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Preface

This document contains the proceedings of the 22nd annual NASA Aerospace Battery
Workshop, hosted by the Marshall Space Flight Center on October 29-31, 1991. The
workshop was attended by scientists and engineers from various agencies of the U.S.
Government, aerospace contractors, and battery manufacturers, as well as international
participation in like kind from a number of countries around the world.

The subjects covered included nickel-cadmium, nickel-hydrogen, silver zinc, and lithium
based technologies, as well as advanced technologies including nickel-metal hydride and
sodium-sulfur.
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Introduction

The NASA Aerospace Battery Workshop is an annual event hosted by the Marshall Space
Flight Center. The workshop is sponsored by the NASA Aerospace Flight Battery Systems
Program which is managed out of NASA Lewis Research Center and receives support in the
form of overall objectives, guidelines, and funding from Code Q, NASA Headquarters.

The 1991 Workshop consisted of three full days divided into five sessions. The first day
consisted of a General Topic Session and a Primary Technologies Session. The second day
began with the Nickel-Cadmium Technologies Session, a part of which was the Cadmium
Issues Panel Discussion, and concluded with the Advanced Technologies Session. The third
and final day was devoted to the Nickel-Hydrogen Technologies Session. Another panel
discussion entitled Current Nickel-Hydrogen Cell Designs was a part of that session.

On a personal note, I would like to take this opportunity to thank all of the many people
that contributed to the organization and production of this workshop:

The NASA Aerospace Flight Battery Systems Steering Committee, for their financial
support as well as their input during the initial planning stages of the workshop.

Shahid Habib, NASA Headquarters; Bob Bragg, NASA Johnson Space Center;
Frank Deligiannis, Jet Propulsion Laboratory; Dean Maurer, AT&T; Larry Thaller,
The Aerospace Corporation; Sal Di Stefano, Jet Propulsion Laboratory; Ed Buzzelli,
Westinghouse Science & Technology Center; Joe Stockel, Office of Research &
Development; and Michelle Manzo, NASA Lewis Research Center, for serving as
Session Organizers, which involved soliciting presentations, organizing the session
agenda, and orchestrating the session during the workshop;

George Rodney, NASA Headquarters, for taking time out of his busy schedule to
deliver the keynote address for the workshop during the opening session;

Dr. Constance Dees, Alabama A&M University, for her contributions in managing
the contract with the U.S. Space and Rocket Center to conduct the workshop;

U.S. Space and Rocket Center, for doing an outstanding job in providing an ideal
setting for this workshop and for the hospitality that was shown to all who attended;

Marshall Space Flight Center employees, for their help in stuffing envelopes,
registering attendees, and handling the microphones during the discussion periods.

Finally, I want to thank all of you that attended and/or prepared and delivered

presentations for this workshop. You were the key to the success of this workshop.

Jeff Brewer
NASA Marshall Space Flight Center
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ANNUAL NASA AEROSPACE BATTERY WORKSHOP
Marshall Space Flight Center
October 29-31, 1991

George A. Rodney
Associate Administrator
NASA Office of Safety and Mission Quality

Good morning and welcome to the annual NASA Battery Workshop.

In the nearly 20 years that NASA has been conducting these workshops, they have
proven to be highly effective forums on aerospace battery technology. These industry
gatherings have greatly benefitted the NASA Aerospace Flight Battery Systems Program.
Over the years, sharing ideas with experts from industry and other government agencies
has helped us to determine the direction of our Battery Program, identify potential
problems, and seek solutions for technology issues.

Clearly, the foremost technology issue this year is the pending OSHA ruling on cadmium
use. At this point, we can only speculate about the impact of the ruling on; for example,
how it will affect: 1) cost, 2) the availability of cadmium, or 3) the number of suppliers.

With NASA’s heavy dependence on cadmium for flight programs, the ruling represents a
critical concern for our Battery Program. If at some point domestic batteries were no
longer available, we would have to identify other means of acquisition, which could mean
using foreign sources or adapting our programs to accommodate replacement
technologies.

With the final limits unknown, however, NASA still has options. The Lewis Research
Center in Cleveland, Ohio; the Goddard Space Flight Center in Greenbelt, Maryland; the
Jet Propulsion Laboratory (JPL) in Pasadena, California; and other NASA facilities are
researching both system improvements and replacement technologies. These
technologies include alternatives such as nickel hydrogen and metal hydrides. Metal
hydrides would provide a volume advantage over nickel hydrogen and a weight advantage
over Nickel-Cadmium (Ni-Cd). However, this technology is developmental and is a long
way from being flight-ready.

These efforts are aided by the NASA Battery Steering Committee, an advisory group
chaired by the NASA Headquarters Office of Safety and Mission Quality. Committee
members represent each NASA Center, JPL, and Headquarters. In addition, there are
representatives from the Department of Defense (DoD) and other government agencies.

The NASA Battery Program has several initiatives underway to ensure that battery issues
and concerns are addressed and resolved effectively, and in a timely manner.
A cross-section of the projects being worked for the major tasks of the Battery Program

include the following:
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. A NASA-wide Data Base is being developed for the Battery Systems Technology
task by the Lewis Research Center, to centralize battery-related information and

alerts.

. A major project for the Goddard Space Flight Center in support of the Secondary
Battery Technology task, is the resolution of nickel-cadmium cell quality and
reliability problems. A short-term goal is to resolve problems with the current
NASA standard Ni-Cd Cell. The long-term goal is to develop a standard
advanced Ni-Cd cell.

. An electrochemical model of the Ni-Cd system is being created by JPL for use in
developing an accelerated tes* to determine the quality and reliability of flight lot
cells. The model also would be uvsed to predict battery performance based on
operating conditions.

. A system of independent checks and balances is being developed that will include,
for example:

1) test facility upgrades at Goddard and JPL,

2) an independent Destructive Physical Analysis facility to conduct diagnostic
component testing, and

3) Nondestructive Evaluation (NDE) testing for nickel-hydrogen cell cases.

. The Johnson Space Center is seeking to improve the safety and reliability of
primary battery systems by reducing the number of cell chemistries used to qualify
high performance of NASA standard primary cells.

This is a brief look at some of the initiatives underway to ensure that NASA programs
will have the batteries needed for primary technologies, secondary batteries, and systems
technologies for integrating the batteries.

Whatever direction that NASA takes based on the final OSHA ruling, there will be
continued emphasis on providing safe, reliable, and high quality batteries. Safety,
reliability, and quality assurance considerations for the NASA Battery Program include a
range of activities for battery systems and technologies. For example, engineers within
the Office of Safety and Mission Quality establish safety plans and procedures, advocate
and monitor testing to ensure reliability, and implement quality assurance procedures.
The aim is to keep new battery technologies moving forward, anticipate future NASA
battery requirements, and bridge the gap between technology development and flight
applications.

I have mentioned some of the future scenarios and options being considered at NASA as
well as some of the initiatives underway to foster continuous improvement of our battery

systems.
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The NASA Battery Program has done an excellent job overall in focusing the Agency’s
attention on the pending OSHA decision, apprising management on the status of the
options and increasing the level of communication throughout NASA on battery issues in
general. We recognize that the success and effectiveness of our Battery Program is due
in large part to the strong contributions of our industry partners and other government
agencies.

As always, we look forward to learning of your plans and concepts for battery systems
and replacement technologies.

Thank you.
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NASA AEROSPACE FLIGHT BATTERY SYSTEMS PROGRAM, AN UPDATE

Michelle A. Manzo
Patricia M. O’Donnell
NASA Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

The major objective of the NASA Aecrospace Flight Battery Systems Program is to provide
NASA with the policy and posture to increase and ensure the safety, performance and reliability
of batteries for space power systems. The program was initiated in 1985 to address battery
problems experienced by NASA and other space battery users over the previous ten years. The
original program plan was approved in May of 1986 and modified in 1990 to reflect changes in
the agency’s approach to battery related problems that are affecting flight programs. The NASA
Battery Workshop is supported by the NASA Aerospace Flight Battery Systems Program. The
main objective of the discussions at this workshop is to aid in defining the direction which the
agency should head with respect to aerospace battery issues.

Presently, primary attention in the Battery Program is being devoted to issues revolving around
the future availability of nickel-cadmium batteries as a result of the proposed OSHA standards
with respect to allowable cadmium levels in the workplace. The decision of whether or not to
pursue the development of an advanced nickel-cadmium cell design and the qualification of
vendors to produce cells for flight programs hinges on the impact of the OSHA ruling. As part
of a unified Battery Program, the evaluation of a nickel-hydrogen cell design options and
primary cell issues are also being pursued to provide high performance NASA Standards and
space qualified state-of-the-art primary cells. The resolution of issues is being addressed with
the full participation of the aerospace battery community.

INTRODUCTION

The NASA Aerospace Flight Battery Systems Program represents a unified NASA wide effort
with the objective of providing NASA with the policy and posture which will increase the safety,
performance, and reliability of space power systems. The program consists of three major
technical tasks designed to accomplish this objective. These are: Battery Systems Technology,
Secondary Battery Technology, and Primary Battery Technology. The approach to achieving
the program objectives involves 1) increasing the fundamental understanding of primary and
secondary cells; 2) providing for improved cell/battery manufacturing process control,
specifically in the nickel-cadmium area; 3) addressing and investigating the establishment of a
NASA standard nickel-hydrogen cell design; 4) establishing specifications, design and

PRECEDING PAGE BLANK NOT FILMED
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operational guidelines for both primary and secondary cells and batteries; 5) providing training
relating to the above areas; and 6) opening and maintaining communication lines within NASA

and the aerospace community.

The NASA Lewis Research Center (LeRC) has the overall responsibility for management of the
program. Dr. Patricia O’Donnell of the Lewis Research Center is the program manager. The
majority of the NASA centers are involved in the execution of specific tasks within the program.
The overall objectives, guidelines and funding are provided by NASA Headquarters through
Code Q, the Office of Safety and Mission Quality. In July of this year Mr. Shahid Habib was
named as the Headquarters, Code Q program manager, replacing Mr. Frank Manning. The
original organization of the tasks in the program plan, the initiation of the plan and annual status
updates have been previously reported in references 1 through 5.

The major 1ssue facing the agency today revolves around the future of Ni-Cd iechnology and the
potential impact of the proposed OSHA standards on future Ni-Cd cell production, both in terms
of cost and the willingness and ability of the manufacturers to meet the new standards. The
goals and objectives of the NASA Aerospace Flight Battery Systems Program are reevaluated
periodically to address such concerns in a timely manner. The overall plan, the specific
modifications, and the status of the tasks will be addressed in this paper.

PROGRAM PLAN OVERVIEW - TASK STATUS

This program is designed to enhance the safety, reliability, and performance of NASA’s
aerospace primary and secondary batteries as well as battery power systems. The NASA
Aerospace Flight Battery Systems Program is organized under four major tasks: Program
Management, Battery Systems Technology, Secondary Battery Technology, and Primary Battery
Technology.

Program Management

The NASA Lewis Research Center is responsible for the management of this program. The
NASA Lewis Research Center Program Manager provides continuing coordination with all the
NASA centers, Jet Propulsion Laboratory (JPL), NASA Headquarters and the NASA Aerospace
Flight Battery Systems Steering Committee. The NASA Aerospace Flight Battery Systems
Steering Committee provides advice on battery issues. The Committee is chaired by the Office
of Safety and Mission Quality, membership is comprised of one representative from each of the
NASA centers and one representative from Aerospace Corporation, representing the Air Force.
The Lewis Research Center Program Manager has full responsibility for technical management,
cost and scheduling of the program.

Battery Systems Technology

The Battery Systems Technology Task addresses the overall systems aspects associated with the
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integration of cells into batteries and batteries into power systems. The objective is to improve
the reliability of energy storage, space power system design, integration, and checkout.

The Goddard Space Flight Center (GSFC) is in the process of developing a NASA Handbook
for Nickel-Hydrogen Batteries. Mr. Jim Dunlop has been hired as a consultant to aid in the
development of the Ni-H, handbook. The handbook is in the final phases of the review process.
The NASA Handbook for Nickel-Hydrogen Batreries will address the following subjects: 1)
Nickel-Hydrogen Cell Design, 2) Aerospace Applications of Nickel-Hydrogen Batteries, 3)
Nickel-Hydrogen Battery Design, 4) Advanced Battery Design Concepts, 5) Performance of
Nickel-Hydrogen Batteries 6) Battery Procurement, 7) Standard Test Procedures for NASA, 8)
Storage and Handling, and 9) Safety.

As a part of the Handbook Development Task of the Battery Program, GSFC 1s also prepanng

a H or Aero: Nickel- This

handbook is not mtended to duphcate the information covered in NASA reference Pubhcatxon
1052, Sealed-Cell Nickel-Cadmium Battery Applications Manual. The purpose of this handbook
is to update the handling procedures and practices for working with nickel-cadmium batteries.
The Handbook covers changes in guidelines resulting from improvements in design,
manufacturing, and testing of nickel-cadmium cells and batteries. The heritage of many GSFC
flight Ni-Cd battery developments over the past three decades is covered in the handbook. This
handbook specifically covers the following 1) Background, 2) Nickel-Cadmium Cell Primer, 3)
The Environment and Nickel-Cadmium Batteries, 4) Battery Handling and Storage Guidelines
and 5) Nickel-Cadmium Cell Design and Evolution (from 1960-1989).

The handbooks are intended to serve as the basis for a training plan, at the engineer and
technician levels, that will ensure that personnel involved with the test and operations of batteries
and their related power systems are fully qualified to implement safe and proper operational
procedures including storage practices. The Kennedy Space Center (KSC) has responsibility for
this task. A subcommittee consisting of engineers who have direct flight battery expertise has
been formed at KSC. The subcommittee is in the process of assessing battery training
requirements first at KSC then within the agency. Safety and handling procedures used by
individual projects are being assembled. Presently, safety and handling procedures have been
mission specific. This task will attempt to develop an integrated plan to be used agency wide.

The Battery Data Base subtask addresses a NASA Battery System Data Base Environment to
serve the NASA battery community for the dissemination of technical notes, policy
documentation and test data. Efforts are underway to develop a battery specific data base that
would provide access to operational cycle test data in addition to a problem reporting system.
The battery data base will serve as an integrated repository of knowledge gained from
manufacturing, ground testing, and flight experience. The goal is to permit all NASA centers
to input and retrieve pertinent information, and to facilitate the issuance of rapid alerts when
potential problems and/or trends have been identified. Data base capabilities in the following
areas will be established: bulletin boards, a documentation library, test data archives, and
battery models. In the past few months, responsibility for the implementation of this subtask
has been transferred from Ames-Dryden Flight Research Facility to the Lewis Research Center.
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The majority of the NASA cell test data base resides at the Naval Weapons Support Center,
Crane, IN. Efforts are underway to organize and structure the Crane test data so that it will be
easily accessible within the data base. As part of this subtask, Crane has updated NASA pack
history files dating back to 1975, provided pack record structure information, and converted data
tapes to a useable format for all NASA tests dating back to 1981. This initial data is presently
accessible through direct interactions with Crane. A plan to establish on-line capabilities for data
access through Crane is being pursued.

The NASA Battery Workshop comes under the sponsorship of the NASA Aerospace Battery
Systems Program. The Marshall Space Flight Center hosted the Workshop in December 1990
and is the sponsor of this year’s workshop as well. NASA Conference Publication 3119, The
1990 NASA Aerospace Battery Workshop, (ref. 6) summarizes the proceedings of last year’s
workshop. The workshop serves as a forum for open communication of battery related activities
between industry and government. The panel discussion sessions covering the Cadmium Issue
and Current Nickel-Hydrogen Cell Designs should provide valuable input into NASA programs.

The future requirements and applications for both primary and secondary battery systems are
continuously monitored as part of Battery Systems Task. The Lewis Research Center has
responsibility for this subtask. The potential loss of nickel-cadmium cell suppliers and the
development of nickel-metal hydride technology as a potential replacement technology are of
prime importance in addressing NASA’s future secondary battery requirements.

Secondary Battery Technology

The Secondary Battery Technology Task was established to improve the performance, quality,
safety, and reliability of secondary battery systems. This task presently focuses on the nickel-
cadmium and nickel-hydrogen systems which encompass the majority of NASA’s present and
planned secondary battery applications. Again, the issues being raised with respect to the
proposed OSHA cadmium ruling and its potential impact will have an effect on the direction of
the Battery Program with respect to secondary technologies.

Nickel-cadmium batteries provide the storage capability for the majority of NASA’s missions.
As a result, the future of nickel-cadmium manufacturing and the availability of nickel-cadmium
cells are of major concern to the agency. NASA is in the process of evaluating the impact of
the cadmium ruling and the direction required to ensure that future missions will have the neede«
storage systems. This involves decisions with respect to nickel-cadmium and nickel-metal-
hydride technologies. NASA had developed a recovery plan to address the nickel-cadmium cell
quality and reliability problems that surfaced in the late 1980°s. Near-term and far-term options
for the resolution of the life and reliability problems with the current design nickel-cadmium
cells were formulated and are being implemented. The near-term approach is aimed at the re-
establishment of a qualified NASA Standard Nickel-Cadmium Cell. The far-term solution
involves the establishment of an Advanced Nickel-Cadmium NASA Standard Cell design which
would incorporate electrochemically impregnated plates and non-nylon separators. The
procurement to implement the far-term solution has not been initiated, pending a determination
of the future of nickel-cadmium batteries. The need for a program addressing nickel-metal-
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hydride development is also being evaluated.

