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FOREWORD

A Contracts Review meeting is scheduled annually by the
Chemical and Thermal Branch of the DOE Division of Energy Storage
Systems (STOR) to provide an opportunity for all participants In
the Chemical and Hydrogen Energy Storage Systems Program to become
famillar with the scope of the ‘program and to appraise the nro-
gress of the technical effort. The FY 1977 Contracts Review meet=

_ing was called by Dr. James H. Swisher, Chief of the Chemical and

Thermal Energy Branch of STOR, and was held at Hunt Valley,
Maryland, on Nevember [6-[7, 1977

All government and contractor personnel who were involved in

" the S$TOR-sponsored effort were requested to submit presentations

which would (1) give all participants an insight into the back-
ground and the objectives of the hydrogen-related task, (2) show
the status of the study or technical effort, (3) relate any prob-
|éms which had impeded progress, and (4) state préjected solutions
for eliminating or working around the identified problems. The
meeting was structured to allow ampie time for all participants to
directly discuss their specific program interests with the o+her
people who were performing similar or related tasks.

The Contracts Review meeting was planned and organized by

~personnel from the Jet Propulsion Laboratory in accerdance with

one task of a project management role for that portion of the DOE

- Hydrogen Energy Storage Program which the National Aerenautics

and Space Adminlstration has assumed responsibility under an
tnteragency Agreement (EC=77-A-31-1035). As The chairman fer
this meeting, | especially thank the persons who made the presen-
tations and contributed o the suceess of this centracts review.

I wish to express my appreciatieon te Dr. Beverly J. Berger, Pro-
gram Manager, and to Dr. James H. Swisher, Mr. John Gahlimer,

~Mr. Frank J, Salzano, and Mr. Gerald Strickland for their guid-

ance and assSistance in the formulation of plans for this meeting.

James H. Kelley, Manager
Hydrogen Systems and Technology
Project

Jet PropuISlon.Labora+ory
Pasadena, CA
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ABSTRACT

The Chemical Energy Storage and Hydrogen Energy Systems
Contracts Review was held at the Hunt Valiey imn, Hunt Valtey,
Maryland, om November [6=17, |977. This Contracts Review
meeting, scheduled annually by fthe Chemical and Thermal Branch
of the DOE Division of Energy Storage Systems (STOR), was
coordinated for DOE by the Jet Propulsion Laboratory in
accordance with a Task defined in the interagency agreement
(EC-77<A=31+1035) between DOE and the NASA Office of Enmergy
Programs. The meeting served as an effective means to (I)
aglve all participants an insight into the background and
objectives of thirty-nine hydrogen~related tasks, (2) show
the status of the studies or fechnical effort, (3) relate

any problems that had impeded pregress, and (4) state pro-
Jected soiutions for resélving the idemtified problems,
Approximately 100 representatives from government and the
private sector participsted in the Contracts Review.
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ELECTROLYSIS~BASED HYDROGEN STORAGE SYSTEMS
OVERVIEW AND RATTONALE OF THE
BROOKHAVIN NATIONAL LABORATORY MANAGED PROGRAM

F.J, S5alzano
Brookhaven Natilonal Laboratory
Upton, New York

The rationale for determining program direc—
tion, emphasis, and allocation of resources is
presented in this brief summary. The rationale has
been developed tlirough interaction with the "Hydro-
gen" R&D Community and in light of information
available on competing energy systems and on-going
systems studiea. It is reviewed periodically based
on technical progress in the program and DOE policy
guldance, and is the basis of our recommendations
for changes in program direction.

A number of key problems must be solved before
hydrogen can serve as a common energy carrier de-
rivdable from coal or nonfossil resoutcrs such as
nuclear and solar energy. These problems generally
involve the technologies of productinn, stérage,
transmission, distributién, and application in a
variety of end=use devices. A number of systems
studies pertalning to hydrogen technology have
identified promising applications and the key re-
gearch and dévelopment needs. These studies have
inddcated the need for a program focused on the
electrolytic production of hydrogen, and cafe,
efficiéent storage of hydrogen for stationary and
transportation applications. Since Brookhaven
Natiohal Laboratory has exhibited significant
experiernce in these areas, it has been chosen to
develop and manage the program for DOE's Divisdon
of Energy Storage Systems, It is recognized that
a program focused on these needs must invelve ties
with industry in order to achieve commefcialization
of those applications judged to be economically
viable.

