  equipped wi th  a Maritime Communications System 
(MCS), and t h i s  system was undergoing i n - o r b i t  t e s t i n g  du r ing  t h e  
t ime when t h i s  d a t a  was recorded.  Hence, t h e  b a t t e r y  c u r r e n t  shown 
he re  increased  from t h e  nominal va lue  of 11.5 - 12 Amps t o  
approximately 17 Amps, r e s u l t i n g  i n  a 66 percent  DOD r e f e r ence  t o  30 
Amp Hour c a p a c i t y .  The corresponding b a t t e r y  and c e l l  vo l t ages  a r e  
31.4 Vol t s  and 1 .16  Vo l t s ,  r e s p e c t i v e l y .  



The MCS payload operat ion as  shown i n  Figure 8 represents  a  
t e s t  case ,  and heavy loading of b a t t e r i e s  a s  observed here usual ly  
does not  occur during normal opera t ions .  

The comparative p r o f i l e s  i n  vol tage ,  c e l l  vol tage ,  and 
temperature of a  Ni-Cad (spacecraf t  502, No. 2),  and a  Ni-H2 
(spacecraf t  506, No. 2) b a t t e r y  during recondit ioning is  shown i n  
Figure 9 .  The recondit ioning of both types of b a t t e r i e s  was 
performed p r i o r  t o  t h e  corresponding e c l i p s e  season by discharging 
through a  50 Ohm r e s i s t o r  u n t i l  t h e  f i r s t  c e l l  reached 0 . 9  Volt .  A t  
t h e  recondit ioning r a t e s  of C/44 (0.7 Amps) of Wi-Cad b a t t e r i e s ,  an 
average capacity increase  of 3-4 Amp Hours i s  usual ly  observed i n  
comparison with the  recondit ioning r a t e  of C/2 (15 Amps). The 
corresponding capaci ty  d i f f e r e n t i a l  i n  t h e  case of Ni-H2 b a t t e r i e s ,  
however, was measured t o  be + 1 Amp Hour (reference t o  37 A~np Hour 
o v e r a l l  capaci ty) .  This observation is  a t t r i b u t e d  t o  the  higher 
s e l f  discharging of Ni-H2 b a t t e r i e s  and/or e r r o r s  introduced i n  the  
processing of telemetry d a t a .  



Table 1 

Battery Assembly Performance Characteristics 
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CHARACTERISTIC 
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T a b l e  2 

B a t t e r y  Charge Array  C u r r e n t  ( I n  Amperes) 

CHARGE CONTROL ARRAY MODULE 
SEASON/LIFE 

A,D ( 6 ~  x 9s) B,E ( 2 ~  x 9s) C,F ( 3 ~  x 8s) 
VERNAL EQUINOX 

BOL 1.89 0.64 0.95 
EOL 1,68 0.57 0,86 

AUTUMNAL EQUINOX 
BOL 1.86 0.63 0.94 
EOL 1.65 0.56 0.85 

SUMMER SOLSTICE 
BOL 1.66 0.56 0.84 
EOL 1.46 0, 50 0.75 

WINTER SOLSTICE 
BOL 1.77 0.60 0.90 
EOL 1.56 0.53 0.80 

The c h a r g e  a r r a y s  can  b e  u s e d  i n  v a r i o u s  combina t ions  
t o  p r o v i d e  ra tes  i n  t h e  r a n g e  C / 1 0 0  t o  C/5. 
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Figure  5. In t e l s a t -V  e l e c t r i c a l  power subsystem s i m p l i f i e d  block diagram. 
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Figure 6. Performance comparison of nickel- 
cadmium and nickel-hydrogen batteries during 
eclipse season of fall 1983. 
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F i g u r e  7. Performance comparison of nickel-cadmium and n i c k e l -  
hydrogen ba t ter ies  d u r i n g  l o n g e s t  e c l i p s e  of  f a l l  1983. 
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Figure 9. Comparison of nickel-cadmium and nickel-hydrogen 
batteries during reconditioning. 



Q. Rogers, Hughes Aircraft: On the l a s t  curve you showed roughly of the 
.95 vol ts ,  i s  that  per ce l l  from a battery average? 

A. Cooper, Intelsat :  Me have individual cel l  voltages on the spacecraft 
and,we jus t  picked one t o  show, jus t  an arbi t rary choice. 

Q. Rogers, Hughes Aircraft: Oh I see. I s  tha t ,  what i s  the discharge 
ra te  there? 

A. Cooper, Intelsat :  The discharge r a t e  i s  about a t  that  time .5 amps or 
whatever tha t  works out to  be. I t ' s  a 50 OHM res i s tor  so we are  dis- 
charging s tar t ing out a t  about .7 and we are  down to  maybe .5 a t  t h i s  
time. Very low rate .  That's C over 70. 

A. Rogers, Hughes Aircraft: Okay. Low rate.  Thank you. 

COMMENT 

Unidentified: Dennis, jus t  a comment. I s n ' t  there one less  cell  
in nickel hydrogen? 

Cooper, Intelsat :  Yeah we showed tha t  on one of the f i r s t  s l ides  
maybe I d idn ' t  point that  out. I t ' s  27 ce l l s  on the nickel hydrogen, 
28-on the nickel cadmium which obviously makes that  f i r s t  s l ide  l ike  
I said i f  you take the cell  out, those numbers the nickel hydrogen 
would be s l ight ly  above the nickel cadmium. I think you can see i t  
i s  essent ial ly  a one vol t  difference there. 

Cooper, Intelsat :  Did that  answer your question Joe? By the way 
the measure capacity on the nickel hydrogen I don't  know i f  I 
mentioned th is .  37 a-mp-hours and 38 on the nickel cadmium so they 
are  very close compared to  the name plate on the nickel cadmium 
i s  34 and the name plate on the nickel hydrogen i s  30 so  we have 
been trying to  so r t  out what C ra tes  to  use on a l l  these things. 
We are  having a d i f f icu l ty  presenting th i s  as a matter of fac t .  

Dunlop, Comsat: A subject has come u p  a couple of times today 
so I'm just going to  make a comment about the specif ic  energy 
of these c e l l s  and the specif ic  energy of t h i s  battery. Specific 
energy of these ce l l s  based cn tha t  measured capacity which he just  
mentioned of 36 i s  pretty close t o  53, 54 watt hours per kilogram. 
And i f  you've made, t h a t ' s  a 36 amp-hour ce l l .  I f  you made tha t  
cel l  bigger the energy per uni t  weight would go u p  somewhat because 
as the capacity increases the r e s t  of the hardware doesn't go u p  
correspondently. If  you take those and p u t  t h a t  in tha t  battery 
that  he showed there you would find the specif ic  energy per unit 
weight i s  something l ike  about 40 to  44 watt hours per killogram 
and again i t  depends on the average voltage and where you are  
talking about beginning l i f e  or end of l i f e .  B u t  i t ' s  something 
l ike  fo r  the ba t te r ies ,  something l ike  40 t o  44 watt hours per kilogram, 
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