In order to support flight programs and address NASA’s future needs with respect to nickel-
cadmium cells, GSFC is responsible for a subtask that involves the evaluation of SAFT cells and
Hughes "advanced" Ni-Cd. A number of cells has been provided by SAFT for evaluation by
NASA. 20 and 24 AH cells are currently on test. Tests have been in progress for greater than
two years. Testing is being conducted at 40% DOD and 0 and 20°C. The data accumulated to
date shows performance of the SAFT cells to be comparable to that of the NASA Standard cells
used for LANDSAT. Sixty advanced design Ni-Cd cells have been purchased from Hughes.
Six, five to eight cell test packs of advanced design cells and an additional eight cell pack of
‘super’ Ni-Cd cells are currently undergoing stress testing at 20 or 30°C and 40% DOD at
Crane. An additional pack of advanced Ni-Cd cells with Z/PS or Z/PBI separators is being
evaluated under a GEO regime. The advanced design cells do not contain the electrolyte
additive used in the ‘super’ Ni-Cd cells. To date, the cells have accurnulated > 8000-10000
cycles. A summary of the status of these tests appears in reference 6.

Modifications to the present Gates cells are also being investigated as a part of the near-term
solution. An interactive contract with Gates, under the management of the Lewis Research
Center, has been initiated that would allow variations in the porosity, nickel attack level, and
the loading level of the positive electrodes as well as the incorporation of alternate separators,
and varied electrolyte levels. Modified cells will be constructed and tested to evaluate the
effectiveness of the component changes. The composite Task Force Group on Near Term
Nickel-Cadmium Cell Design has made recommendations regarding the selected parameters and
levels to be evaluated. Plans are to initially evaluate the effects of nickel attack level, positive
plate loading and negative plate loading in a statistically designed experiment. The first cell
order has been placed, plaque production is scheduled to begin in mid November.

NASA, through the Goddard Space Flight Center, is also in the process of revising the NASA
Specification for Manufacturing and Performance Requirements of NASA Standard Aerospace
Nickel-Cadmium Cells, NHB 8073.1. The NHB was originally written to update the existing
specification to correlate with the current NASA Standard Nickel-Cadmium Cell Manufacturing
Control Documents at Gates Aerospace Batteries. The NHB is presently being revised to do the
following: 1) strengthen the technical contents and requirements of the document; 2) incorporate
performance assurance requirements and thereby improve the quality of the cells produced; and
3) incorporate comments received from Gates Aerospace Batteries on the present version of
NHB 8073.1.

The approach for the long-term resolution of the nickel-cadmium problems involves the
definition and development of a NASA standard advanced nickel-cadmium cell for NASA
Secondary battery applications. It is to be accomplished by developing detailed, rigid
specifications and sponsoring the development of manufacturing, testing and inspection processes
by both government and contractor agencies. The present approach is to procure cells, from any
qualified bidders, built to the rigid specifications required to ensure the quality and reliability
of the cells. The cells will be tested and vendors qualified. The advanced design requires
electrochemically impregnated plates and a separator capable of sustained operation at 30°C.
Goddard Space Flight Center has responsibility for the management of this subtask. As
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mentioned previously, the initiation of the procurement has not been implemented pending a
decision with respect to the future manufacture of nickel-cadmium cells.

The Jet Propulsion Laboratory is responsible for the Applied Nickel-Cadmium Technology
subtask. This subtask involves the development of an electrochemical model of the nickel-
cadmium system that involves physical, chemical, and electrochemical studies at the component
and cell levels. The model will be used to develop an accelerated test which can be used to
determine the quality and reliability of flight lot cells without extensive life testing and to predict
the performance of a battery from a set of spacecraft operating conditions. Phase I of the
model, which involves using a table lookup approach for determining cell performance, has been
implemented and is available for distribution through COSMIC. Phase II of the model involves
the replacement of the table lookup approach used in Phase I with a one dimensional
electrochemical model being developed under a contract with Texas A&M. The model,
simulating the charge and discharge has been developed. The Phase II model is presently
undergoing verification. The model predictions match actual test data through much of the cycle
life. The Phase II model is presently undergoing modifications to incorporate proton diffusion
and a more rigorous treatment of the active material conductivity as improvements to modelling
the response at the positive electrode that were identified during work on a Ni-H,
electrochemical model at Texas A&M. The third and final phase of the model involves the
expansion to a two dimensional model and the incorporation of factors to predict performance
degradation. The Phase III model is scheduled to be complete in 1992. Additional information
on the status of this effort is available in references 7-15.

The major goal of the Nickel-Hydrogen Technology subtask is to evaluate design features for
incorporation into nickel-hydrogen cells for NASA missions. Steps are underway to evaluate
the critical aspects of nickel-hydrogen. technology in order to prevent a situation similar to that
presently being experienced with nickel-cadmium cells and to ensure the consistent production
of quality cells. The Lewis Research Center has responsibility for the Nickel-Hydrogen
Technology subtask. It involves coordination of Code R, Office of Aeronautics and Space
Technology, technology development efforts and Code Q support for the verification and
qualification of technology advances identified through the Code R program. Currently, the
effects of the NASA advanced design features and the effects of 26% vs 31% KOH are being
evaluated in flight cells being tested at Crane. Preliminary results of the testing of cells with
varied KOH concentration support the accelerated boiler plate tests run previously. The three
cells containing 31% KOH failed at cycles 3729, 4165, and 11,355. One of the cells with 26%
KOH failed at cycle 15,314, the remaining cells have accumulated > 17,000, 80% DOD LEC
cycles at 10° C, and continue on test. DPA’s have been performed on the failed cells. The
testing of the advanced design specifically involves evaluating the effect of the catalyzed-wall
wick on cell life and performance. These cells are being cycled at 60% DOD and 10°C in a
LEO regime. The cells with the catalyzed wall wick have accumulated > 14,000 LEO cycles
with no cell failures. One of the cells without the catalyst on the wall failed at cycle 9,588, the
two remaining cells continue to cycle and have accumulated > 14,000 cycles. Details on the
status of these evaluations can be found in references 16 and 17. Flight cells evaluating potential
replacements for the asbestos separators presently used in nickel-hydrogen cells have been
delivered and are scheduled to begin characterization testing in November of this year. Battery
program funds support cycle testing of the above groups of cells and the performance of
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destructive physical analyses as the cells fail. Cells have also been ordered to evaluate the
effects of impregnation method and cell design on performance and cycle life. This subtask
involves close coordination with Hubble Space Telescope and Space Station Freedom, missions
which are using or will use nickel-hydrogen batteries for energy storage.

A subtask which involves the implementation of a program of independent checks and balances
was added to the Secondary Battery Technology Task in response to the current nickel-cadmium
situation. The increased checks and balances are aimed at identifying potential problem areas
in a timely manner so that appropriate actions can be taken to correct the problems with minimal
impact. The independent checks and balances include the following: 1) test facility upgrades;
2) support of task force activities to investigate specific problem areas; 3) the establishment of
an independent DPA facility to perform routine diagnostic component testing; 4) the investigation
of impedance as a diagnostic tool for predicting cell performance, life and quality; and 5) the
development of advanced NDE methods for nickel-hydrogen cell cases.

The expansion and upgrading of test facilities at JPL and the GSFC, planned as part of the
independent checks and balances sub task, will provide increased capability within NASA for
the testing and mission simulation testing of cells and batteries for future NASA missions. JPL
has built ten test stands capable of performing parametric characterization and mission simulation
type testing. Upgrades to GSFC test facilities have been supported as well. Goddard is
designing stands capable of testing nickel-cadmium and nickel-hydrogen cells. These test racks
will have the added advantage of being transportable to the launch site for on-site, pre-launch
testing or conditioning.

Several of the task force activities initiated at the Nickel-Cadmium Mini-Workshop held at the
NASA Marshall Space Flight Center (MSFC) in June of 1988 are continuing as a part of the
increased checks and balances sub task. These include the Crane Data Evaluation Task Force,
the effort for the Establishment of Standard DPA Procedures, and the Separator Test Procedures
Task.

The Crane Data Evaluation Task Force group determined that the present data base of Crane
data is not useful for the determination of product consistency or statistical relationships. The
task force role was expanded to include the identification of a meaningful test matrix for the
testing and evaluation of cells for LEO and GEO applications. JPL contracted with MRJ to
perform this work. Reports by MRJ and JPL, discussing the evaluation of the procedures used
in testing nickel-cadmium cells have been issued (ref 19, 20). The recommendations will be
evaluated and new test procedures established.

The Marshall Space Flight Center has the responsibility for developing and establishing NASA
standards for the performance of destructive physical analyses. Current DPA procedures used
in the industry are being evaluated in an effort to identify a standard procedure for the agency.
Plans are to implement an approved procedure at the independent DPA facility that is being
established as part of this subtask. Here the objective is to establish an independent facility for
the performance of DPA’s and routine diagnostic tests for secondary cells. The Marshall Space
Flight Center is organizing efforts relating to the establishment of the independent DPA facility.
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A task force group was formed to evaluate the present separator test procedures used to screen
and evaluate separator uniformity and quality for use in nickel-cadmium cells. The Lewis
Research Center is involved in defining improved tests that will more closely evaluate separator
characteristics as related to the actual cell environment. A support service contractor has been
hired to perform this subtask. Procedures will be made available as they are developed.

As part of an effort to understand and define the component properties that lead to reliable, high
performance cells JPL performed a task comparing properties of plates produced in the 1970’s
when cells were relatively problem free to those of plates made more recently. Preliminary
evaluation of materials made in 1978 and 1985 showed no major differences in physical
characteristics. This sub task provided valuable input for the modelling effort. References 21
and 22 summarize the work performed to date under this subtask.

The use of impedance spectroscopy as an interpretive tool for predicting cell performance, life,
and quality is being investigated. The Lewis Research Center is responsible for this effort. To
date Ni-Cd, Ni-H,, and Li-SO, cells have been evaluated. Cells of the same chemistry exhibit
characteristic impedance spectra that relate to manufacturer. It remains to be seen if these
characteristics correlate with life and performance. The status of the efforts in this area has been

reported in references 23-29.

The mechanical aspects of nickel-hydrogen case integrity and non-destructive evaluation of the
cell closure welds are of particular concern for determining flight worthiness of nickel-hydrogen
cells. As a part of this program, the Langley Research Center is responsible for investigating
advanced NDE techniques for flaw definition and flaw growth in nickel-hydrogen cell cases.
X-Ray residual stress characterization, Bragg diffraction, Shearography and Thermoelectricity
are being investigated. This subtask involves close coordination with related activities being
conducted by the Space Station Freedom Program Office.

Primary Battery Technology

The objective of the Primary Battery Technology Task is to improve the performance, reliability
and safety of primary battery systems. The major thrust of this effort is to reduce the number
of different cell chemistries now used by identifying and qualifying high performance NASA
Standard Primary Cells. The Johnson Space Center has primary responsibility for work
performed in the primary battery area.

A Primary Battery Design and Safety Handbook has been prepared and is expected to be
published in the near future. It is intended that the handbook provide National Space
Transportation System users with the necessary guidelines, standard testing procedures and
requirements to ensure mission success.

An excess of a dozen different cell chemistries are presently used by NASA to provide the
power requirements for primary battery applications. Many of the cells and batteries used are
commercially available off-the-shelf items. As a result, NASA has no control over the
manufacturing processes used to produce these cells. Therefore, NASA, through JSC, is in the
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process of setting up a logistics source of primary cells that will have been previously screened
and qualified. This will help to ensure the cell/battery quality and result in greater system
reliability.

Studies have been conducted in order to minimize the number of cell chemistries which would
represent an overall optimum for all NASA missions. Lithium D-Cell, and Zn-O, cell
development are part of the primary battery efforts. Subtasks are underway which are designed
to optimize these systems and make them safer for use.

JSC contracted with Yardney Technical Products to investigate the development of
internal/external short circuit protection for lithium cells. The objective of this subtask was to
develop a positive control for both internal and external short circuits in lithium cells. The
control is activated by temperature, shutting the cells down from the heat generated by shorts.
The protective coating developed under this contract was so thick (~25 mils) that the capacity
was reduced by 50% and the rate capability was also substantially reduced. Yardney Technical
Products is pursuing additional development of the film as part of an internal IR&D effort.

Lithium D-Cell development encompasses the development of an optimized lithium D-cell, or
a family of D-cells, that can serve as a building block for the for the varied applications now
flying and those to be flown in the near future. The goal is to develop cells capable of meeting
relatively high rate requirements while being as tolerant as possible to electrical and thermal
abuse. The candidates for evaluation and selection are the JSC Li-BCX, the JPL high rate
LiSOCI, , and the Wilson Greatbatch, Ltd. Li-CSC.

The NASA Aerospace Flight Battery Systems Program also supports the development of a pair
of Zn-O, cells: a high capacity cell of 150-200 AH at rates of 25-100 hours and smaller
capacity 9-12 AH cell to be operated at higher rates of 3-12 hours.

CONCLUDING REMARKS

The NASA Aecrospace Flight Battery Systems Program provides for a balanced cell, battery and
systems program which includes primary and secondary battery activities in support of NASA’s
flight programs. It has provided for increased communication within the agency and with the
battery industry as well. The program addresses flight battery and related flight power system
activities which are essential for ensuring safe and reliable performance. The future of the
secondary nickel-cadmium cells is presently the top priority of the program. In addition,
continuing efforts in the nickel-hydrogen and primary battery areas are aimed at preventing the
problems in these areas.
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Abstract

The development of computerized control, and data
retrieval for aerospace cell testing affords an excel-
lent opportunity to incorporate three specific con-
cepts to both manage the test area and to track
product performance on a real-time basis: [1.]

DoD 5000.51-G:  The adoption and incorporation
of precepts fostered by this TQM initiative are criti-
cal to us for retaining control of our business while
substantially reducing the separate QC inspection ac-
tivity; [2.] CLASSIFICATION OF TEST DISCREP-
ANCIES: Test Discrepancies are all "equally bad" in
cell Acceptance Testing because, for example, we

presently do not discriminate between 1mV or 25mV
for an overvoltage condition. We must take leader-
ship in classifying such discrepancies in order to expe-
dite their clearance and redirect our resources for
prevention activities.[3.] ENGINEERING
ALERTS: The development and use of engineering
alerts [ or guardbanding | which more closely match
our product capabilities and are toleranced tighter
than the required Customer Specification are para-
mount to managing the Test Unit in order to remain
both quality and cost effective.

Introduction to the current GAB Test Unit:

The GAB Test Unit is a 3,750 square foot facility lo-
cated on the first floor of the GAB Aerospace com-
plex. It is equipped with 550 ambient temperature
test stations for NiCd Pre- Acceptance Testing and
330 environmentally controlled test stations for NiCd
Acceptance Testing. There are an additional 192 test
stations dedicated to NiH2 Cell Activation and Ac-
ceptance Testing; these stations are 100% computer
controlled including active temperature control and
pressure monitoring via strain gages. There are addi-
tional test positions utilized for electrode stress test-
ing and for flooded electrode capacity testing, This
Test Unit operates 24 hours a day, 7 days a week and
is staffed by a crew of fifteen operators over three
shifts. Each shift includes three Test Operators, one

Lead Technician, and one Quality Inspector. The
Test Unit is supported one a full time basis by an
Electronic Technician, a Refrigeration Specialist,
and an Equipment Development Engineer. Test ca-
pability spans a range of designs from 0.25 amp-hour
to 150 amp-hour capacity over a temperature regime
of -10to + 35 C. Test capability also covers 40 differ-
ent NiCd and NiH2 programs for commercial and
military programs. The Test Unit is a dynamic, state-
of-the-art facility which performs its own mainte-
nance (tracked on a computerized database),
develops their own test equipment, and is increasing
their capability on a daily basis for computerized data
retrieval, information handling, and test control.

Total Quality Management Guide DoD 5000.51-G

This TQM philosophy fosters continuous improve-
ment by the real-time recognition of improvement op-
portunities through the use of data collection, various
statistical or mathematical tools for the identification
and analysis of variation, and thereafter providing
guidance for reduction and elimination of this vari-

Reduction in Test Discrepancies

ance depending upon the nature of the common
cause or special cause. Specific improvement oppor-
tunities addressed within the Test Unit include: a]
reduction in test discrepancies; b] reduction in per-
formance variation within a lot; and, c¢] reduction in
lot-to-lot performarice variation.

Over the past three years, the Test Unit has signifi-
cantly reduced the number of test anomalies through
the elimination and reduction of Special Causes.
Chart No. 1 graphically displays how personnel in the
Test Unit lowered the number of discrepancies by
the applied analyses of Man, Method, Machine,
Materials, and Environment in order to understand
the role of each, and their associated interactions:

MAN: The Test Unit now employs skilled, trained
and competent technicians. On each of the three
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shifts, there is a Lead Technician, three Test Techni-

cians, and one dedicated QC Inspector. In addition,
there is a full time maintenance technician and refrig-
eration specialist.

MACHINE: Numerous equipment additions include
1] Failsafe Devices for preventing cell reversal, for
ensuring proper transitions of test procedure, audible
warning devices; and, usage of data loggers; 2]
charge/discharge status indicators; 3] refurbishment
of existing equipment and adoption of customized en-
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vironmental chambers; and, incorporation of com-
puter control on 409% of the environmental chambers.