At the present time, hydrogen is generally not
competitive with curzent fuel sources such as
petroleudi and natural gas. In time, it 18 expecteéd
that coal will be the major source of hydrogen for
large-scale industrial applications and use of
hydrogen as a chemlcal conifiodity. In general, it
is believed that very large~scale uses of hydrogen
as an energy carrler will exist in the long term,
but enough potential appilications exist in the near
tetn involving the use of hydrogen as a chémical
commodity to warrant a vigorous program at this
time, Thede smaller industrial applications of
hydirogén, e.g., as a natural gas substitute, ete.,
can be served by electrolytic Hydrdgen generated
in relatively small plants at dispersed sited sup-—
plied by electric energy,

At the presént time, électrolytic production
plants exist ih sizes ranging from 100 megawatts
down to the kilowatt range. The larger plant sizes
1in the megawatt range are available from European
manufacturers. A primary putpose of the existing
program is to stimulate the devélopiént of an
etectrolytic equipment industry in the Undted
States. A key objective is to achieve costs below
$150 per kW(t) and efficiencies in the range of
907%. Current costs are three times this value and
effictencies are typically in the range of 60% to
70%.
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Work in the areas of electrolytic hydrogen
production and storage is dedicated to the produc-
tion of advanced technology prototype hardware,
proof testing of components and relared systems,
and associated engineering systems studies. TIn the
area of water electrolysis, both the alkaline teech=
nology currently available and the advanced solid
polymer electrolytic (SPE) systems are being pur-
sugd with the emphasis on the latter SPE systems.

In conjunction with the work on hydrogen ptfo-
duction, compatible large-scale storage systems are
being developed involving metal hydrides to estab~
lish teference designs, reliable comparative cost
data, and to address full-scale engineering prob-
iems,. '

Hydrogen has a variety of other potential
applications aside from the industrial uses as a
chemical cormodity. These applications iuclude the
generation of electric energy in fuel cells, stor—
age of electrical energy, and use as a transporta-
tion fuel.

The internal combustion engine can be con-
vértéd to use hydrogern; however, the automotive
fuel cell is potentially a more efficlent (hydrogen
fueled) device for vehicle propulsion. Irizspec~
tive of the propulsion source in véhicle applica-
tions, the key problem in utilization as a
transportation fuel is the storage of hydrogen,

The curtent program 1s focused dn chemical storage
methods. This primarily involves the use of metal
hydride materials, but work is in progress to
identify other hydrogen occluder materials. At

the present stage of develepment the major program
emphasis 1s on demonstration of hyd¥ogen stotage

in FeTi alloys in small engineering scale prototype
systems. Wotrk is being sponsored to develop higher

- capacity hydrogen storage materials using lighter

weight alloys more suitable for automotive applica-
tions.

In considering a number of hydrogen sources
guch as seasonally available electric generating
capacity, there is value in methods for storage of
large bulk quantities of hydrogen for seasonal
pericds. At the present time, helium, natural gas,
and, in some places; producer gas (H, - CO) are
stored underground. The potential %or large-scale
engineered storage is yet unexplored, e.g.; deep
undersea storage at high pressures. The present
prograi is alse aimed at development of such large-
scalé bulk storage methods fofr hydrogeén produced
seasonally.

An important related effort is work on the
development of an electric energy system based on
the storage of Hydrogen in a metal hydride. This
system invelves the electrolysis of hydrochloric
acid (HC1) to produce hydrogen and chlorine which
are stored and subsequently recofibinéd in the
electrolysis cell to produce electric energy. The
electrolysis techhology for this scheme is closely
related to the SPE technology required for elec-
trolytic hydrogen production. SPE water electrol-
vsis and HCl cell development are parallel efforts
thvolving similar hardware systems.

Because of the need to involve the commercial
sector, a very large fraction of the DOE Eunding
is ditected at industrial contracts and a sméllet
fraction at related university research efforts.