METHOD: We are constantly improving our
method of operations by reviewing our training and
by the validation of functional procedures, adoption
of trend analyses, standardization of temperature
control, and standardization of test instructions. One
specific example is the Extended Pre-ATP wherein
32F and 86F performance tests are used to emulate
the forthcoming acceptance test.

MATERIAL: Product as well as the accompanying
data package undergoes a substantial review prior to
transfer from the fabrication shop into the Test Unit.

Reduction in Performance Variation

The concept of internal customers within Gates dis-
allows the unilateral transfer of material internally
and this concept will be formalized into a series of
Delivery Review Boards throughout the entire fabri-
cation and test process.

ENVIRONMENT: The physical environment in the
Test Unit has expanded and substantially improved
10 maintain more stable temperature and humidity.
This was accomplished by improvement and dedica-
tion of the air conditioning units, usage of more hu-
midity monitoring devices, and a restructuring of the
coolant control systems for the environmental cham-
bers.

Further reduction of variation within the Test Unit is
hampered somewhat by the currently imposed con-
tractual obligations and restrictions. Whether we
consider performance variation within a lot or con-
sider lot-to-lot performance variation, two addi-
tional steps must be taken. These steps include the
adoption of a classification scheme for test discrepan-
cies, and the incorporation of internal performance
guidelines. The present Failure Reporting and Cor-
rective Action System (FRACAS) is both labor and
time intensive. Presently our FRACAS is a conglom-
eration of inputs from MIL-STD-1520C (Corrective
Action and Disposition System for Nonconforming
Material) and 40 plus Program Offices. The MIL-
STD states in part that a Minor Nonconformance
does not adversely affect any of the following: [a]
health or safety, [b] performance, [c] interchange-

Classification of Test Discrepancies

ability, reliability, or maintainability, [d] effective use
or operation, [e] weight or appearance. Most of the
customer contracts parrot some or all of this specifi-
cation; but, no where are definitive examples pro-
vided to guide the shop, test, or inspection personnel.
To compound this issue, one customer specification
spends 20 plus pages defining failures, power-on fail-
ures, discrepancies, nonconformances (Type 1 & 2),
deviations (functional and performance), anomalies,
and out-of-family conditions while still not providing
for quantitative descriptions to be used at the shop
level. By default, all Test Discrepancies incell Ac-
ceptance Testing become Major Nonconformances
and are "equally bad." For example, we presently
do not discriminate between ImV or 25mV for an
overvoltage condition, nor do we discriminate be-
tween 1 amp-minute or 10 amp-hour for low capacity.

The standardized definition , and classification of
discrepancies occurring in cell Acceptance Testing is
necessary for us to manage the Test Unitand to
avoid the untimely delay of customer levei material
review for insignificant issues. As regards our exam-
ple of low capacities of 1 amp-minute versus 1 amp-
hour, both conditions are subject to a Gates
Anomaly Report, an internal Material Review meet-
ing, customer contact and approval to continue, and
Customer Material Review.  Table Nos. 1 &2 con-
tain standardized definitions which should be applied
to discrepancies which occur within acceptance test-
ing,and are endemic to starved NiCd cells and NiH2
cells. Thereafter, discrepancies arc classified as to
whether they are Critical, Major or Minor; and, then
to whether the discrepancy is a Cell Response Dis-
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crepancy [such as pressure or capacity], or a Test
Control Discrepancy [such as time or temperature].
By this classification scheme then, our example for
discrimination of overvoltages shows ImV to be a
Minor Discrepancy versus the 25mV as a Critical Dis-
crepancy. The use of this classification scheme must
respect the Customer Specification, and the use of
potential Engineering Alerts. There is provision for
an automatic retest when any of the defined Minor
Discrepancies occurs. Obviously these definitions
and the retest provisions require customer approval;
however, the presentation of these definitions at the
NASA Battery Workshop is expected to expedite
their acceptance. The adoption of these or similar
standardized definitions will significantly improve the
resolution of discrepancies when they do occur.

General Topic Session



I 1HVHO

Aemojie)) preysry :Kq paieaid
SVEVLVA YYD NOYd NTFIVL NOLLVIWI QNI -3LON

m&m@ OD‘{‘@ fﬁg ZDH% AV RN m&mx&

HOOW 2NV DI4IDHdS

TVIIALVIN ANIHOVIN JOHLAW NVIN
N S 3 0
NEWN 0B SN N\
N\ ~ 11 N
i & . ré Fé <
/m t b t 4 ¢
AN S
9
i L
L 01
LT
-1 <1
~ 0z
-1 <&
67 -1 0¢
q¢

isanqeg diy —a1g 4+ diy)
(1661) AHODILYD A9 S3HNIVL 1S3L

General Topic Session

-30-

SHINUVA JOYHIWNNN TV1IOV

1991 NASA Aerospace Battery Workshop



910AD abieyosip uo salnuIW Q| > [BUIBIU] U0 B.:bto.d [BNPISA) $SB0X] g
‘8|0Ao aBiueyd uo sa3INUIW OE > ADOQ Wnwiulw JH $Z 183w 0} ainjle4 -/
:8ouanbas 1591 paidnusiu] ‘g uoneosydads-40-1n0  uoIsIadsiq ADO3 9
salnuiw Qg < 912AD ul-uung paldnusiul ‘g uol1eay19ads-40-In0 uLisIadsip Auoede) -G
(ASO3) 8be1oA uAmoplIoYS TUBIDYNSU| “H ‘oads _8|qemojjy ‘xep,. J18A0 Aloede] ¢
uoned19ads anoqe 9,07 > 9ies abieyos:q ‘¢ uoneosioads mojaq 9,Q'¢ > Samoede) ‘g
uoineosyidoads anoqe 9,0l > 9esrabiey)d 'z VISd G > saianssaidianQ ‘g HONIN
D oG > uoIsINdxa ainjelsadwa] ased 1d) L AWQL > sabBejjonisnQ ‘|
0ISd € < saunssaJd eypqg ‘g 1aw jou abe}oAa wnuhulw : 3s1q 8s|ind ‘G
uoiled1y19ads BaA0Qe 9,07 < 9les abieyosiq ‘v uones}1oads JaA0 aouepadwy 18D b
uoneay1oads anoqe 9, < a1es abuey) ‘¢ uoniedj10ads mojaq %0’z < Sanoede) g
8Bieyo Buunp [j80 U0 J0ISIS3Y 7 VISd § < sainssaidianQ ' HOrviA
D o0l > 1INqQ ) 4G < uoIsundoxa dwaj ased ||19] "1 AWGZ > 1ng AwQ| < sabejyoasanQ |
110ys 123J1p 40 piey Auy 'G
ales G/D < le pabieyosdao s||8d) ¢
8s19Aa) Ul pabBieyd |) '€
[S}OA 000’0 > ] [BSIandl |13) T
[D o0E @aoqe 13A3U pue] DISd 08 < sainssaid ‘¢ IVOILIYE)
D o0l < uoisinoxs aimesadwa] ase) |3 ‘1 AWGZ < sabejyoasdnQ |

‘pieog mainay jeusley Aouabiawas 01 3193fqns eit soouedalssiqg jednu) v (€]
‘UOHEBIUAWNIOP 10BIIUOD JUBAB|AL UIYLIM PagLISap SB UCIIEDIJIIOU J8WO0ISNY) dleipawwi 01 32algns
aq |pam ‘Aduedaldsi(] JOUIW B W04, 9OUBLINIO0 papeifidn ue Jaylaym 10 80UBINDI0 BWI 1Sl B JBYylaym ‘satouedaudstqg jolepy 1y (7]
‘uojlad o1 ainpiey puodas e Buimo|joy Aouedaldsiq Jolepy e 01 padueape Ajjeonew

-0INe 98I $815uURdaiISI] JOUIN ‘UDIIEDIIOU JBWOISND J9)E 1S818) J1lewWOolne ue o} 19algns si Aduedalasig Jouly Auy (1] 310N

ydeibesed 1sa1 pajeounsy/palsjdwodu) g
awn unonj-uasdQ sadosdw) ‘7

abBieyosiq-419S

S3IDNVd3HISId TOHINOD 1S3l

SJIONVd3HISIA 3SNO4S3H 1130

suoniuyaqg Aouedalsosiq pHIN :bBunsa] aosueidasdy

L 3J19vl

General Topic Session

31-

1991 NASA Aerospace Battery Workshop



‘pleog mainay |euslepy Aouabiawa 01 128[qns sue ssiouedaussiq jeoID) IV [E]
"UOI1BIU3WNIOP 13BJ1U0D JUBAB|D] UIYLIM Paqiiosap Se UONedI10U JBWOISNY) aleipawwl 01 123lqns aq |im
‘Aouedaudsiq JOUIN B WO} 90U3LIN000 papelbdn ue Jayiaym 10 82U9INI20 duNl ISJly B 1aylaym ‘salouedaldasiq Jolepy 1w (2]
‘wiojiad 01 aunjiey puosas e GuiMmo)j0) Aouedalds, ] Jolepy B 01 padueAape Ajjesijew
-01NE 2Je $9IOUBCIIOSIQ JOUIN 'UONEDIHIIOU JBWOISND JB)Je 15313 JlEWOINE ue 0} 19algns si Aouedasosiq Jouy Auy [L] ‘310N

S3IIINVdIHOSIA TOHLNOD 1S3t

S3IDNVJIHISIA ISNOdS3IH 1130

suonuyag Aosuedaiasiq ¢HIN :Bunsa) asueldasoy

¢ J14vl

ydeiGeied 1531 pajesunsy/aisidwoduy; ‘g
awn 1Nos1)-uadQ Jadordw| ‘z
919Ao abieyosip uo salnuw QL >
‘ajoAo abieyd uo salnuiw O > uonjeoy1oads-Jo0-Ino  sbuey ADQ3 ‘L
:9ausnbas }sa) paydnuely| g uoneaoeds-jo-1no  abBuey Auoede] g
awn 1non)-uadQ Jedordws) ‘g uonesyioads-j0-1no Aljoede) abesany G
{AS(Qa; 90B1OA UMOPLIOYS JUBIDIYYNSY| P "0ads  _ a8|qemo|ly xB, J3A0 Aldede) ‘¢
uoNesyIcsds anoge 9,0z > 8led abieyossig ‘g uonexoads mojaq 9,0’z > Ssanioede) ‘g HONIWN
uoneoyioads saoge 9% QL > 93les abiey) g VISd 0§ > sainssaidianQ g
D 0§ > ¢ 7sunoxa aumesadwsa | 8se) |18 | AWQ|L > sabejoasanp °y
pale|oIA S|
afieljon aben uiesig ajgemoly 'XeN G
uoned10ads sAoqe 9,0z < 9les abueyasig v uoIed110ads JaA0 aduepaduw| 20 ‘v
uol1ed1}109ds 9A0QE % (Ol < 9ies abieyn ‘g uonedl10ads mojaq %'z < sauwede) ‘€
aBseys Buunp 1180 VO 10ISISBY ‘7 VISd 0§ < sainssaididnQ ¢ HOTVIN
D o0l > ING D oG < uoisinaxs ‘dwat ase) ||I3) °| AWGZ > AwQl < sabejoasonp |
140ys 10841p 10 piey Auy ‘G
a1el G/) < 1e pabieyssano s|jan
asJanas ul pabBieyd 18] ‘g
{SHOA QQQ°'Q > ] |esivAal |I3]) ' aBeyea) uabBoipAH ‘¢
[D oOF @AOqQe JaAdu pue] dOW droqe 9,0z < sainssald g AVIOILIED
2 50! "< uoisundoxa asmesadwa] ase) 19D | AUWGZ < sabejjoassnQ 'y

General Topic Session

32-

1991 NASA Aerospace Battery Workshop



abeijaAe 10 WOl %O'CF Anoede)
abBeJaAe JOj WOy AW Z | F AJO3
OISd GE 01 0L jo abues d203 1sal 4 o¢Z€
obeiane 10| WOl %O'EF Ayoede)
ebeisane 10| WO} AWZ | F AD03
OISd Gt 01 O¢ 40 abues d303 Ayoede] 4 2L
['fpe HOX Jaye )
Sinoy g 1se| Ul |ISd €+ > d B8P B 9ISd St 01 0 j0 ebuel 4003 0/0 "dwa) wooy
abelaae 10| wouy (usjeanba CQ) Jnoy-dwe G0 F sso] ybiam Cg
B1EP 10|-01-10] JO MaIAD3J B SBWI] JO Alljewlou 1uaA JSE| 01 awn
Bl1Ep 10j-01-10( JO MBIASI ) SAWI] JO AljjeulIou 1U3A IS O} awn ‘ByD-aid ‘6ap 108
alsS 3IONVIWHO4Y3d 'd.03d viva 1S31

( pazijewaou-uou ) sudly bBuudaulbuz :douewlopdq 1S9 dlvV-2id PIHOIN
€ 319vil

General Topic Session

-33-

1991 NASA Aerospace Battery Workshop



abesane 10| WO %O'EF

sinoy g 1se| Ul |Sd €+ > d Bl9p

4 oCE ® 9ISd GE-0L ' oGL ® 9DISd G¥-0Z

abeiane 10| WO} AWZ | F

abesane 10| WOl %O'EF

4 oCZ€ ©® DISd GE-OL 'd ,GL @ 9ISd G¥-0C

abeJaae 10f woup AWZ L F

a1lS 3ONVIWHO443d

uoisiadsip Auoede

do03

sabues 4nH03

uoissadsip  ADO3 ys9) abieyosano Gjoe]

uoisiadsip Anoede)

saBues 4903

uoisiadsip AD03 153} Apoedes yoe]
'a,034 vlvd 1S3l

( pezijewou-uou ) sudly Buusawmbuy :asuewopad 1s8] 41V POIN

v 318Vl

General Topic Session

-34-

1991 NASA Aerospace Battery Workshop



More importantly, we will benefit by applying our re-
sources to the prevention of Major and Critical dis-
crepancies.

Engineering Alerts

This rededication or redirection of the Technical
Staff to resolving and preventing Major and Critical
Discrepancies allows the development and internal
implementation of Engineering Alerts. Much like Up-
per and Lower Control Limits in classical Shewhart
Analysis, the Engineering Alert [previously called
Tollgates or Guardbanding] provides performance
limits which more closely match our product capabili-
ties and are toleranced tighter than the Customer
Specification. This is the first step in identifying and
reducing Common Causes and the accompanying
variation, or pertormance dispersion. Tables 3 & 4
contain the Engineering Alerts to be applied to NiCd

Pre-ATP and to NiCd ATP performance testing.
These are non-normalized limitations for several rea-
sons: [1] this removes one more crutch or excuse for
non-performance; and, 2] software sub-routines for
real time normalization of multiple data points ap-
pears counterproductive and very demanding of com-
puier memory. Similar Engineering Alerts for NiH2
performance testings are being developed and will be
implemented following successful implementation of
those for the NiCd cell product line. Necessarily, the
entire program is dependent upon the continued im-
plementation of computerized control and data log-
gers.

Reduction of Lot-to-Lot Performance Variation

The full implementation of computerized control and
data retrieval allows the development of databases
that allow us to track and reduce performance vari-
ation in long term multi-year programs. By definition,
this database becomes the baseline or embryo for the

Conclusions and Recommendations

Reliability Database. Further development of this
Reliability Database is dependent upon develop-
ment of indexing schemes by cell configuration or by
plate type since there exists little parity between plate
design and cell design.

1. We have introduced you to the current Test Unit
and shared the plans for improvement; we have dis-
cussed the Improvement Opportunities available
through reduction of Test Discrepancies, and
through the reduction of variation within a lot and
variation from lot-to-lot .

2. Standardized definitions of test discrepancies for
both product lines in Acceptance Testing have been

1991 NASA Aerospace Battery Workshop -35-

proposed; implementation will begin on an individ-
ual program basis via customer approved Engineer-
ing Change Notices.

3. Engineering Alerts are proposed for internal usage

and are already being implemented on the NiCd
product line.
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Battery Assignments by Aircraft

The NASA Dryden Flight Research Facility at Edwards. California, operates a fleet of research aircraft which use
a variety of nickel-cadmium storage batteries. These batteries range in capacity from 3 to 40 Ah with numbers of
cells ranging from 10 to 22. All employ flooded cells with pressure relief vent caps and are manufactured by the

Marathon Battery Co. of Waco, Texas.

To meet the stringent safety requirements of research flight operations. batteries are serviced every 30 to 60 days.
To handle the volume of servicing with limited manpower. Dryden developed the computerized Battery Servicing
Laboratory in the 1970s. This presentation describes the latest upgrade to this facility which has been renamed the

Aerospace Energy Systems Laboratory (AESL).

Battery Assignments by Aircraft

Aircraft Model number Part Amp—hr Batteries/ | # ship
number rating project sets
B-747 CA-54-1 28002-001 5 4 2
C-140 CA-5H-20 24535-19 30 4 2
F-16 DA-81755 30192-03C 10 6 3
F-18 ARC-14M220-19 31310-001 10 14 7
F-18 ARC-40SP100-19 F18-C-113 40 16 2
F-104 MA-300H 18241-001 3 12 6
F-111 MA-7 24540-007 10 2 2
MA-8 27797-001 24 3 3
PA-30 ARC-10H120-21 10H120-21 10 2 2
CA-24A 27312-001 24 2 2
T-38 MA-500H 23729-01 5 4 4
X-Wing | SP-176 30134-001 17 8 4
X-29 ARC-3H120-21 31463-001 3 9 3
CA-9-20 28974-01C 24 5 5
CA-121 19150-01C 12 6 6
1991 NASA Aerospace Battery Workshop -38-
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AESL Overview

The AESL is a distributed digital system consisting of a central system and battery servicing stations connected
by a high-speed serial data bus. The entire system is located in two adjoining rooms; the bus length is approxi-

mately 100 ft.

Each battery station contains a digital processor. data acquisition, floppy diskette data storage, and operator
interfaces. The operator initiates a servicing task; thereafter the battery station monitors the progress of the task
and terminates it at the appropriate time.

The central system provides data archives, manages the data bus, and provides a timeshare interface for multiple
users. The system also hosts software production tools for the battery stations and the central system.

AESL Overview

Central system

AD89-503

Local area
R network
T | O
| |
Battery Battery Battery
station station station |
#1 #2 #3
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Station 3 (Front View)

The battery station benches are 34-in. wide modular wooden structures which can be moved through a standard
doorway with a pallet mover. The following components are mounted to the bench:

Charger — analzyer Placed on top of the bench
Status and control panel Mounted beneath top of bench
Primary power panel Mounted behind bench (near top)
Barcode reader gun Holster at right side of work surface
Temperature probes Connected at rear of work surface

. Left Connector panel Mounted under left side of work surfece

Terminal connector
Printer connector
Load bank control connector

Right connector panel Mounted under right side of work surface

Battery cable connector
Monitor plate connector

Controller assembly Mounted on lower shelf
Cardcage
Floppy diskette drive ORIGINAL PAGE
Current leakage box BLACK AND WHITE PHOTOGRAPH

Accessory power box
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VMonitor Plate Attached to CA-9-20

This photo shows the monitor plate design used with the CA-9-20 battery. This ts a 20-cell. 24-Ah battery used on
the X-29A forward-swept wing aircraft to supply power to onboard instrumentation. The plate is made of Lucite
with spring loaded plunger pins 1o provide contacts to all the bushars. The connector is standard for all monitor
plates so that only a single interconnect cable is required at each battery bench.

Electrical connections are provided for up to 30 cell voltages. total battery volts, and the battery case leakage test
circuit. While not electrically part of the monitor plate. the hot vapor sensor is installed in 2 hole drilled in the
center of the monitor plate.

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH
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AESL Functional Overview

The operator initiates a servicing task by positioning the case temperature probes, attaching the monitor plate and
power cable, installing the hot vapor sensor, selecting the task, and reading the barcode tag on the side of the
battery. The database files necessary to support the servicing of this battery are automatically transferred from the
central system and an open circuit data file is created. The operator then configures the charger — analyzer and

initiates the run phase of the task; a start of run file is created.

While the task is running, numerous parameters are analyzed automatically, and data files are created at timed
intervals during the run. If desired, the task may be monitored at the battery station using the status and control
panel, or may be monitored by the central system multiuser interface using real-time status transferred on the data

bus.

When programmed conditions are met, an end of run data file is created, the charger — analyzer is shut 0*f, and the
operator is notified by the audible alarm on the battery station. All data files are stored locally on flopp: diskett:
and are also sent to the central system archives as servicing records.

AESL Functional Overview WTASA
C s Polling message | B S Barcode

User : Y Time/date - ‘: : wand
terminals S Data base files Status/
T T »> T T le—> control

i : | anel

Printer R e | Real-time status E ¢ P
A ~ Servicing records R O Audible
L M= Y N alarm
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Analog Subsystem Channels

Each battery station has an intelligent A/D subsystem consisting of a Datel ST701-A2 microcomputer board and a
companion ST742 expander board. This provides a total of 48 channels using a multiplexer feeding a single +
10V, 12 bit, 20 us converter. A programmable-gain amplifier at the input to the converter provides gains up to
128X.

Dryden developed software for the Z80 processor on the ST701 board provides several input algorithms. For the
reflex charger pulse waveform, the channels are scanned rapidly in succession and 32 past values for each channel
are saved in a 32-frame buffer. These equally spaced samples permit pulse shape analysis, plateau averaging, and
pulse period computation. For the constant current mode (typically full wave rectified 60 Hz), each channel in
turn is atlocated a window 1/60-sec. wide. During the window, as many samples as possible are taken in a burst
which is then averaged. Ampere-hour integration is also perform=d by the ST701 using a 64-bit integral and a 64-

bit counter tallying the number of iterations.

Analog Subsystem Channels Do aar

¢ 30 cell voltages

» 1 battery monitor plate voltage

* 1 battery cable voltage

1 charger—analyzer current

e 5 temperature probes

* 1 case leakage current

« 1 programmable load bank voltage
* 1 programmable load bank current

« 1 programmable load bank temperature probe
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Temperature Probes

Each battery bench has five temperature probes to monitor the battery being serviced. Four are mounted on
stainless-steel shoes which slide beneath the bottom of the battery case. Installed in a Lucite holder. the fifth probe
slips into a hole in the monitor plate to detect hot vapors.

The sensors used are miniature 30-ohm nickel foil elements biased with 2.4 mA. The calibration curve is embod-
ied in a second-order polvnomial which gives good accuracy over the 70-170 °F range.

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH
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Servicing Procedure

Battery servicing in the Dryden AESL consists of the following:

. Incoming inspection

. Return capacity test

. Cell equalization (zero volts per cell)
. Cleaning (teardown if required)

. Charge No. 1 (main and top)

. Capacity test

. Charge No. 2 (main and top)

. Electrolyte level check

. Load test

10. Charge No. 3 (main and top)
11. Check busbars torqued per spec

OO0~ O n s WD) -

12. Quality assurance inspection

Case leakage is monitored continuously during servicing.

Dg1-488

-Charge no. 2

Gl Imbalanced

e

<>
0

K

Cell [ Return capacity tesﬂ

equalization
* [ Cell equalization |

balance
oy >R
oK

Capacity test I

Overhaul —>I Charge no. 1
I

Quality
assurance

Amp- Low
hours @
oK &
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Pushbuttons Panel

The pushbuttons matrix on the Status and Control Panel provides the operator with means to set up. control. and
monitor the battery servicing task in progress. The top row of pushbuttons allows the operatior to select the task to
be performed: open circuit. return capacity. charge | main. charge 1 top. capacity test. charge 2 main. charge 2
top. 2 minute load. 3 minute load. variable load. charge 3 main. and charge 3 top.

The second row of pushbuttons allows the operator to control the progress of the task. The equipment power
button turns on the 220 v AC power to the charger — analyzer. The run mode button signals the software that the
charger — analyzer setup is complete and shutdown tests can be run. The hold mode button signals the software to
suspend shutdown tests temporarily. The stop mode button removes power from the charger — analyzer. The write
file button allows the operator to create additional data files. The read file button is an indicator only.

The botttom row of pushbuttons is used to contro! the display unit.

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH
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Shutdown Criteria

The battery station controller software monitors the progress of each servicing task and terminates the task when
the appropriate conditions are sensed. There are three abnormal conditions which always cause immediate shut-
down: hot vapor sensed at the top of the battery, high case temperature sensed at the bottom of the battery, or
excessive case leakage current.

During reflex charge. normal shutdown occurs when the pulse rate slows to one per second or when the desired
amp-hrs is reached. During constant current charge, normal shutdown occurs when the desired amp-hrs is reached
or when the maximum battery voltage is reached. Abnormal shutdown conditions include rapid cell voltage drop
indicating thermal runaway, or excessively high cell voltage.

During capacity tests, normal shutdown occurs when the lowest cell voltage drops below 1.00 V.

During load tests, the normal shutdown is based on elapsed time. An abnormal shutdown would occur 1t ¢ rower
limit were reached for either a low cell voltage or a low total battery volts.

Shutdown Criteria -4
* General * Charging tasks
— Hot vapor sensor (top of - Minimum pulse rate (reflex
battery) charger)
- High case temperature - Cell volitage drop (thermal
runaway)
- Excessive case leakage
current -~ Maximum ampere-hours
- Maximum cell voitage (typ.
1.80 V)
e Capacity tests * Load tests
— Minimum cell voltage (typ. — Elapsed time

1.00V)
— Minimum cell/battery

voltage
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Central System Console

The AESL central system consists of an Intel System 310 CPU, an auxiliary chassis containing hard disk drives, a
Wyse Model 60 terminal, and a Dataproducts M200 printer.

The CPU chassis contains a 80286/80287 processor board, 5 Megabytes of RAM, two communications boards
providing 12 RS-232 ports, and piggyback modules for the BITBUS interface and the clock — calendar. Also
installed in this chassis are a 5.25-in. floppy diskette drive, and a 0.25-in. streaming tape drive.

The auxiliary chassis contains two large hard disk drives plus power supplies. One of the drives contains the data
archives and can store 65,500 data files (several years worth). The other is the system drive containing all the
software production tools.

The Wyse terminal is used for software production and for the maintenance of the specification files controlling
battery servicing operations. The printer is used to dump the nightly log of the automatic archives maintenance
operations.

€ , ORIGINAL PAGE NASA
Central System Console SLAGK AN WHITE PHOTOGRAPH :
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Central System Features

The AESL central system provides data archives, several resident software jobs which provide automatic opera-
tions, and a variety of utility programs.

The data archives contain specification files regulating battery servicing operations, data files created during
battery servicing, technician’s logs for each battery, indexes providing rapid access to data records, and cross-

indexes relating battery types. cell types, and applications.

Resident jobs running within the central system provide bus polling, download of specification files, upload of
data files, purging the floppy diskettes at the battery stations, and maintaining indexes within the archives. In
addition, if the operator inserts a tape cartridge, the archives are backed up to the tape automaticallv.

Utility programs are provided to review data files, update logs, assess operations schedule, and print the
inspector’s summary report.

Central System Features wan
¢ On-line records storage ¢ Automatic operations
- Large archives for battery — Data bus polling
servicing d.at.a files - Specification files download
— Battery servicing operations to stations
logs
— Data fil load t
— Cross indexes for battery ata' es uploadto central
types, cell types, and - Purging temporary storage
applications media at battery stations

~ Updating indexes of data files
when required

- Tape backup of archives when
‘requested by operator -

e User utilities
- Servicing data files access
- Operations logs access-update
— Operations scheduling
— Inspector's summary printout

1991 NASA Aerospace Battery Workshop -49- General Topic Session



Battery Simulator

NASA Dryden has developed a NiCd battery simulator which has proven useful in checking out battery station
hardware and software. [t generates 30 individual cell voltages. total battery voltage. and the discretes logic
specitying number of cells. In additon. it simulates the signal from the shunt which monitors chareer — analyzer
current.

The 30 cell switches on the left side of the panel have three positions: center is normal (1.40 V), up is high (1.90
V). and down is low (0.90 V). The knob at lower center of the panel allows total battery voltage to be set. while
the five switches above it determine the number of cells.

The controls for the current shunt simulation are on the right side of the panel. It can simulate the pulsed wave-
form of the reflex charger or the steady-state signal of constant current charging. In addition. it can simulate
discharge currents tor capacity tests and load tests.

ORIGINAL PAGE
RLACK AND WHITE PHOTOGRAPH
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Project Timeline

The history of the Dryden AESL project covers several years because only limited manpower was allocated for
the effort. Fewer than ten people have been involved on a part-time basis and the priority of the effort has always

been low.

The first three milestones in the timeline coincide with the publication of NASA technical memorandums describ-
ing progress to date. Design of the production battery stations was a lengthy process because of the complete
redesign of the bench strugture. Integrated testing of the first three production stations proved that the data bus
hardware and software protocols were robust and heavy traffic could be accommodated.

The facility renovation has delayed moving in the new equipment and beginning shakedown testing with contrac-
tor operations personnel. It is anticipated that the AESL will be certified by the end of 1991 and th~t a full
complement of 10 stations will be in service by September 1992.

A final report coauthored by Richard Glover and William Kelly will be published in early 1992. Additional
information on the AESL can be obtained from William Kelly at (805) 258-3365.

Project Timeline borass
May 1988 - Requirements and design approach finalized
July 1989 — Prototype system operational (single station)
Nov 1989 - Data bus protocols finalized
June 1990 — Production station design complete
Mar 1991 - Integrated testing using three production stations
Sept 1991 — Facility renovation complete
Oct 1991' — Begin shakedown production testing with four stations
Dec 1991 — Certify facility for production battery servicing

Sept 1992 — Complete phasing in remaining six production stations
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at
Marshall Space Flight Center

Marshall Space Flight Center
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Tom Whitt and Lorna Jackson
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ON-GOING BATTERY/CELL TESTING
AT MSFC

Hubble Space Telescope Applications:

e Ni-Cd 6, 4-Cell Packs, RSN-55-15

* Ni-H2 14-Cell Pack, RNH-30-1

* Ni-H2 12-Cell Pack, RNH-35-3

» Ni-H2 3, 4-Cell Packs, RNH-90-3

e Ni-H2 Six Battery Test, RNH-90-3

e Ni-H2 "Flight Spare” Battery, RNH-90-3

Other Applications:

e CRRES Ni-Cd Testing

e Ag-Zn 4, 6-Cell Packs, LR 350 DC-1
e Ni-H2 6, 4-Cell Packs, RNH-90-3

e Ni-H2 2, 2-Cell Packs, RNH-90-3

EB12/MSFC.

This presentation is an overview covering the ten cell/battery tests ongoing at
Marshall Space Flight Center. The presentation is not intended to give speq%c results
on any test. This presentation acknowledges the purpose and related program that

applies to each test. v
Except for the Combined Release and Radiation Effects Satellite (CRRES), all are

energy-stored and retrieval devices at low earth orbit (LEO) cycles.
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HST NIiCd Six, 4-Cell Packs

e 55 ampere-hour cells developed by Eagle-Picher Inc.
RSN-55-15, Type 44 Cells

e These were the baseline cells for HST before their
replacement by Ni-H2 batteries.

e Characterize cell behavior and demonstrate life
capability of the originally designed HST baiteries.

e Completed over 27,000 LEO cycles

e The cells met the 3 year HST capacity requirement
even after 59 months of cycling.

EB12/MSFC

HST Ni-Cd Six, 4-Cell Packs - The 24 Ni-Cd cells are Eagle-Picher, 44, RSN-
55-15, matched to the six Type 44 flight batteries for the Hubble Space Telescope
(HST). These cells were received from Lockheed Missiles and Space Company (LMSC)
after ~4 years of LMSC cycling. They represent the baseline cells for HST before their
replacement by Ni-Hy batteries. The packs are configured into six packs of four cells
each, The system was designed for the cells to operate at a depth of discharge %vqlent
to 16 Yercent of nameplate capacity of 55 ampere-hours during normal cycling. On line
since 1990, this test will be used to characterize cell behavior and demonstrate life
capability of the originally designed HST batteries.

A modified Battery Protection and Reconditioning Circuit (BPRC) is used to
g}ievent cell reversal during failure and/or recondmomnﬁ. This BPRC is one of the six
o SFF designed and qualified for flight taken from the Ni-Cd 6-Battery Mission

imulation Test.
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HST Ni-H2 14 Cell Pack

e 30 ampere-hour cells developed by Eagle
Picher Inc. RNH-30-1 (COMSAT design)

e On test since 1986, to build data base
for Ni-H2 LEO operation at shallow DODs

e Completed over 26,000 LEO cycles at ?*%
DOD.

e Capacity after 4.5 years of cycling was
22 Ah.

EB12/MSFC

HST Ni-H2 Fourteen Cell Pack - Fourteen Eagle-Picher RNH-30-1 (30 ampere-hour
capacity) cells of COMSAT design on test since 1986 (First Ni-H- cells to be placed in
a low earth orbit (LEO) test at MSFC). These cells were used to gather early data on the
LEO operation of Ni-H, cells in anticipation of a decision to fly Ni-H cells on the
Hubble Space Telescope (HST). The cells have undergone over 26,000 LEO cycles at
13% DOD. The test setup of these cells ?rqv;des for autonomous operation and.
parameter management through the use of digital data acquisition and system control,
power supply simulation of solar array output with relays to allow reduction of current to
trickle charge levels and programmable load banks to stmulate varying vehicle load.
Cells will continue to cycle in the present setup according to current test parameters to
build data base for Ni-H, LEO operation at shallow depths of discharge.
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Ni-H2 12 Cell Pack

e 33 ampere-hour (Ah) cells developed by Eagle
Picher Inc. RNH-35-3 (Air Force design)

e Activated in 1976, stored, began testing in
1988.

e Completed over 26,000 HST LEO Cycles at 13%
DOD with a step-to-trickle charge scheme.
- Cycling capacity of approx. 27 Ah

e Presently cycling at 22% DOD, with a step-taper
charge scheme. ’

EB12/MSFC

Ni-H2 Twelve Cell Pack - Twelve Eagle-Picher RHN-35-3 cells (33 ampere-hour
caﬁacuy) of Air Force design following a low earth orbit (LEO) (61/35) profile. These
cells were activated in 1976 and then placed in storage. MSFC began testing these cells
in 1987. These cells are cycling to a depth of discharge (DOD) of 22% based on their
33 ampere-hour nameplate capacxtg and charging with a tafper charge. The test bed for
these cells is automated; but very limited due to the age of the components, lack of
digital data acquisition, lack of equipment interface a ihg etc. Previously these cells
were cycling according to an Hubble Stg_ace Telescope L O profile and ha accumulated
12,600 cycles at this level. Presently this test has completed over 3,800 cycles with the
step taper charge scheme.
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CRRES Ni-Cd Testing

e 18 ampere-hour cells developed by Gates
for Ford Aerospace

e Simulating the highly elliptical orbit of
the CRRES spacecraft (588 minute orbit)

* Determining the optimum charge levels
to maximize battery life and effecuveness

e Completed over 488 orbital cycles ranging
from O to 50% DOD

EB12/MSFC

CRRES Ni-Cd Testing - At MSFC testing is being performed on Ni-Cd cells used for
the Combined Release and Radiation Effects Satellite (CRRES) program. These Ni-Cd
clzglls were r}rlxanufactured by Gates for Ford Aerospace and have a nameplate capacity of
ampere-hours.
p%he two MSFC apgllications which glgpl to the CRRES program are the Two-

) [ 1 Batte (an actual 21 cell battery). They
simulate the highly elliptical orbit seen by the CRRES spacecraft. This elhdpu orbit
has a period of 583 ‘minutes with varying eclipse times. Both tests will undergo an over-
temperature, over-charge event experienced on the actual spacecraft. The main objective
of these tests is to determine the most efficient charge levels for the actual spacecraft
battery to maximize battery life and effectiveness.
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Silver-Zinc Pack Testing
Four, 6-Cell Packs

e 350 ampere-hour (Ah) cells developed by Yardney.
Originally tested for OMV; now applicable to CTV

e Determine operational life of similar cells subjected
to periodic deep discharges.