Sugehand FREE B NOT R

+ v o e Bt et e i e e o




The management of these contracts within Brookhaven A Program/Budget Chart is presented in Figure

is done by full time representatives from the 1 showing the program aggregation by technical
Conservation Program Management Group (CPMG) who area, funding level and emphasis, and individual
are alsoc concerned with overall program planning contracts or projects.,

and continuous liaison with DOE Headquarters,
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NASA's SUPPORT OF DOE's HYDROGEN ENERGY STORAGE PROCRAM
J. H. Kelley
Jet Propulsion Laboratory

Cajiifornia Institute of Technology
Pasadena, California

-

Early im 1977, ERDA and NASA establisched Interagency Agreement EC=77=A-~31-1035 through which
NASA is providing assistance to ERDA in their Hydrogen Energy Storage Program. The total support-
ing effort has been brought together as a NASA project. Tt is ceomposed of a number of elements
which will be conducted at several NASA centers. The preject is being coordinated and managed
at the Jet Propulsion Labnratory with the Ames Research Center and the Lewis Research Center
participating in the conduct and management of several elements.

In FY77, the project 1s largely concerned with monitoring ongoing ERPA contracts and
planning for FY78 technical work. A number of specific technical tasks are planned for FY7§.




INTRODPUCTTON

The Erzrgy Research and Development Adminis-
traticn (ERDA), now Department of Energy (DOE},
Division of Energy Storage Systems (STOR), in
implementing a Pydicgen Energy Storage Program in
1977, requestv:d HASA tr ‘qzivme project management
responsibiliry Tor a poriifon ef the program. The
project miacompasses thermochemical and other
advaner:d hydrogen production uechniques and contain-
ment and transport technologies. NASA brings to the
project resources of existing experience and demon-
strated cap.bilities in hydrogen technolegy.

BACKG=UUND

The Hyd:rogels Encrgy systems Technology (HEST)
study, conductad jn 1975 by NASA,was undertaken to
augment an undeixtandiag of the hydregen energy
field and ensure that all poteutially fruitful
opportunities for energy systems via hydrogen
technology were examined. Cénsiderable scattered
work in hydrogen technology and hydrogen systems
had previeusly been undertaken by various imsti=
tutions, and sette consideration had been giwven to
hydrogen in other broad studies. The HEST study
was specifically an effort to identify national
vneeds for research and technology in hydrogen
production, handlimg and use.

In 1976, with the concurrence of ERDA/STOR,
NASA undertook the development of & plan for
cenducting hydrogen energy storage R, D & D. In
developing this plan, NASA reviewed recent studies
and assessments to identify viable hydrogen energy
storage system applications and to define the
technology advancements needed to implement viable
hydrogen energy storage options. The findings of
that assessment continue to provide the basis for
the development of the second-year plan presented
in this document.

Assigniments within the projeect are made with
the intention of maximizing the potential benefits
from previous experileéence. Applicable NASA exper=
ience covers a broad spectrum which ineludes
systens analysis and studies, organic¢ chemistry,
hydrogen fuel technology, and the steorage and handil-
ing of a variety of liquids and gases. Recent NASA
experience, which required interfacing with several
private sectors of the economy, is also of value.
The personnel from the participating centers ceme
from professional staffs having familiarity with
applicable areas of hydrogen technology.

The Hydrogen Energy Storage Technelogy Preject
- ls a set of work elements from the DOE Hydrogen
Energy Storage Program which will be conducted by
N:%A in FY78. CEarly in 1977, ERDA and NASA
established an Imteragency Agreement through which
NASA would provide assistance to DGE by applying
appropriate technical and management talent§ duting
TY77 tw precursor tasks of these elements. )

PROJECT ORGANTZATTON

During FY78 the responsibility for implement-
ing the elements under NASA cegnizance is
assigned to the Jet Propulsien Laboratory (JPL}
with support from the Ames Résearch Center (ARC).
These organizations have the required cancentra-
tions of technical expertise for implementing the
MASA assignments which include hydtogen combustion

and handling, materials compatibdility, and thermo-
chemistry. JPL has provided a project manager

for the activities assigned to NASA. Figure 1
presents. the organization of the project for FY78
and beyond. The fellowing assignments under the
NASA project have been made.

¢ Ames Research Center. The Contairment
Materfals Eleient is the responsibility of
the ARC Materials and Physical Sciences
Branch.

¢ Jet Propulsion lLaboratery. JPL will manage
the System Studies and ASsessments Element,
the Advanced Concepts Element, the Therfo-
chemical Cycles Element, and the Trans-
imission, Distribution, and Storage Container
Element, (During FY77 the NASA Lewis
Research Center managed the Thermochemical
Cycles activities.)

ELEMENTS
PROJECT MANAGEMENE AND SUPPORT ELEMENT

The Project Manapement and Support Element pro-
vides the direction and principal cohesive force for
the NASA project. This element brings togethér
interfacing NASA organizations and provides a cen—
tral focus for the DOE program manager. The
responr ibility for ovérall project review, analysis
and planning resides within the project manager
under this element. Project-level progress repori+
ing is also accomplighed within this element.