Test profile consist of the following:
- Shallow DOD LEO cycles (1.2 Ah)
- Deep DOD "Mission Dicharges” (295 Ah)

19 Deep Discharges and over 8200 LEO cycles

Total capacity after 18 months of cycling was 295 Ah.

EB12/MSFC

AE.ZLLESHLI_'._ﬁ%Eﬂ_B?ﬂg - Testing has been performed on secondarg (rechargeable)
Ag-Zn cells at MSFC for over gjears. The latest test involves a Yardney 350 ampere-
hour cell design which has cycled over 18 months and has achieved over 8200 low earth
orbit (LEO) cycles as well as 19 deep discharges. The four, 6-cell packs (on line since
November of 19.89?1:? cycling to determine operational life of similar cells subjected to
periodic, deep discharges, In addition, this test addresses different storage methods for
these cells between gle? discharges. Impedance measurements were e on one of the
packs during periodic deep discharges. . o .

. This test was originally designed to determine the feasibility of using such a cell
in a Jong-life (18 months) LEO application, which applied to the Orbiting Maneuvering
Vehicle (OMYV). Results from this test make it a candidate for other programs such as
the Cargo Transfer Vehicle (CTV), and the Aeroassist Flight Experiment (AFE).
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HST Ni-H2 4-Cell Packs

e 88 ampere-hour cells developed by Eagle Picher Inc.
for the HST project. RNH-90-3

* One 4-cell pack of TM1 celis, One 4-cell pack of TM2
cells, and One 4-cell pack of FSM cells

e Packs used for parametric testing. First of the HST
cells to arrive at MSFC for testing.

» Testing parallels HST system test with ability to
investigate proposed changes or duplicate recent
occurrences without affecting integrity of system test.

e Months on test TM1- 34 TM2- 32 FSM- 30

EB12/MSFC

ﬂﬂlfl:lj;%%h;&_lﬂﬂj_l’ﬁg? - Three four cell packs of Eagle-Picher RNH-90-3
cells from ditferent lots 1;4 Flight Spare Module (Fs%a) Lot Cells, 4 Test Module 1
t

Q’Ml) Lot Cells and 4 Test Module 2 (TM2) Lot Cells) following an Hubble Space
el (HST) low earth orbit (%EO) S?/IIBS) cyclic profile at 7% - 9% DOD. The 4
FSM were placed in the test bed in March 1989 and are into their 30th month of

S
cycling. The TM1 cells began cycling during November of 1988 and are into their 34th
month of cycling while the TM2 cells began cycling in February of 1989 and presently
are into their 32nd month of cycling. . .

_The packs 1provi(l,ed ear_}y data on the operation of HST Ni-H cells cycled
according to a Voltage versus Temperature curve already in plgce for use on the
HST with Ni-Cd batteries. The test bed uses d)rogrammgble wer supéﬂies and load -
banks with digital system control and data collection while solar array ecaﬁ, seasonal
sun intensity, off nominal roll and other parameters are variable. These cells were used
for parametric testing on Ni-H cells of HST design. This test will continue HST LEO
cycling when not performing system evaluation tests.
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Eagle Picher RNH-90-3

Developed for the Hubble Space Telescope

Testing of RNH-90-3 Cells

HST Ni-H2 Three, 4-Cell Packs
HST Ni-H2 Six Battery Test

e HST "Flight Spare” Battery Test
e Ni-H2 Two, 2-Cell Packs

e Ni-H2 Six, 4-Cell Packs at 22 &
33% DOD

EB12/MSFC
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HST Ni-H2 Six Battery Test

e 88 ampere-hour cells developed by Eagle Picher Inc.
for the HST project. RNH-90-3

e 22 cells/battery, 6 batteries in parrallel (3 batteries
from the TM1 lot and 3 batteries from the TM2 lot)

e DODs range from 6 to 9% of the battery nameplate
capacity.

 Battery cycling capacities vary from 75 to 80 Ah.
e 13,200 cycles (29 months) as of 10/21/91

e 11 month lead time on the HST mission

EB12/MSFC

HST Ni-H2 Six Battery S}Fgem Simulation - A full scale Hubble Space Telesco
(HST) Ni-H, six battery electrical power system simulation began in M?' of 1989. This
test utilized %est Module 1 1) and Test Module 2 (TM2) cells (six 23 cell batteries;
in a flight configuration with full instrumentation. Solar panel assemblic:nﬁPA? were
simulated l?' wer supplies, the electrical load by programmable load b and the
actual DF-224 by a system control computer. The test system has safety and protection
measures built in to prevent catastrophic failure (fuses, overterr&perature shutdowns,
Yower timeout circuits, uninterruptible power supply and auto dialer). This test provides
fe cycle data on the ﬁST Ni-H, modules in a low earth orbit (LEO) power system;
these modules are operating at the current HST Charge Current Control (CCC;' levels in
a 00C environment. ‘ ] _
To date, over 13,200 cycles have been completed on the system with nominal
rformance noted. Optimum operating parameters previously indicated were confirmed
y the system simulation. The simulation will continue to operate for an undetermined
period of time in support of the HST.
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HST Ni-H2 “Flight Spare” Battery

e 88 ampere-hour cells developed by Eagle Picher Inc.
for the HST project. RNH-90-3

e 22 cells from the Flight Spare Lot of cells

e DOD ranges from 6 to 9% of the battery nameplate
capacity.

e Battery cycling capacities vary from 70 to 78 Ah.
e 12,800 cycles (28 months) as of 10/21/91

¢ 10 month lead time on the HST mission

EB12/MSFC
i-H2 "Fligh re" B - One twenty two cell bat,tez made up of Hubble
Space Telescope (HST) cells (Eagle-Picher RNH-90-3) left over from the Flight Spare

odule (FSM) lot (with full instrumentation, in flight configuration) was delivered to
MSEFC in June 1989 and entered a test program similar to the six battery system
simulation. The test bed is automated with digital data acquisition, programmable loads
and programmable power sup%lies and has safety features equivalent to the 6 Battery
System Simulation. This is a battery life test simulating actual HST operation. The test
has completed over 12,800 life cycles and will continue to support the HST and add to
the low earth orbit (LE'O) database.
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Ni-H2 Two, 2 Cell Packs

e 88 ampere-hour cells developed by Eagle Picher
Inc. for the HST project. RNH-90-3

e Previously used in the HST 4 Cell Pack Testing.
e 1 pack with 26% KOH / 1 rack at 31% KOH

e Compare performance of the KOH concentrations
at high DODs (20-50%) in a LEO cycling profile

e 24 months of testing at the higher DODs

EB12/MSFC

Ni-H2 Two, 2-Cell Packs - Four test cells from the Hubble Space Telescope (HST)
engineering lot of cells (Eagle-Picher RNH-90-3) are divided into two packs of two cells
dependent upon their electro%te concentration (2 cells with 26% KOH, Pack #1; and 2
cells with 31% KOH, Pack #2). On line since 1988, this test was set up to research the
behavior of Ni-H, cells of HST design, having differing electrolyte concentrations,
when operated at ‘high depths of discharge (20% - 50%) in a low earth orbit cycling
program. This test utilizes cells which were previously used in the HST three, 4-cell
pack testing prol%]ram. These cells are currently cycling according to a parametric test
matrix which will be completed in 1992.
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EAGLE PICHER RNH-90-3 CELLS
CYCLING AT 22% & 33% DODs

e 88 ampere-hour cells developed by Eagle Picher Inc.
for the HST project.

e Four 4-cell packs cycling at 22% DOD
Two 4-cell packs cycling at 33% DOD

e Gather data to determine best charge control me*toc¢
to use for Ni-H2 cells at moderate DODs.

e Study the effect of reconditioning on Ni-H2 cells.

e Demonstrate the ability of the HST design to provide
extended life cycle at DODs required by AXAF, Space

Station, etc.
EB12/MSFC

Six, Ni-H2 4-Cell Packs - This test utilizes 24 Eagle-Picher RNH-90-3 Ni-H, cells from
the Hubble Space Telescope (HST) program. The cells are low earth orbit (L?EO)
cycling on a 61/35 orbit. On line since May of 1991, the purpose of this test is to
evaluate the performance and operating characteristics of the HST cell at moderate
depths of discharge (DOD's) and investigate the long term effects of periodic
reconditioning. .

The cells are divided into six packs of four cells each based on their
manufacturing lot. Two of the packs are cycling at 22% DOD and will be used to
study the effects of reconditioning. These two packs charge until a set recharge ratio
(RR) is achieved then, step to a trickle charge level. One of these packs will
reconditioned periodically while the other is not. The electrical performance of the two
packs as well as the electrochemical effects of the reconditioning through destructive
physical analysis (DPA) will be monitored.

Four packs are dedicated to studying the performance of the cells at moderate
DOD's. Two of the packs are LEO circ g at 22% DOD while the other two are
cycling at 33% DOD. One pack at 22% and one pack at 33% are charging to a recharge
ratio with a voltage versus temperature curve to limit overvoltage on the cell. The

acks step to trickle after achieving the RR. The remaining packs (1 at 22% and 1 at
§3 %) are also charging to a RR; but, the charge cutback to half the original charge
current is controlled by sensing the beginning of overcharge. The current then steps to
a trickle level after reaching the RR.

Topic Session
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Testing of Eagle Picher RNH-90-3

TEST

HST NI-H2
4-Cell Packs

HST Ni-H2
Six Battery Test

HST "Flight Spare”
Battery Test

Ni-H2
2-Cell Packs

NI-H2 4-Cell Packs
at 22 & 33% DOD

at MSFC.
Summary
# of Cells Cycling DOD Projeci(s) Months of testing
12 6-9% HST 34,32,30
132 6-9% HST 29
22 6-9% HST 28
4 20 - 50% 24
-124-
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SUMMARY OF LDEF BATTERY ANALYSES

Dr. Chris Johnson

Boeing Defense & Space Group
P. O. Box 3999; M/S 8C-61
Seattle, WA 98124

ABSTRACT

Tests and analyses of NiCd, LiSO, and LiCF batteries flown on the Long Duration

Experiment Flight (LDEF) includes results from NASA, Aerospace and commercial labs.
The LiSO7 cells illustrate six-year degradation of internal components acceptable for

space applications, with up to 85% battery capacity remaining on discharge of some
returned cells. LiCF batteries completed their missions, but lost any remaining capacity
due to internal degradation. Returned NiCd batteries tested at NASA-Goddard, showed
slight case distortion due to pressure build up, but were functioning as designed.

INTRODUCTION AND BACKGROUND

Boeing in conjunction with LDEF Systems SIG has assisted in organizing the LDEF
battery investigations on lithium sulfur dioxide (Li/SO5), lithium carbon monofluoride

(Li/CF) and nickel cadmium (NiCd) batteries. A summary of the batteries used on
specific LDEF experiments are listed in Table 1. The quantity, type of battery and state
of charge remaining for each experiment are tabulated to indicate the range of battery
status upon return of LDEF. Sections following describe tests and analyses being
performed on each battery type, thus the division of sections by type of battery.

ANALYSES ON LITHIUM SULFUR DIOXIDE BATTERIES

Four organizations are involved in studying the lithium sulfur dioxide batteries used or:
the majority of LDEF experiments: Aerospace Corporation, Jet Propulsion Laboratory,
Naval Test Laboratories, and SAFT America ( Manufacturer of the batteries ). The
primary objective of the study is to identify degradation modes of the batteries, and to
provide information useful to future missions. This study is still underway, with only
preliminary results thus far reported. All LDEF lithium sulfur dioxide batteries
performed satisfactorily for the experiments they were designed. Interest in the ability of
these batteries to maintain charge retention has prompted testing to understand the
benefits and limitations of maintaining charge in lithium sulfur dioxide batteries for
space applications.

1991 NASA Aerospace Battery Workshop -126- General Topic Session



Table 1. Summary of Battery Type, Quantity and State of Charge.

Exp # Experiment Name Battery | Voltage #of SOC
Batteries
A 0038 Pyro Cable Cutter LySO2 12 7 0%
A 0054 Space Plasma - High Voitage Li/sO2 28 4 39%
A 0076 Variable Conduction Heat Pipes Li/SO2 75 1 0%
A 0076 Variable Conduction Heat Pipes Li/SC2 28 1 84%
A0133 Space Based Radar LSO2 75 3 25%
A 0133 Phased Array Antenna LysO2 12 2 60%
A0138-8 Epoxy Composite Materials LirsO2 75 3 75%
A0138-8 Frecopa Li/sO2 28 3 74%
A 0138-A Crystal Growth Dewers Li/'SO2 75 13 49%
A 0180 Recorders fo " Space Exposure Li/'SO2 12 2 64%
A0187-1 Clam Shell Eiect-Micromeorites Li/'so2 75 1 59%
A0187-1 Clam Shell Elect-Micromeorites Li¥SC2 12 2 73%
A 0201 Sun Sensor-Dust Experiment Lirso2 75 2 20%
A 0201 Sun Sensor-Dust Experiment Lirso2 12 2 85%
A 0201 Sun Sensor-Dust Experiment Lir'so2 28 6 88%
M 0003 Space Env. Effects on S/C Mater. Li/'sO2 75 2 0%
M 0003 Space Env. Effects on S/C Mater. Li/sO2 75 2 76%
M 0003 Space Env. Effects on S/C Mater. LySO2 12 2 0%
M 0003 Space Env. Effects on S/C Mater. Li’SO2 12 1 46%
M 0003 Space Env. Effects on S/C Mater. Li/SO2 12 2 76%
M 0003 Spacse Env. Effects on S/C Mater. Li/SO2 12 1 88%
M 0004 Space Effects on Fiber Optics LSO2 75 1 0%
M 0004 Space Effects on Fiber Optics LiSQ2 12 1 71%
M 0004 Space Effects on Fiber Optics Li/sO2 12 2 85%
M 0004 Space Effects on Fiber Optics LysO2 28 6 85%
M 0006 Spacse Effects - Optical Surfaces Li/SO2 7.5 1 76%
M 0006 Space Effects - Optical Surfaces Lsoz2 28 1 7%
P 0003 LDEF Thermal Measurements Lvs02 75 1 73%
S$0010 Exposure of S/C Coatings Li/SO2 75 1 76%
S 0010 Exposure of S/C Coatings Li/SO2 28 1 7%
S$0014 Photovoltaic Celis - Sun Sensor Lir'sO2 75 1 0%
S 0014 Photovoltaic Cells - Sun Sensor Li/sQ2 12 1 85%
S 0014 Photovoltaic Cells - Sun Sensor Li/SO2 28 2 0%
S 0069 Carousel, Opt system LirsO2 75 1 0%
S 1001 Low Temperature Heat Pipes LrsO2 75 H 0% 3
S 1001 Low Temperature Heat Pipes LSOz 12 1 85% |
S 1002 Solar cells, QCM Li/SO2 75 1 0%
S 1002 Solar cells, QCM LirSO2 28 2 80%
S 1005 Flat Plate Heat Pipe Experiment LirSO2 75 1 %
S 1005 Flat Plate Heat Pipe Experiment Lys02 12 1 85%
INIT LDEF Initiation System Lir's02 28 2 89%
S 0069 Carousel-Thermal Counductive. Li/CF 28 4 0%
Surtaces

S 1005 Flat Plate Heat Pipe Experiment Li/CF 28 6 0%
S 1001 Low Temperature Heat Pipes NiCd 18 1| Recharge
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Discharge data of selected experiment batteries was performed by L. Thaller of The
Aerospace Corporation (3). The discharges were performed by placing resistive loads
across the cells and monitoring the voltage to determine capacity remaining. Data from
these experiments are included in Table 1, which summarizes the state of charge
remaining in the lithium sulfur dioxide batteries for specific experiments.

Lithium sulfur dioxide batteries generally exhibit good charge retention, with loss in
capacity of less than 3-5 percent per year. LDEF lithium.sulfur dioxide batteries showed
charge retention properties commensurate with that expected based on the temperature
profile experienced by these batteries. The state of charge remaining versus the quantity
of batteries is shown in Figure 1. Some batteries retained greater than 80 percent of their
original capacity. Ground stored batteries retained charge better than the flight batteries,
which saw minimal use. This is an expected result, since the averugc storage temperature
of the ground batteries was lower than that of the flight batteries. Ground stored batteries

remained in refrigeration at NASA Langley with an average temperature of 0 +_ 5 OC,

The average temperature of LDEF flight batteries was 15 *_ 10 ©C, which would

produce a greater degradation of the lithium electrode. Ground stored batteries

experienced an average capacity loss of 11 percent over the 6-year LDEEF flight time,
while some flight batteries on LDEF showed up to 30 percent capacity loss (2). The
favorable performance of LDEF lithium sulfur dioxide batteries adds credence to the
selection of lithium sulfur dioxide batteries of similar design for the Galileo mission.

ANALYSES ON LITHIUM CARBON MONOFLUORIDE BATTERIES

Investigation of lithium carbon monofluoride batteries was accomplished with a
subcontract from The Boeing Company to AZ Technology. Ten Li/CF batteries were
flown on LDEF as listed on Table 1. The batteries were depleted on return of LDEF.
Figure 2 shows the gradual degradation of battery voltage with time for the battery used
on the Thermal Control Surfaces Experiment (4). The required experiment life was
twelve months, with an expected life of 18 months, which the batteries exceeded.

The LiCF batteries experienced slight leakage of one cell in one of the LDEF batteries.
An "Odor" was detected in the battery case of experiment S0069, upon opening. H. L.
Lewis and V. L. Hammersley at the Naval Weapons Center, Crane, Indiana, are
investigating the phenomena and will be presenting their findings in January 1992 (5).
The electrolyte used in the Eagle-Picher Industries LiCF batteries is dimethy! sulfide,
which contains small amounts of other sulfur compounds that can be quite odorous. AZ
Technology investigated the effect of the leaked electrolyte vapors on the O-ring seal of
the battery containment case (6). The seal experienced a softening and deformation due
to the attack, however indications are that any leakage was contained in the case and
created no performance problem for the battery or associated experiment.
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LDEF Experiments with LISO2 Batteries - State of Charge
Remaining, Post Flight

e(
8
R

Figure 1. State of Charge Remaining in Li/SO, Batteries Returned from LDEF Flight.
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Figure 2. Gradual Degradation of Voltage with Flight Duration for Li/CF Batteries
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TESTS AND ANALYSES ON THE NICKEL CADMIUM BATTERY

One nickel cadmium battery was flown on the Low Temperature Heat Pipe Experiment
Package (Experiment #51001). Analysis and test of the battery has been conducted by S.
Tiller and D. Sullivan of NASA Goddard Space Flight Center (7). The battery consisted
of two 9-cell packs, which were mounted onto a 0.75 inch thick aluminum baseplate.
Prior to flight, power analysis for the 12-Ah NiCd battery indicated a need for 2 to3
ampere discharge; however, reduction in the experiment during flight resulted in a much
lower power demand. The resulting over charge of the battery became a duration test for
the NiCd battery. These batteries are not known for their ability to withstand excessive
overcharging for long times. The battery survived the entire 6-year usage and was still
functioning upon retrieval. The overcharge was reported to have developed internal
pressure, resulting in bulging of the cell cases, especially those cells on the end of the cell
pack.

The loss of overcharge protection is obvious from the difference in voltage performance
shown for pre-flight and post-flight cells on constant charge, see Figure 3. Preflight
charge profile showed all cells were matched and reached full state of charge in 18 hours,
while maintaining voltage below 1.46V. Post-flight data experienced considerable
differences between cells with cell # 10 reaching a high voltage of 1.52 volts, which
tripped the charge for the battery off at 14 hours of charge. Discharge performance
produced similar results with pre-flight reaching 6.4 hours discharge at a C/4.8 rate,
while post-flight cells attained only 6 hours for the same conditions, see Figure 4.

CONCLUSIONS

LDEF batteries experienced mild temperature extremes during flight providing a
favorable environment for life considerations. All batteries performed to expectations
meeting and exceeding original design requirements. Minor leakage was experienced on
one cell of a LiCF battery, which resulted in minor attack of the o-ring on the battery
case, with no damage to experiment hardware. The NiCd battery endured considerable
over charge and returned with case bulging, but still functioned with decreased capacity
capability.
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CHARGE - CONSTANT CURRENT (C/10) . Arnbient
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Figure 3. Constant Current Charge Indicates Loss of Overcharge Protection
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Figure 4. Constant Current Discharge Produces Low Capacity, Post Flight
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ABSTRACT
Active material particles spatial arrangement in combination with the
nature of the electrochemical reduction mechanism were found to be the
major cause of excessive swelling in cathodes in Li/(CFx)n cells. A
better understanding of the chemical reaction mechanism, a possible new

role for the carbon and a model for cathode growth are discussed.

1991 NASA Aerospace Battery Workshop -136- Frimary Technologies Session



Tracor Technology Resources

INTRODUCTIOR

Early developers of lithium-organic electrolyte cells were attracted
to (CFx)n as a potential cathode material. This attraction was based
on calculated theoretical energy values of which the most outstanding was
a theoretical specific energy approaching 2000 wh/kg*. Calculations of
solid volume changes in the Li/(CFx)n cells, based on
"crystallographic"” densities, indicated a volume reduction caused by
active materials transforming into products of about 35%. However, in
practice, loading of active materials was limited by an unexplained
severe cathode swelling which resulted in cell choking and/or bulging of
flat cell walls.

This investigation was aimed at trying to understand the cathode
swelling phenomenon and, if possible, find a way to increase the active
material loading in Li/(CFx)n cells.

The results of the first part of this project were reported in the
1990 NASA Aerospace Battery Workshop. This preseﬁtation covers a review

of the early results, new insight into the role of carbon in the cathode

reaction mechanism, a swelling model based on microscopic observation and

cells swelling behavior and conclusion.

* This number is based on the assumption that the EMF of the
electrochemical reaction is between 2.8 and 2.9 volts. See - J. P.
Gabano, "An Overview" in "Lithium Batteries" (J. P. Gabano ed) P. 2,
Academic Press, New York, NY, 1983.
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VOLUME CHARGES OF CATHODES IN BR-2325 CELLS DUE TO DISCHARGE

WET CATHODES VOLUME BEFORE DISCHARGE

Volume *(Cm3)

PC/DME 0.261

GBL 0.251

CATHODES FROM DISCHARGED CELLS

32°F and 120°F Discharge Across a 37,500 ohm Load

AVolume* (%)

32°F 120°F
PC/DME 36 1
GBL 36 2

75°F Discharge Across a 15,000 ohm Load

AVolume* (%)

PC/DME 27

GBL 28

* + 1%
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APPROACH

The problem is illustrated by the data obtained from measurements
performed on cathodes from fresh and discharged BR-2325 cells.

Approximately doubling of electrodes volume was reported for
experiments conducted with 2ssentially free "standing" electrodes.* That
report indicated that no temperature effect was observed with the highly
porous "free standing"” electrodes.

Initially, the source of the problem was thought to be related to the

reaction mechanism, hence the prevailing mechanism for the electrode

reduction required a careful review.
As no mechanistic answer on the atomic level could explain the

observed magnitude of electrode swelling, microscopic observations of

active cathode material particles behavior during discharge were
investigated in search for an explanation for the excessive growth.
Finally, an atomic-microscopic model was evolved which can explain

the observed swelling phenomenon.

* D.M Pasquariello, E.B. Willstaedt and K.M. Abraham, The
Electrochemical Society, Fall Meeting, Paper No. 17, Seattle,
Washington, October 1990.
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ELECTROCHEMICAL REDUCTION OF
PTFE AND (CFy), BY LITHIUM

PROPOSED MECHARISMS
(CFx)n
n Li + (CF)p —) [CFLil * —) nLiF + nC
* Prevailing literature intermediate [CF-Li(S)j]

PTFE (Dousek et al)

L
|
F ¥
Fast [
Li + PTFE ——3 | LiF—C —f —c— | 2%, 1iF + (—c=0-)y
l
F F
l
L

[-C=C-], —— to more ordered form
LiF—) to larger crystals
PROBLEM:
In both cases x-ray diffraction patterns do not show

intermediate; hence

HOW DOES THE LITHIUM REACH REACTION SITES?
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ROLE OF CARBON
(Reaction Mechanism)

Reaction mechanisms proposed, in the 1literature, for the (CFx)n
electrode reduction by lithium assume lithium ion penetration to reaction
sites between layers of active material via an intermediate. A similar
mechanism is proposed for the reduction of PIFE by lithium metal,

X-ray diffraction patterns show only the presence of LiF on both
reduction products and disordered carbon on the surface of discharged
(CFx)n particles. Hence, 1lithium has to penetrate the discharging
active material particles in both cases through the discharge products as
complete disintegration of particles down to the '"molecular" level was
not observed.

Based on carbon intercalation chemistry 1literature, which is
abundant, and the expected slow 1lithium ion diffusion through LiF
crystals, we proposed last year that lithium could be first
"intercalated” into the discharged carbon and then proceed to (CFx)n
sites. Experiments designed to verify the proposed lithium migration

path gave interesting results.
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"Lithium passage through carbon" cell,.

(CFa),, 4 Lt

Schematic Drawing of the "lithium passage through carbon"
experimental setup.
Al - Resistor used to measure total current flow.
A2 - Resistor used to measure current flow to (CFX),.
A3 - Resistor used to measure current flow to carbon.
L - Resistive load controlling current flow.
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ROLE OF CARBON
(Experimental)

The experimental setup designed to understand the role of carbon in
the cathode reaction consisted of a Li/Li salt in an organic
solvent/(CFX)n cell separated into two compartments by a piece of
Pyrolytic Graphite - Coated Graphite (Pyrotech, PT101).

This cell was discharged through a large resistance, L and the
currents flowing from the 1lithium, to the carbon and to the (CFX)n
electrodes were measured through smaller calibrated resistors Al, A3 and
A2, respectively, using DVMs. The voltage between the two electrodes, Li
and (CFx)n was also monitored during the experiments.

Initial results with a lMLiAsF6 in DMSI solution indicated no
current flow through A2 unless the carbon was loaded with some lithium.
Loading the carbon, by disconnecting A2, and unloading the carbon, by'
disconnecting Al, resulted in increasing and decreasing the ability of
the cell to deliver current at several predesigned discharge voltages
indicating limits on cell performance dependent on lithium presence in
the carbon.

However, gas formation was detected in the positive electrode
compartment as the experimental work progressed. Couseyuently, the

experiments were repeated with a IMLiAsF6 in PC.
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ROLE OF CARBON
(Results)

Results obtained with the PC solution varied some with the piece of
carbon used. In the case of one cell similar results to those obtained
with DMSI were obtained.

However, more interesting were results which were obtained with, what
could be assumed to be, not completely sealed surfaces of the carbon.
Witnh such slightly open faced pieces current started flowing . uuey .ave.y
to both the carbon and the (CFx)n with the sum of the currents equal,
within the measuring accuracy (two significant figures), to that flowing
from the 1lithium electrode. Furthermore, current was flowing to the
carbon even as the cell voltage was significantly above 2 volts.

Such behavior indicates carbon loading with lithium while the cell is
discharging. Hence, if one assumes that (CFx)I1 is fully covered with
discharge product, even if slightly cracked, then the observed discharge
voltages could be attributed to mixed potentials involving 1lithium
loading on carbon and its ultimate reaction with the positive active
material.

Attributing an ionic current conducting role to carbon in the cathode
reaction could account for some positive electrode swelling due to
lithium presence in carbons in the (CFx)n electroae, 3.e., Lotl the
discharge product and the conductive additive.

Still the observed magnitude of swelling cannot be explained in terms

of the carbon-lithium reaction above.
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a. Cathode pellet after some scraping of adherent materials.

b. Cathode pellet after intensive scraping.

Current collecting surfaces of pellets from PC test tube
cells after discharge.
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MICROSCOPIC OBSERVATION

Visual and microscopic examination of specially made "electrodes"
gave better insite into the swelling mechanism.

These electrodes consisted of a pellet made from shiny high purity
graphite powder on which gray (CFx)n powder was sprinkled and allowed
to discharge slowliy vs lithium (CCV 1.8 volts) under flooded condition.
in a 1MLiAsF6 in PC solution.

Surprisingly, partially discharged material on the surface of these
electrodes hardened into a porous matrix and had to be scraped for
further observation. Scraping of such partially discharged electrodes
revealed a gray upper layer of partially discharged material on the top
of the electrode and a dull black layer on top of the shiny graphite
surface of the pellet.

Further examination of the layers revealed that even the partially
discharged particles were fused together allowing for sizable pores
between particles. Some shrinkage of particles, but not the disappearing
of cavities, was observed with the dark material.

Furthermore, in all cases the fused active material particlers were

fused also to the graphite.
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a. Gray surface,.

b. Black surface,

SEM micrographs of the gray and black surfaces on a scraped
current collecting surface of the graphite pellet from cell LT 2.
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SWELLINRG MODEL

Based on the above, a reasonable model for (CFx)n cathode swelling

will consist of the following steps:

1. Electrons reach (CFx)n particles’ surfaces through the
conductive additive - carbon, and lithium ions reach reaction
sites via solution.

2. Reaction taking place at sites of least resistance, e.g., the
conductive carbon surface, resulting in fusion of discharging
particles to the carbon.

3. The reaction proceeds by advancing through partially discharged
particles to undischarged particles which touch them resulting
in particles fusion at touching surfaces before full reduction
of the fused particles.

4, Any further reduction of the fused particles matrix which
results in particle swelling, i.e., incorporation of 1lithium in
carbon, LiF crystal formation and further layer separation will
result in amplified three dimensional swelling around the fused
matrix cavities.

5. Such swelling will continue wunimpeded iIn free standing
electrodes but will be limited 1f the electro?: 1is swelling
against a solid metal wall. In the latter c¢ase the wali
pressure could result in particle matrix ©breakage and
densification resulting in less bulging and cell chocking.

One <could also expect the matrix-wall interaction to be more

sensitive to temperature than the swelling of a free standing electrode.
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CONCLUSIONS
The major contributor to cathode swelling in Li/(CFx)n cells is the
formation and three dimensional expansion of the fused partiile ratrix.
Lithium reaction with carbon in the (CFx)n elecirude [rovides for
an acceptable explanation for lithium ion migration during discharge and

might explain observed voltages during discharge.
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PRIMARY ZINC-AIR BATTERIES FOR SPACE POWER
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and
Glenn Merry and Ron Putt
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430 10TH ST NW STE S-007, Atlanta, GA 30318

INTRODUCTION
Zinc-air batteries are an excellent power source for aerospace use

because they have the highest specific energy of all primary
batteries (Table 1) and they are inherently safe.

Table 1: Primary Battery Specific Energies

System Specific Energy (Wh/1lb)
Alkaline-Manganese 60
Alkaline-Mercuric Oxide 55
Lithium-Sulfur Dioxide 125
Lithium-Manganese Dioxide 135
Zinc-Air 200

Despite decades of development there are currently only two types
of zinc-air batteries on the market, button cells and low rate
industrial batteries. Zinc-air button cells ‘F.qure 1), used
almost exclusively in hearing aids, are similar ir cesign to zinc-
mercuric oxide button cells, which they have displaced because of
a twofold capacity advantage. The button cell configuration is an
excellent means of packaging the zinc-air cell in small sizes (1 Ah
or less), but scaleup to larger capacities has proven difficult
because of performance and leakage problenms.

Industrial zinc-air batteries are of a prismatic configuration
which employ flat plate electrodes and a molded plastic case
(Figure 2). Employed in low voltage railroad track signal circuits
and in lighted aids to navigation, where a service life of 2-3
years is required, their maximum continuous drain rate is 1 A or
less. Their full capacity is delivered only at drain rates below

c/1200.
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NASA-JSC has contracted with MATSI to expand zinc-air technology to
two cell designs with high capacity and high rate capability, at
specific energies which can only be met safely with zinc-air (Table

2).

Table 2: HR and LC Cell Specifications

Cell | Drain Rate | Capacity | Specific Energy
HR 1A 12 Ah 160 Wh/1lb
HR 3 A 9 Ah -

LC 2 A 200 Ah 200 Wh/1lb
LC 6 A 150 Ah -

This has produced a novel prismatic design (Figure 3) which
achieves the rate and specific energy targets and allows for
stacking in multicell batteries. The thickness of the anode
determines the capacity of the cell, and the area determines the
maximum rate capability. An anode thickness of 0.5 cm, for
example, produces an achievable specific capacity of 750 mAh/cm?,
while the maximum continuous current density is 50 mA/cm’.

The next section discusses the a priori basis for our cell designs.
This 1is followed by results of preliminary experimental work.
Finally, we present data from parametric testing of HR and LC
batteries.

DESIGN BASIS

The cell design (Figure 3) employs an anode paste of amalgamated
zinc powder in a gelled potassium hydroxide electrolyte, a
microporous polymeric separator, a porous, PTFE-bonded carbon
oxygen electrode, and a plastic cell tray. Selection of anode
thickness is dependent upon the specific capacity (mAh/cm?) to be
delivered and the utilization (%) achieved at a given current
density. Figure 4 shows typical anode utilization data for a zinc-
air button cell and for three sizes of alkaline cylindrical cells.
all of which use similar anodes. The tailoff in the zinc-air cell
curve is the result of air access restrictions to the cathode. The
much lower utilizations for the alkaline cells are the result of
the cylindrical geometry and the moisture uptake of the manganese
dioxide cathode. We assumed AA utilizations for the initial
designs, to be conservative, but those achieved in practice were
more in agreement with the zinc-air curve, as extrapolated

linearly.