SYSTEM STUDIES AND ASSESSMENTS ELEMENT

System. studies and assessments are analytical
activities specifically focused on key issues
regarding candidate hydrogen energy storage systems.
The rTesults from these activities will contribute
to a coherent basis for programmatiec decisions
by identifying promising applications, expected
time-frames far impleméentation and required tech—
nology thrusts. Comparisons among hydrogen system
options as well as comparisens with nen=hydiogen
alternatives must be conducted In order to identify
developmental areas where solutions to techndcal
problems would make particular hydropen systems
more practicabile.

Assessment of Solar/Hydrogen Systems Task

This task will identify, characterize, and
analyze the potential tole of tiydrogen energy
storage systems in facilitating the implementation
of solar energy svateiis. Hydrogen energy storage
systems add a new dimension to selar energy imple-
mentation by introducing the possibility of gaseous
pipeline transmission coupled with gaseous storage,
as well as the possibility of direct conversien of
solar thermal energy to hydrogen. This ongoing

~gtudy will focus on :achieving an understanding of

the role that solar/hydrogen systems can play in
the context of scenarics for development and
implementation of solar energy systems. Particular
emphasis will be given to the analysis of unique

‘dperatienal modes For energy transmission and

storage that are péculiir to hydrogen systems.
Based on these potentially attractive operational
modes, descriptions of the golar/hydfogen systems
will 1 formulated. These systems will then be
the su '« 3t of preliminary design and. costing
activi..es so that systems analyses, which ’
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encompass practical aspects of implementation, can
be performed. An integral part of the scenatrios/
systems analyses will be ..omparisons with nun-
hydrogen alternatives. One of the studies is:

Chemical Marl.ets/Supply Options for Hydirogen Task:

This task will determine steéps which can, and
ghould, be taken (particularly by the government)
to enable and encourage chemical industries to
shift hydrogen feedstocks from naturzl gas and
naphtha to other sources. The steps may include
technology enhancement in the areas of hydrogen
produc¢tion, delivery or storage, additional analyses
or assessments, and recommendations for modifica-
tions te regulatory polieies.

Current hydrogen usage in the United States is
doninated by applicaticns within the chemical
and petroleum industries, During the next 25 years,
the projected annual growth (between 6 and 12
percent) in hydrogen usage will cause the prices of
the traditional captive<hydrogen feedstocks, natural
gas and naphtha, to inctedse. This increase will
tend to expedite the market penetration of merchant
hydrogen preduced frew ~“her feedstoeks and by
techniques less affectea by increasing scareity and
rising cost. In the near future, new goverament
energy policies c¢ould accelerate this trend toward
noh-traditional sources; however, the market for
merchant hydrogen may be adversely affected by
several basic issues, such as techiielogy; economics,
water availability, environmental impact, and
regulatory policies. This task will interface
closely with a University of Houston workshop and
use the workshop as a data seurce. It will eéncen-
trate on usage by the chemicdl and petrochemical
industries but will consider other captive users of
hydrogen as appropriate. Alternative hydrogen
production from coal gasgification, electrolysis,
and heavy oil will be considered. For each indus-
try, the needed mixtures of gases with hydrogen
and the value of hydrogen purity will be determined.
The prospects of byproduct utilization will be
ascertained.

ADVANCED PRODUCTION, GONVERS1 N, AND STORAGE
CONCEPTS ELEMENT

The Advanced Production, Conversion, and

Storage Concepts Element will support innovative and
“unusual techiiclogicdl findings that may lead to
new approaches in hydrogen energy storage systems.
Advanced technical concepts such as phetolytic and
biological hydrogen-production processes and the
storage of hydrogen in organic compounds will be
investigated and evaluated for promise of signifi-
cant technological advancement., The results from
thiis applied research will ifdentify new methods of
bydrogen production, conversion, and storage that
may have advantages over present technologies in
the areas of high gain, new opportunities, or the
ability to take advantage of under-utilized energy
sources.

Specific tasks, which bring the requirements
and technology of the advanced cohcepts element
into sharper focus and identify new technological
oppoertunities and/or problem areas, will be selected
and conducted.