The oxygen cathode is a high performance gas-diffusion electrode
comprising two layers. The active layer on the electrolyte side
employs high surface area carbon for the oxygen reduction reaction,
and a metal oxide catalyst for peroxide decomposition. The barrier
layer on the air side, having a higher PTFE content, prevents
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electrolyte weepage. A microporous polymeric separator placed
against the cathode surface prevents internal shorting.

Stacking cells in a battery requires that provision be made for air
access to the cathodes. This is achieved by placing a porous
spacer between cells. The thickness of this spacer is dependent on
the lateral dimensions of the cell and the operating current
density. If the spacer 1is too thin, interior portions of the
cathode will become oxygen-starved, while too thick a spacer
increases battery weight and volume unnecessarily.

An oxygen transport model was developed to assist in design of the
intercell spacer. The model assumes only diffusion of oxygen
through a stagnant nitrogen layer, since 1in space there is no
natural convection, and forced convection ot air to the cells is
not assured. The model (Figure 5) assumc-. urygen access from two
sides only, and that the current distribution is uniform. It then
calculates the spacer thickness (s) required for a given cell
height (2L) and current density (i). Solution of the diffusion
equation for this geometry yields the following relationship:

s = i e L}/1100.

That is, the minimum gap is proportional to the current density and
the square of the path length for diffusion. Figures 6 and 7 show
this relationship as applied to the LC and HR cells for three
aspect ratios. Clearly, a low aspect ratio (height:width) is
desirable for minimizing spacer thickness. Our design has
therefore fixed on an aspect ratio of 1/2 for both cell designs.

Based on the above, the design points shown in Table 3 were set for
the LC and HR cells.

Table 3: HR and LC Cell Design Specifications

Variable HR Cell LC Cell
Facial Dimensions 6 cm X 12 cm 13 cm x 25 cm
Thickness 0.7 cm 0.8 cm
Weight 93 g 540 g
Spacer Thickness 0.6 cm 0.8 cm
Capacity 30 Ah @ 1 A 204 Ah @ 2 A
Specific Energy 170 Wh/lb @ 1 A | 210 Wh/lb @ 2 A

PRELIMINARY DEVELOPMENT

A series of experiments was conducted on subscale prototype cells
to test the elements of the design basis and to optimize electrode
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formulations. The first set focussed on ancde optimization. Test
cells were discharged at four different zinc contents (weight
percentages), and their specific capacities were calculated. The
data in Figure 8 indicate that, while there are no substantial
differences statistically, a zinc content of 70% consistently
performed well, and so it became the standard.

Another set of experiments elucidated the sensitivity of anode
utilization to KOH concentration. Two concentrations, 30% and 35%,
were tested at two ambient relative humidities, 35% and those in
equilibrium with the two electrolyte concentrations (58% RH and 47%
RH, respectively). The data shown 1in Figure 9 show that
utilization is consistently higher for the 35% KOH concentration,
and for that concentration the utilization is less sensitive to low
ambient relative huniidity. The 35% concentration therefore became

the standard.

The cathode optimization studies showed the need for a peroxide
decomposition catalyst, not only for improved cell voltage, but
also for improved anode utilization. Figure 10 shows that anode
utilization is substantially higher when the catalyst is used. The
weight gain data, expressed as the gquotient of cell weight after
and before discharge (over and abkove the weight gain calculated for
oxygen uptake based on delivered capacity, i.e. 0.3 g/Ah), indicate
that the no-catalyst cell anodes were non-faradaically converted to
oxide because of peroxide migration and reaction there. In other
words, the peroxide acts as a scluble form of oxygen which, if not
decomposed in the pores of the cathode, acts to corrode the zinc in
a direct chemical reaction.

Finally, the discharge data for more than 40 cells were employed to
create an empirical model of cell performance. Figure 11 shows the
derived relationship between utilization and current density, and
Figure 12 relates average cell voltage to current density. These
are expressed mathematically as follows:

U (%) = 97 + 321n(1- i/70), and
vav (V) = 1.29 - 0.00581.

Based upon this model, the sensitivity of specific energy to anode
thickness for the HR cell was calculated (Figure 13), which showed
the need for a 0.4 cm thick anode to meet the 160 Wh/kg requirement
at a 1 A drain rate.

BATTERY TESTING

The HR and LC cell designs were finalized based on the preliminary
experimental work, and cells were built and tested both as
individual cells and as five cell batteries. Figure 14 shows the
individual HR and LC cells, and Figure 15 shows a five cell LC
battery. A typical load curve at 100% state-of-charge for an HR
cell (LC is similar) is shown in Figure 16. The trace curves
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upward toward an open circuit voltage of 1.4 V below 5 mA/cm’, but
is essentially linear at higher current densities.

Typical cell discharge curves at 25° C are shown in Figures 17 and
18 for the three currents tested. Cell voltages are relatively
flat throughout most of the discharge, their negative slope and
curvature proportional to the drain rate. The voltage Xnee 1is
fairly sharp, with little capacity beyond the 0.9 V cutoff value.
Capacity dependence on current is shown in Figures 19 and 20.

Individual cell data points for each of the three drain rates and
temperatures tested are shown 1in Figures 21 and 22 (HR), and
Figures 23 and 24 (LC), along with the empirical model data for 25°
C. The HR data show good performance relative to the model
predictions under all conditions except the 2 and 3 & runs at 50°
C. For these runs forced air circulation was required in the test
oven to ensure adequate -oxygen supply tc the batteries, and this
accelerated dryout of the cells, which lowered utilization.

LC battery utilizations were consistently below model predictions
at all temperatures tested because of dryout, in what we term a
chimney effect. The cells ran at least 20° C warmer than ambient,
and this, in combination with oxygen depletion, produced an updraft
of air in the intercell spacers which enhanced dryout. The most
dramatic evidence of this is shown in Figures 25 and 26. Figure 25
shows utilization by cell for the 6 A, 25° C run. Utilization is
at a minimum for Cell 3, the center cell, and is at a maximum for
cells 1 and 5, the end cells. Figure 26 shows the water loss data
for this test, cell by cell, with a maximum in the center and lower
values at the ends. While there is not a reproducibly uniform
dependence of utilization on water loss (accelerated localized
dryout can be as much a detriment as uniform dryout), the generally
high electrolyte weight (moisture) losses observed (as high as 43%)

account for the suppressed utilizations. Water loss data are
compared in terms of flux (g/h/cm’) versus current density in figure
27 for HR and LC cells. Water flux for the LC batteries is

approximately a factor of ten higher than that for the HR batteries
when compared at equivalent current densities.

The chimney effect can be mitigated, for testing at 1 G, by
reducing air access to and thickness of the intercell spacers. 1In
space, at 0 G, there would be no chimney effect, and utilizations
would 1likely be much higher. Furthermore, if the batteries were
fed pure oxygen at a stoichiometric rate, dryout could be reduced
to near zero, as could the spacer thickness.

Water loss data are compared in terms c¢f flux (g/h/cm?) versus
current density in Figure 27 for HR and LC batteries. Water flux
for the LC batteries is about a factor of 10 higher than that for
HR batteries, when compared at equivalent current densities. This
is probably the result of cell size and intercell spacer thickness
differences between the two designs.
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CONCLUSION

The prismatic HR and LC cells and batteries built and tested
performed well with respect to the program goals (Table 4).

Table 4: HR and LC Cell Performance (@ 25° C)

Cell | Drain Capacity Specific Energy
Type Rate (Wh/1lb)
Goal Achieved | Goal | Achieved
HR 1A 12 Ah 29 Ah 160 165
HR 3 A 9 Ah 2¢ Ah = 131
LC 2 A 200 Ah 203 Ah 200 211
LC 6 A 150 Ah 188 Ah - 182

The HR batteries suffered reduced utilizations owing to dryout at
the 2 and 3 A rates for the 50° C tests owing to the requirement for
forced convection. The LC batteries suffered reduced utilizations
under all conditions owing to the chimney effect at 1 G, although
this effect would not occur at 0 G. An empirical model was
developed which accurately predicted utilizations and average
voltages for single cells, although thermal effects encountered
during battery testing caused significant deviations, both positive
and negative, from the model. Based on the encouraging results of
the test program, we believe that the zinc-air primary battery of
a flat, stackable configuration can serve as a high performance and
safe power source for a range of space applications.
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Figure 2: Industrial Zinc-Air Battery
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RISE TIME AND RESPONSE MEASUREMENTS ON A LiSOCI, CELL

[C. BASTIEN (SAFT) - E. LECOMTE (ETCA)]

ABSTRACT

Dynamic impedance tests have been performed on a 180Ah LiSOCl; cell in the
frame of a short term work contract awarded by Aerospatiale as part of the
Hermes space plane development work. These tests consisted of Rise Time and

Response Measurements.

The Rise Time Test was performed to show the ability to deliver 4KW, in the
nominal voltage range (75 - 115V), within less than 39 micresaconds, and

after a period at rest of 13 days.

The Response Measurements Test consisted of Step Response and Frequency Response
tests.

The Frequency Response test allowed to determine the “small signal" impedance
of the LiSOCT, cell. The cell impedance was measured for various frequencies,

temperatures, intensities and depths of discharge.

The Step Response test was performed to characterize the response of the
LiSOCT, cell to a positive or negative Toad step of 10A starting from various
currents. The test was performed for various depths of discharge and various

temperatures.

The test results were used to build a mathematical, electrical model of the
LiSOC1o cell which are also presented.

Slides 5 to 17 give the test description and test results. Slides 18 to 25
give the electrical modelization description (for which additional comments
are given hereafter). Slide 26 gives the conclusions of the presentation.
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MATHEMATICAL MODEL OF THE LiSOCly CELL (Slides 18 to 25)

Three models of increasing complexity are presented. Their validity is limited
to the conditions of the tests presented :

Frequency : 5 to 100 00Q0Hz

- Temperature : 10 to 70°C (50 to 160°F)
Depth of Discharge : 25 to 75%

Bias Currents : 0 to 80A

The Frequency Response Tests directly give the impedance versus the frequency.
The model is built on the basis of the Frequency Tests and validated and

refined to match the measured Step Response.

The first model accounts for the Frequency Response when the temperature is
greater or equal to 40°C (104°F) while the second one is » -~finement valid
also for Tow temperatures. Model 2 was validated by simulating its response
to the Step Response Test and by comparing it to the experimental response.
The validity proved to be good except for lew DC currents.

MODEL 1 (Slides 18 to 19)

At temperatures greater than 40°C (104°F), all frequency responses are
similar : a plateau at low frequencies and a resonance at 76 KHz.

The plateau is modelized by a Series Resistance (6m()) and the resonance by
an R-L-C parallel cell.

Rz of the R-L-C cell is given by the impedance at the resonance frequency :
Rp = 41 - 6 = 35mQ. The resonance frequency Fy is equal to 1/2nJLC

and the ratio AF/Fy is equal to RYC/L. This allows to determine L and C
where L = 32nH and C = 137pF.

Ry varies slightly with T° and Ipc = as I or T° increase, Rj decreases.
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MODEL 2 (STlides 20 to 22)

At Tow temperatures (10°C, 50°F), the impedance is higher for the Jow
frequencies (below 2KHz), while the response is identical above 2KHz. This
phenomenon is modelized by an RC parallel cell, added to Model 1.

R3 is given by the value of the plateau : R3
t

30 - 6 = 24mQL
C2 is given by the value of the impedance a =

F = 2KHz.
Model 2 also applies at high temperatures, with R3 = OmQ (Model 1).

Model 2 is validated by comparing the experimental results of the Step Response
Test to the simulated results. Slide N° 22 shows a good matching when the
initial DC current is greater or equal to 10A for positive or negative steps.

MODEL 3 (Slides 23 to 24)

S1ide N° 23 shows that for a DC current smailer than 10A, positive and negative
responses are not symetrical.

Model 3 is similar to Model 2 (RC cell, series recistance and R-L-C cell)
except that the resistance of the R-L-C cell is increased when the current
measured before the application of the current step is smaller than 10A. The
simulated Step Response is similar to the experimental Step Response, as shown
in slide N° 24, which validates Model 3.

BATTERY MODEL (Slide 24)

The equivalent electrical model of 28 cells in a series is the electrical
model of a cell with resistors and inductor values multiplied by 28 and

capacitor values divided by 28.

An additional series resistance (Rg) and inductance (Lp) must be added in
order to take into account the influence of the cabling between cells.

Ry = 4.3m0Q

L2 = 1.2uH
As Rg << Ry, R4 can be neglected
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Li/BCX (Thionyl Chloride) Battery for the NASA AN/PRC-112
Survival Radio

S.J. Ebel, W.D.K. Clark, D.P. Eberhard
Electrochem Industries
Division of Wilson Greatbatch Ltd.
Clarence, New York 14031

AND

E.C. Darcy
National Aeronautics and Space Administration
Lyndon B. Johnson Space Center
Houston, Texas 77058

As part of the NASA contingency planning related to aborting a launch after liftoff, an emergency
radio is required for use by the crew when they return to Earth at some unplanned location. The
power source for the radio must be able to satisfy the performance requirements for the radio's
mission as well as be compatible with in-cabin storage in the space shuttle. The radio needs a base
load power of about 1W with capability to handle power spikes greater than 6.5W. A slightly
enlarged battery pack using the Li/BCX chemistry in C-size cells has been developed that meets
these power levels and extends the operational life of the radio by over a factor of four compared to
its operation using a Li/SO cell battery pack. In addition, the cells meet the requirements for the
Li/BCX cells used for extra-vehicular activities by the crew of the shuttle. One of the major
qualifying tests is the ability of the cells to withstand exposure to high temperature (149°C) without
leaking. Electrical performance and thermal abuse test data will be presented for the cells.

PR NG PAGE BLANK NOT FILMEL
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Li/BCX Battery for the NASA
AN/PRC-112 Survival Radio

S.J. Ebel, W. D. K. Clark, D. P. Eberhard
Wilson Greatbatch Ltd.

and
E. C. Darcy

National Aeronautics and Space Administration

Lyndon B. Johnson Space Center
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Objectives

Overall Objective

Develop a battery to power a survival radio to be used by space
shuttle crew in case of an emergency termination of a launch

after liftoff or inability to land.

Requirements
» compatible with space shuttle requirements for

extra-vehicular activities and in-cabin storage

» base load electrical power output of 1W, power spikes to
6.5W

» extend operational life by a factor of four compared to

operation using a Li/SO, battery

1991 NASA Aerospace Battery Workshop -231- Primary Technologies Session



Background

« The AN/PRC-112 is an army radio which was designed with
a Li/SO, battery consisting of four 1/, C cells (vent design) in

series. This type of battery was deemed unacceptable for use

on the space shuttle.

« Li/BCX cells as produced by Wilson Greatbatch Ltd. have a
history of successful deployment for space shuttle

applications.

* The previously NASA qualified Li/BCX C cell had
insufficient power capability to meet the survival radio

electrical requirements. A higher power version was needed.

* A battery consisting of three "universal" Li/BCX C-size cells

was proposed.

1991 NASA Aerospace Battery Workshop -232- Primary Technologies Session



C-Cell Technical Requirements

« Cell designed to accommodate thermal excursions to 149°C

without leaking both prior to use and after discharge.

« Cell must be capable of operating for 43 hours (5.8 Ah) to a

2.7 V cutoff under the radio pulse regimen shown below.
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Universal BCX 149 C-Cell Design and
Technical Data

outside diameter 1.009 in.
overall length 1.899 in.
nominal weight 58 g
nominal volume 24.9 cm3
working electrode surface area 110 cm?
chemistry Li/BrCl + SOCl,
polarity case negative
nominal capacity rating 7 Ah
nominal discharge rate 75 mA
maximum continuous rate 1000 mA
nominal specific energy 432 Wh/kg
nominal energy density 0.95 Wh/cc
safety fuse rating 4 A

1991 NASA Aerospace Battery Workshop 234-
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CELL TESTING

Thermal Abuse Testing
« cells were tested at both 0% DOD and 100% DOD

« cells were heated at a max. rate of 5°F/min. to each of the following
temperatures: 200, 225, 250, 275, and 300°F

» each temperature was maintained for at least 15 min.

- after each temperature excursion the cells were cooled to room temp., cell

heights were measured, cells were checked for electrolyte leakage.

Electrical Abuse Testing
« short-circuit testing through a finite external circuit resistance of 0.5Q.

- force overdischarge (FOD) testing on discharged cells after 2 weeks

end-of-life storage.

- 3 ratesemployed: 0.125 A,0.5A,and 1 A
- 2testtemperatures: 21°C and 71°C

- test duration: 7 hours

- power source voltage: 38 V

Electrical Discharge Testing
+ Testing under constant R loads of 6€, 9Q2, 30Q2, and 60€2 conaucted at
temperatures of -29, 0, 21, 55, and 71°C.

+ radio pulse regimen testing at room temp.
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Li/BCX (149) C-CELL SWELLING
AS A RESULT OF THERMAL CYCLE
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Electrical Abuse Testing Results

Short Circuit Testing
« 52 cells tested

« average initial current: 5.8 A
« average peak temperature: 87°C
« average time to peak temperature: 30 minutes

e no vents, leaks, or ruptures

Force Overdischarge Testing

In general...

e current could not be maintained

cells swelled

2 cells mildly vented through glass seal area

peak temperature exceeded 200°C in some cases

to-date, 54 cells have been force overdischarge tested
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Li/BCX (149) C-CELL DISCHARGE RESULTS UNDER
6Q2 LOADS AT VARIOUS TEMPERATURES
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BCX 149 C-Cell discharge capacity
as a function of load and temperature.
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Li/BCX (149) C-CELLS: TYPICAL PERFORMANCE UNDER
SURVIVAL RADIO PULSE REGIMEN AT ROOM TEMP.
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Battery Technical Requirements

» Designed to accommodate three "universal" Li/BCX C cells

in series.

« Safety features to include a 4A fast-blow fuse built into each
cell, two shunt diodes in parallel with each cell, two thermal
fuses rated at 72°C in the battery, and one 1.5A fast-blow

fuse in the negative leg of the battery.
« Battery weight to be 280 g max.

« under 0.5A load at room temperature and higher the battery

must attain an 8V minimum operating voltage within 5 sec.

+ Capacity rated at 5.0 Ah under a 0.5A load to an 8V cutoff.
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NASA AN/PRC-112 Battery
L and I test: 0.5A discharge

\ | 25°C (1)
o — . 3

hours on test
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voltage

NASA AN/PRC-112 Battery
HR test: 1.5 A discharge at room temp.
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Battery Environmental Testing

Shock Testing

» sawtooth pulse of 20 = 0.5 g peak for an 11 msec rise and
1 msec decay in both directions of 3 perpendicular axes

— batteries passed (no leak, vent, or rupture)

Vibration Testing

« 12.1 £0.1 min. in each of three mutually perpendicular axes

according to the following spectrum:

20-150 Hz + 6 dB/octave
150 - 1000 Hz 0.03 g%/Hz
1000 - 2000 Hz - 6 dB/octave

- batteries passed (no leak, vent, or rupture)

Altitude
« rapid decompression to 100,000 ft within 3 sec.

- batteries passed

Leakage
« helium leak rate less than 1.4 x 1079 cc/sec

- batteries passed, average leak rate was 5.8 x 107 cc/sec
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SUMMARY

« An updated BCX 149 C-cell/battery has been designed for
the AN/PRC-112 survival radio battery and is nearing

qualification for extra-vehicular activities and in-cabin shuttle

deployment.

« The battery has demonstrated power outputs of 1 W with
power spikes to 6.5 W.

« The BCX battery will extend the operating life by a factor of

four compared to operation using a Li/SOz battery.

 Qualification testing will be complete during the second half
of Nov9l.
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BATTERY TYPE: EMU

1.55 amps

TEST MR.: C. M. WOOTEN
CHARGE CLRRENT:

TEST 2P323, BA) SILVER-ALKALINE SECONDARY BATTERY EVALLATION
BATTERY MFG.: Yardney

1143

OEPTH OF DISCHARGE: 102%
DISCHARGE OURRENT: 3.8  amps

BATTERY SERIAL NO.:
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BATTERY TYPE: BWU

1.5 amps

TEST 2P323, BW SILVER-ALKALINE SEDCNDARY BATTERY EVALLATION
BATTERY MFG.: Yordney
TEST MGR.: C. M. WOOTEN
CHARGE CLRRENT:

1143

DEPTH OF DISCHARGE: 1ee%
DISHARGE QURRENT: 3.8 anps

BATTERY SERIAL NO.:
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BATTERY TYPE: EMJ

1.8 amps

TEST 2P323, BMJ SILVER-ALKALINE SECONDARY BATTERY EVALLATION
BATTERY MFG. : Yardney
TEST MR.: C. M. WOOTEN
CHARGE CLRRENT:

anp3

1143

BATTERY SERIAL NO.:
DEPTH OF DISCHARGE: 10eX
DISCHARGE OLRRENT: 3.8
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Battery Type: BMJ
Test End Date: 21-Mar—9t

Yardney
1.55 amps

C. M. ¥ooten

Battery Mfg.:
Charge Current:

Test Mgr.:

Test 2P223, BMJ Silver-Alkaline Secondary Battery Evaluation

1143
Depth of Discharge: 102%
3.8 anps
32

Battery Seriai No.:
Discharge Current:

U.S. Gov't
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1. Introduction

HOPPECKE Li history in the search for a safe, high-rate
Li technology

HOPPECKE is a company primarily concerned with the
production of lead-acid and nickel-cadmium batteries
which has alsoc diversified into the field of alternative
battery systems. In 1978, the R&D Department at HOPPECKE
started to evaluate the advantages and disadvantages of
the most common lithium systems at that time in both
liquid and solid cathode technologies such as:

SOzClz
S0C1,;

S0,
Lithium-
(CFx)an

Cu0

MnO 2

A series of comparative studies were undertaken on
representative cells as objectively as possible in order
to appreciate the respective advantages of the different
systems. After reviewing the first test results our
attention was soon focussed on the following four
lithium systems:

socl,
S0,

Lithium-
(CFy),

MnO,

This resulted in the decision in 1982 to adopt the Li-
MnO, system for high-rate applications.
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The reason for this was that it appeared the most
promising system in its overall characteristics. With
the main goal to achieve the gocod properties of the
couple Li-Mn0O, such as high energy density, long shelf
life, insignificant voltage delay and environmental
safety, HOPPECKE succeeded in the development of high-
rate Li-MnQO, cells.

The development was guided by military reqguxirements with
respect to performance and by the highert ...fety
requirements that could be achieved. The firsi German
Military Approvals were obtained for C and D cells and
several batteries in 1987/88. Further approvals were
obtained in the course of time, followed by first
approvals for some space applications.

Based on the considerable experience in this technology
HOPPECKE was awarded a Development Contract by ESA to
produce a 200 Ah high-rate cell. The cell is intended to
be used in a 16 kWh battery which forms part of the
electrical power system of the HERMES spaceglider.

The present paper describes the design properties and
performance characteristics as well as safety aspects of
our high-rate Li-MnO, cells which have been used for
many years in several industrial and military
applications. The use in some space applications is also
described. As a conclusion, a brief report of the
development status of our HERMES cell is given. The
results, although preliminary, are very promising.
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2. Design description

How did HOPPECKE LSC cells meet the high performance and
safety requirements ?

Fig. 1 shows a sectional drawing of HOPPECKE LSC cells
in coil type construction.

Fig. 1

- Cell case and cover:

The cell case is a deep drawn cylindrical can of
stainless steel. The cell cover contains the
positive terminal feed-through insulated by a
glass-to-metal seal. Both parts, cell case and
cover, are hermitically sealed by plasma-arc-
welding.

The cell cover is designed as a pressure release
vent which operates with very tight venting
tolerances. Although the cell is not pressurized at
room temperature, the internal cell pressure
increases with rising temperature. At about 110°C,
the vent opens and releases those components of the
electrolyte with the lowest boiling point.

- Electrodes:

The electrodes are spirally wound, and high-rate
capability is achieved by the large surface area.
"The rigid design of the jelly roll assures that the

cell resists even severe vibration and shock
conditions. All connections between the cell case,
terminals, tabs and current collectors are welded
or riveted. No connection can be broken by chemical
or mechanical degradation as the cell ages.

- Cathode:

A mixture of MnO, (CMD), carbon and binder is
pressed onto a metal grid. Very good
electrochemical efficiencies of MnO, are achieved
by this technigue. The metal grid consists of
stripes with selvaged edge on each side, hence
sharp points or projections cannot occur while
assembling the cathodes or even if the cell case is
deformed. In particular, serious shorts by
separator puncture are highly unlikely. The cathode
is connected to the glass-to-metal feed-through in
the cell cover.
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- Anode:

The anode consists of lithium foil rolled onto a
current collector foil. The large area cf the
current collector makes sure that the lithium will
be completely consumed at the end of discharge. The
anode is connected to the cell case.

- Separator:

Presently a double-layer separator system is used.
The anode is completely enveloped by a Celgard
wrap. This microporous separator is supported by a
glass mat to increase the distance between ancde
and cathode.

- Electrolyte:

The electrolyte consists of a mixture of different
organic solvents and a lithium salt. The
electrolyte is not toxic, corrosive or aggressive.
The lithium salt is lithiumperchlorate (LiClO.).
Other alternatives were not considered because of
environmental objections caused by fluorine or
arsenic components. The main goal during the
development phase has been to avoid environmentally
doubtful liquids with halide, nitrogen or sulfur
chemistry.

Only components consisting of carbon hydrogen and
oxygen were used because environmental problems are
known to be minimum.
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3. Performance description

What are the performance advantages of HOPPECKE LSC
cells?

Fig. 2 shows the observed discharge pctentials versus
the capacity of D-sized HOPPECKE LSC cellc. The
discharges were performed over .. wide :enperature range
on cells stored for two years with an overall constant
discharge current of 2 A.

Fig. 2

Note the consistency: The capacity down to 0 V is almost
the same for all discharge temperatures. The reasons for
this are the precision of the limited lithium design and
the ability of the anode current collector to discharge
the lithium completely. Even after two years storage at
ambient conditions, neither capacity losses nor serious
passivation effects occur, as is shown in Fig. 3.

Fig. 3

Fig. 4 shows the capacity advantage of HOPPECKE Li-
MnO, cells compared to standard SO; D cells for the
temperature range of -20°C to 55°C, and with a constant
discharge current of 2 A. The comparison demonstrates
the excellent performance of the MnO, technology for
high-rate applications over a2 wide temperature range.

Fig. 4
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4. safety aspects

What happens to LSC cells in case of abuse ?

- Overdischarge (pole reversal):

Fig. £ shows the behaviour of a D-sized LSC cell ir
the event ot cverdischarge.

Fig. 5

An aged cell (storage conditions 28 days at 72°C
and 6 months at ambient conditions) was discharged
at -30°C with a current of 5 A. The following
results were obtained when a load of 200 % of the
nominal capacity was passed through the cell at

5 A.

- Under the severe charge and storage conditions a
voltage delay is observed, but the cell soon
recovers and full capacity is available at a
positive voltage.

- The temperature rises to critical values ju:
below the venting temperature due to the
increase of internal resistance at the final
stage of discharge, but the separator system is
not damaged.

- During the pole reversal phase no significant
voltage drops or voltage instability are
observed. No significant heating occurs. Hence,
parallel diodes are not required, the cell is
inherently safe.

These results are due to the fact that no adverse
changes occur to the electrolyte, that at the ena
of discharge no active lithium is left on the
anodes, and that the reversal current is
distributed over a large electrode surface area.

Charging:

Protective diodes are recommended if inadvertent
charging could occur.

Squeezing:

The safety vent opens, but no serious shorts are
observed. Thus, the vented cell does not heat up.
This is a result of the special grid design and the
separator system.
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- Overheating:

Overheating could happen for a variety of different
reasons. In all cases the safety vent will release
pressure at a temperature well belcow the point at
which the separator system would fail.

Perhaps the simulation of an internal short by nail
penetration is the most impressive example for thne
high safety standard of our LSC cells. The ven®
opens after 30 - 60 seconds due to overheating. The
power of the cell is reduced because the
electrolyte is ejected and further heat generation
is prevented. The ejected electrolyte is not
corrosive and nontoxic.

It is most important that our cells react
predictably, and that the electrochemistry is safe
and well controlled, so no sudded exothermic
reactions or violent explosions occur.

5. Space applications

HOPPECKE high-rate Li-MnO, cells for aerospace use

. The high performance results and the safe

electrochemical behaviour of the Li-MnO, couple makes
this technolegy suitable for space applications.

Fig. 6 gives a brief overview of some applications in
space missions where HOPPECKE LSC cells have been used.

Fig. 6

\
As a further extension of this technology, HOPPECKE is
currently developing a 200 Ah high-rate Li-MnO, cell.
This cell is a candidate to form the basis of a 16 kWh
battery for a possible use in the HERMES spaceglider.

The development work was awarded by ESA to the team
Telefunken System Technik (TST) / HOPPECKE in September,
1990. Within the team TST is responsible for the
batterey design whereas HOPPECKE is responsible for the
cell design.

A brief design and performance description, and the
present status of this development is given below:
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5.1 Design description (HERMES cell)

- Cell case:

The cell case is prismatically shaped and made of
stainless steel. At present, a folded cell design
is used and all seams are welded by laser.

Fig. 7 shows the complete cell.
- Cell cover:

The cell cover contains the pcle terminals, the
vent and the filling tube. The terminal feed-
throughs are insulated by ceramic seals. These
ceramic seals have already been approved for space
application.

Fig. 8 shows the complete cell cover.
- Vent:

The vent is a domed membrane which - in case of
overpressure - is forced backwards and punctured by
a star-shaped knife.

- Electrodes:

The design of the anode and cathode is very similar
to our spirally wound cells, except that they are
flat. The high-rate electrical performances are
achieved by the large surface area of the
electrodes.

- Separator:

The separator consists of non-woven sheets of
microglassfiber with excellent mechanical
properties achieved by a special binder which
guarantees a maximum of safety against mechanical
stress and abusive conditions.

Cathode frames:

The cathodes are placed in plastic frames and the
whole electrode stack is mounted into the cell
case. Thus, the plastic frames together with the
properties of the separator gave the necessary
mechanical stability so that the mechanical test
requirements were fulfilled without any failures or
malfunctions. .
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- Electrolyte:
The electrolyte is the same mixture of organic

solvents used for our commercial cell, except for a
higher Li salt concentration.

5.2 Performance description {HERMES cell)

- Discharge performance:

Fig. 9 shows the discharge performance at ambient
temperature and at a constant discharge current of
40 A. The cell did not heat up significantly
because the heat could be easily dissipated to the
surroundings. A capacity of 208 Ah was measured to
a COV of 2 V and the calculated energy densitiy was
260 Wh/kg.

Fig. 9

Fig. 10 describes the discharge performance at
nearly adiabatical test conditions (the so-called
"thermal worst case" discharge mode). The test
conditions simulate the situation where a very
small heat transfer to the surroundings can take
place. The cell was discharged with a pulsed
current corresponding to a specified mission load
profile for the whole battery.

Fig. 10

Due to the higher temperatures during discharge the
electrochemical efficiency of the cell was somewhat
increased. The capacity measured to a COV of 2.2 V
was 213 Ah, and the calculated energy density was
280 wh/kg.
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- Overdischarge (pole reversal):

Fig. 11 shows the behaviour of a cell in the
overdischarged mode. Note: No significant voltage
instability and heat generation were observed. We
see this aspect as one of the most important safety
features. This was achieved by the safe
electrochemistry and the safe design of the cell.
Parallel diodes were not required.

Fig. 11

- Miscellaneous tests:

Further tests have been performed on cells to
investigate the cell behaviour in terms of low and
high charging currents, rise time and response
time, heat treatment and mechanical stress. The
results can be summarized as follows: No hazardous
or inexplainable behaviour of the cells was
observed. This supports our view that Li-MnO.
technology gives one of the safest lithium systems
currently available.

6. Conclusion

- The electrochemical couple Li-MnO, is suitable for high
rate applications

~ HOPPECKE Li-MnO, cells have been carefully designed and
developed to ensure good quality and high safety

~ The combination of solid cathode electrochemistry and
sealed, but safe cell design sets new standards in _
terms of both high performance and environmental safety

~ HOPPECKE Li-MnO, cells and batteries meet and often
considerably exceed most military requirements

- First applications of HOPPECKE Li-MnO, technology in
space missions already have been succesful and the
Li-MnO, system is a promising candidate for future
space applications
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Structure of a HOPPECKE LSC cell
in coil type construction
Schematic illustration

Positlve pole
. Glass-to-metal seal Flot srip leod
Fig. 1
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Fig. 3

LSC 3460 M: Performance and pulsc responsc
after 2 years storage at ambient conditions

HOPPECKE
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Fig. 4
Comparison of Li-MnOz;D-celIs MH@P}’ECKE

and Li-SOz-D-cells
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Fig. 5

LSC 3460 M

Discharge and reverse discharge
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Fig. 6 HOPPECKE LSC cells in space applications
Mission Application Battery Systems Approval status of Batteries
MIR 91 goqggles experiment 14 ¥, 10 Ah and approved by ESA
5,6 v, 10 Ah passed all mechanical tests
MIR 92 portable calculator 14 Vv, 4.5 AR concept approved by ESA
¢ ¢elivered for mechanical testing
Cosmos 10 project biobox 28 v, 80 Ah approval in process at ESh
Texus 23 microgravity experiment 30.8 v, 10 Ah successful flight in Nov. 1989
MIR 92 video recorder supply 14 V, 20 Ah delivered for prototype
experiments in Feb. 1991
Cosmos 10 microgravity experiment 22.4 ¥, 4.5 Ah and will be delivered for prototype
11.2 V, 10 Ah experiments in Nov. 1991

i
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Fig. 9

200 Ah Li-MnO, - cell MHOPPECKE

Discharge 40 A at room temperature B rert
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Fig. 10
200 Ah Li-MnO, - cell
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Fig. 11

200 Ah Li-MnQ,- cell Y,
Overdischarge test at 40 °C HOPPECKE
=20 A Batteries
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Fig. 1. Schematic of the cell in an aluminum cell holder in the calorimeter.
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HEAT GENERATION
1.0—1.8M LIAICI4/50CI2 250 AHrs 40 C
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