Hydrogen Production by Photoelectrolytic Solar
Energy Cofiversion Task

This task will investigate and determine the
practicability of a semiconductor-electrolytic
device that uses solar energy to decompose water
inte hydrogen and oxygen in a single=step process,
The conceptual basis for this semiconductor photo-
electrolyzer is that an interface between a semi-
conductor and an electrclyte behaves like a Schottky
barrier; thus, irradiation of the semiconductor
surface results in the production of pairs of
electrons and holes which are separated in the
field of the space-charge layer. Carriers of
appropriate sign, when supplied to the electrode
surface, cah effect oxidationn or reduction of
electrolyte species. For example, Oy is evelved
from an illuminated n-type Ti0; electrode at or
below the Hp evolution potential, When n-type
Ti02 15 coupled with a metal electrode, Oy and Hp
will be spontaneously generated by irradiation.

Photocatalytic Decomposition of Water Task

This task will prepare organic rhodium com=-
plexes and determine the feasibility of the use of
these complexes for the photodecomposition of
water, These complexes are often metal-cluster
compleXxes coordinated te ligands with low-lying
electrondc orbitals. Some materials involving the
nitrile group with rhodium complexes have been
feported in the literature. They produce hydrogen
gas on excitation at 500 nm wavelength. These
materials also will cause the decomposition of
hydrogen bremide and hydrogen iodide. A number of
rhodium complexes will be evaluated For capability
during water photodecomposition through the pro-
posed novel route.

Application of Solution Theory to Hydrogen Energy
Storage Task

This task will investigate physical and
chemical interdctions of hydrogen with metals and
determine the applicability of the solution theory
of Hildebrand and Scott to the selectlon of
materials for hydrogen production, containment, and
storage devices. The results of this investigation
could providée a method for quantitatively determin-
ing the optimum composition for alloys used as:

a) Electrocatalysts for electrolysis of
water and éther compounds

b) Shift catalysts for hydrogen reactions

‘e) Hydrogen containment materials (low
solubility)

d) Hydrogen storage materials (hydrides)
Otganic Storage of Hydrogen Task

This task will investigate revetrsible organic
cheinical reactions to determine practicability as
a workable system for hydrogen storage. The bulk
of the research in hydrogen stoérage has been in
the inorganic or metallilc systems. Practical metal

hydrides will absorb about 2 to 4 percent hydrogen
The benzenecyclohexane system can store

by weight.




abour 6.6 percent by weight of hydrogen. One of

the problem areds with this system is that the vapor
pressure of the material is high (about 100 mm at
259C). This task will investigate more suitable
organic reactions and/or compounds that can be used
for hydrogen storage. The following are the ground
rules, ' '

a) The hydrogenation-dehydrogenation reactions
should have low energy requirements.
Temperatures need to be under 250°C.

b} System pressures should be less than
600 psig.

¢) Required catalytic agents must withstand
a large number of cycles.

d) The marerials should not degrade under
normal usage conditions.

e} Organic-metallic compounds can be con-—
sidered in this task arvea.

THERMOCHEMICAL CYCLES ELEMENT

A pure thermochemical cycle for hydrdgen
production is a system of linked, regenerative,
chemical reactions which accept only water and
heat and produce hydrogen. Hybrids of these cycles
may also include electrolytic or photochemical
reactions. These eycles can be thought of as
either a source of hydrogen (for industrial use)
or as a means of storing enmergy (by utilities, for
example), Both high=temperature nuclear reactors
and solar concentrators are potential sources for
the high=temperature process heat réquired by such
cveles.

The overall element objective is to find and
develop cycles which use heat to thermochemically
- decompose water for hydrogen production. Tlement
objectives and activities are groduped according to
the task categories of the thermochemical cycles
element. The element approach will be to investigate
the key reactions and any problem areas of specific
~cycles. When all the reactions.df a cycle have been
demonstrated individually in the laboratory (at
least on a batch-scale basis) and an engineeting
flowsheet for the overall process has been prepared,
a preliminary assessment of cycle performance will
be obtalned from .an objective group. Usilag this
information, two cycles will be selected for
assembly into closed bench—scale demonstrations by
FY80. Bench-scale demonstration is defined as the
continuous operation of a complete thermochemical
cyvle in a closed, integrated mode for several
hundred hours. The scale for such a demonstration
is somewhat greater than laboratory scale but much
less than pilot-plant scale. In parallel with
this effort, a supporting research and technology
program emphasizing generic technologies will be
conducted.

Specific Cycle Development

. 'The objective of this task is to provide some
of the laboratory data necessary for the subsequent
evaluation of existing cycles prior to the selection
of the three cycles for concentrated effort, Opera-
tion of a single step of a thermochemical cycle
in a bench-scale, continuous mode provides valudble -
data (contaminant build-up, work of separationm,
pumping work, heat transfer, etc.) which cannot

be obtained from batch-reaction studies. These data
will make it possible to devalop more realils:zic
englineering flowsheeta which are required for each
cycle before the cycle can be reviewed by the
Evaluation Panel which is ccordinated by the
University of Kentucky.

a) Complete testing of the operation of the
first step of the sulfur—iodine {(General
Atomie) « ycle in a continuous bench-scale
mode.

b) Design a pressurized electrolysis cell
for HyS03 electrolysds.
¢} Design and start censtruction of a
' laboratory model of the hybrid sulfur
cycle.

d) Complete updated engineering flowsheets
for the sulfur-lodine cycle.

Thermocheniical Water-Splitting Cycle (General

© Atomic) Task

The objectives of this effort are to perform
process engineering on the sulfur-lodine cycleé aiid
bench~scale testing of the individual steps of the
cycle. Additional engineering is required to
refine and improve the process design which already
shows promise. DBench-scale testing of the indiv-
idual process steps will provide the data necessaty
for the preparation of a realistic engineering
flowsheet, which is prerequisite to conducting a
bench-scale demonstration of an entire cycle, The
FY78 task will include the following activities:

a) Complete the bench-scale testing of the
initfal reaction of the sulfur-iodine
cycle.

b) Design, construct, and start testing of a
bench-scale model for iodine and water
recovery from the HI-Hy0-I lower phase
produced in the initial reaction of the
cycle.

c) Complete the computer code designed to
aid process optimization and flowsheet
preparation and update the flowshe.t for
the GA cycle. This computer code should
significantly reduce the time required
for incorporating new laboratory develop-
ments into an engineering flowsheet.

Hydrogen Production Process Equipment (Westinghouse)
Task ) '

The objective of this effort is to assess the
technical and economic feasibdlity of a hybrid
(electrolytic/thermochemical) hydrogen—-generation

process based on the electrolysis of sulfurous

acld. Becauge the theoretical cell voltage

(0.17 veolt) for sulfurous acid electrolysis is

only 14 percent of the corresponding voltage

(1.23 volts) for pure water, this hybrid process
could produce hydrogen from water more economically
than direct electrolysis. For this potential to
be realized, cell over—voltage must bé minimized,
and an efficient and economic method for concen—
trating and decomposing the sulfuric acid which is
produced by the electrolysis must be developed. A
meaningful assessment of the potential for this
cycle will require experimental determination of
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the operating characteristics of the key process
steps. These data can then be used in the engineer-
ing and economic analyses of the total system. For
¥Y78, DOE (STOR) funds will be concentrated on the
electrolyzer portion of the system. Funds for
sulfur trioxide reductlon .are expected from DOE
(Solar) under a sepavate contract. During FY78,
this task will concentrate on the £ollowing
activities:

a)} Conduct expetiments aimed at choosing
the electrocatalyst and electrode
configurations for eventual scale-up of
the electrolyzer.

b) Design a pressurized; heated electfolyzer
‘capable of operating at pressures up to
20 atmospheres and temperatures up to
400°K. - Operation at higher pressure
should improve performance by increasing
the solubdliity of 505 in the anolyte at
the elevated operating temperature
desired for the electrolysis step.

¢) Conduct a 200-hour endurance test of a
single-cell electrolyzer which enibodies
the best technology (ancde and cathode
materials and configurations) available
at this time.

d) Design and start censtruction of a working

laboratory model of the hybrid sulfur cycle,

This model will prove the scientific feas-
ibility of water=splitting via thermo-
chemical cycles and will serve as a test
bed for subsequent testing of electrolyzer
catalysts, electrodes, ete. This task will
be co-funded by Westinghouse.

Suppotring Research and Technology

The objective of this effort is to provide zome
of the data necessaty for developing technologies
that are comhon to several thermochemical cycles
or for identifying new technologies that may offer
alternatives to existing approaches. Activities
include: ) ‘

a) Identify suitable electrode material foer
HBr electrolysis and determine the operat-
ing parameters for the resulting cell.

b) Assess the feasibility of using a solar
heat source, either alone or In combina-
tion with a nuclear heat source, for

- thermoehemical cycles,

¢) Assess the trade-off between decomposing
HBr and concentrating H2504 solutions.

d). Determine the operating parameters of a
selected catalyst for $03 reduction.

&) Develop contaifiment materials for thermo-
chemical cycles,

Advanced MBr Electrolysis Studies and Solar Heat
Source Feasibility Study (Inst. of Gas Technology)
Task: :

Adyanced HBr Elegtrolysis Study

Hybrid electrochemical cycles may operate more
effie¢tently and produce hydrogen at less cost than

either a pure thermochemical or a pure electrolytic
process. The purpose of th.s electrolysis effort
1s to study the decomposit’on of HBr which is
recognized as the key problem area Eor the sulfur-
bromine cycle. I¥E an efficient process for decom-
posing HBr could be found, the sulfur-bromine cycle
would represent an alternative to the hybrid sulfur
cycle, which urilizes electrolysis of sulfurous
acld. Since the Hp80,; produced im the electrolysis
of sulfurous acid is relatively dilute, it must be
concentrated pricr to decomposition. In contrast,
the sulfur-bromine cycle avoids the costly concen-
tration process because the Hy80, produced in the
first step of this cycle 1s already concentrated.
The work planned for HBr electrolysis in FY78 will
be a follow-en to preliminary studies started in
FY77 and will involve the following activitdies:

a) Experimentally determine the required
veltage at a selected current density
afid acid concentration for a minifium of
five electrode materials and five
electrode catalysts. This testing will
identify lew-cost, corrosion-resistant
materials for the electrode and the
electrode catalyst.

b} Experimentally evaluate the cell voltage
over a range 0f current densities (50-500
mA/cm®) and acid concentrations for the
best eléctrode material/catalyst combina-
tion determined by the initial testing.

e¢) Construct an electrolysis cell capable of
producing hydrogen at pressures in the
range of at least 2 to 5 atmospheres over a
teémperature range of at least 300-400°K,

Solar Heat Source Feasibility Study

The primary objectiva of this effort 15 te
analytically evaluate the technical feasibility of
supplying heat to hydrogen—producing chemical cycles
from solar energy alone or from solar energy in .
combination with nuclear energy. If the use of
solar enérgy as the high=temperature (11509K} heat
source for thérmochemical cycles is feasible, then
solar energy would represent an alternative to the
high~temperature nuclear reactor usually considered
as the potential heat source, A secondary abjec—
tive 15 to evaluate the feasibility of supplying
heat to thermochemical cycles via a combination of
high-temperatnve and low-temperature sources rather
than from a wiynle high—temperature source. This
feasibility stuay will concentrate on twe activities

during PY78,

a} Catalog costs for the solar and nuclear
heat in the high-temperature range
{1000-1150°K For nuclear sources; 1000-
15009% for solar sources) that will be
required for thermochemical cycles. These
costs will be obtained from the DOE Solar
Electriec Division and from nuclear
reactor manufacturers.

b) TFor two specific¢ thermochemical cycles
and twe specific hybrid (electrochemlcal)
cycles, the net heat and work will be
calculated via the 16T maximum attainable
efficiency methodology¥. The overall
cyele efficiency and the estimated cost
Eor the produced hydrogen will be calcu—
lated for each c¢ycle assuming the
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various solar and nuclear heat source
combinations.

thermochemical Processes for Hydrogen Production
(DOE=Los Alamos) Task

_ The prditary role of the Los Alamos Scientific
Laboratory (LASL) in the overall thermochemical-
hydrogen program (as conceived at this time) is to
provide supporting research and technology in
problein areas common to a number of thermochemical
cyeles. New techndques for solution coneefitration
and thermochemical decomposition of HBr are
examples of such activities. Technology developed
in these studies will be transferred to industry.
With respect to the DOE National Laboratories such
as LASL, the NASA role is te provide DOE with guide—
lines for activities within the element plan.

Experimental Iavestigation of Hy50; Dissociation
Task

The objective of this study is to establish a
base of experimentally-determined, reaction~rate
and heat=~transfer data for the catalytic dissocia-
tion of Hp804. This decomposition is one of the
key reactions cccurring in several ot the current
contending, thermochemical water-splitting cycles,
In additien, dry 503 dissociation, which is of

“interest for thermochemical cycles and as a possible

fieans of thermal energy storage, will be investi-
gated. The planned activities for FY78 arer

a) Design, construct, and test the experi-
mental apparatus.

b) Complete experifiénts on dry 504
dissociation using a short reactor (no
heat-transfer effects) and publish the
results.

Materials Development for Thermochemical Cycleé
(DOE-Lawrence Livermore)

The objective of this study as presently per-
ceived is to test and evaluate materials for the
sulfuric acidd vaporizer which will be used .in
the sulfur-fodine (General Atomic) and hybrid-
sulfur (Westinghouse) cycles. These studies will
be closely coordinated with materials studies at
Westinghouse and GA to avoild unnecessary dupli-
eation. In additfon to determining the amounts of
corrosion occurring for a given set -of conditions,
the nature of the attack will also bé studied for
a better understanding of the cerrosion mechanisms,

Cycle Evaluation

The evaluation of promising cycles for
requisite data to deslgnate the teference cycle will
be continued in FY78. The review and evaluation
of two thermechemical cycles designated by DOE/

NASA will be codpleted during FY78.

Evaluation of Thermochemical Hydrogen Production
Processes (University of Kentucky) Task

This task provddes an independent, unbiased,
standardized review and evaluation of promising
thermochemical cycles, designated by NASA and
approved by DOE. To carry ocut these reviews, the
University of Kentucky established an Evaluation
Panel in FY77. Representatives of the academic’
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community, the DOE National Laboratories, and
private industry have been included on this panel.
To enliance the credibility of the economie analysdis
of these cycles, members of chemical engineering
design organizations (such as Combustion Engineering-
Lummus) will be ineluded on the panel. In order
for a ¢ycle to be a candidate for evaluation by the
panel, all the iIndividual chemical reactions in

the cycle must havé been demonstrated im the labora-
tory (at least on a bateh-reaction basis) and an
engineering flowsheet for the process must be
available: Using a standavdized format, the panel
will prepare a report for each reviewed cycle

which constitutes their best appraigal of the
current status of the cycle.

TRANSMISSION, DISTRIBUTION, AND STORAGE CONTAINER
ELEMENT

This element addresses the transport of hydro-
gen, particularly as a compressed gas, and the
technically-telated storage of gaseous hydrogen.
‘These subjects are combdned into the same grouping
because of related technical disciplines, such as
containment and compression. Widespread distribu-
tion of gaseous hydrogea in residential and com-
mercial applications appears to be a far-term
possibility; however, storage and relatively short-
distance transmission are fIntegral parts of all
gaseous hydrogen systems. Planned activities will
promote a better understanding of the longer-range
needs of large-scale hydvogen transmission and
distribution and provide the data base for the
developmeiit of low-cost, facility-scale trans-
nisston and distribution methods and Inexpensive
bulk storage techniques for near-term applications.

The Fundamental objective of this element is
to develop minimum-cost technology for transmission,
distribution, and storage of gaseous hydrogen.

One 5-~year goal is to determine the techno~
économic: characteristics of bulk stetage techniques
which have potential for low-cost bulk storage.
Another 5-year goal is to undefstand the technical
necessity for and the economic trade-offs associ-
ated with new pipeline and storage materials for
confoumance with pressure vessel safety requite~
merits. Designs of innovative pipeliie/storage
systems using conventional and new materials will
be closely coordinated with containment materials
research studles. Initial efforts will be directed
toward the identification and exploitation of
systems whiich appear to be promising near-term
candidates for gaseous Hydrogen containment.
Systems which have only longet range possibilities
will be evaluated for practicability and future
study efforts will be recommended:.

Hydrogen Service Equipment Testildg Task

This task is conducting performance and
degradation tests on commercially-available natural
gas service equipment while simulating operation
in a hydrogen grid. The nation has a large invest-
ment in existing natural gas transmission and
distribution equipment. Should it become desirable
dn the future to make widéspread distribution of
hydrogen, either pure or as a diluent, clearer
decisions will be possfble if the performance of
existing equipment is understood. Tu FY77, a
small-scale test grid was set up to flow hydrogen
or mixtures of natural gas and hydrogen through .
standard natural gas equipment in a controlled
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manner for assessment of equipment performance
and identification of compatibility problems.
Phase II of this task plans to use that facility
to contipue the testing of standard equipment as
follows:

a) Materlals testing and operational testing
of selected components from Phase T.

b) Evaluation of technical problems associ-
ated with distribution of various mixtures
of nmatural gas and hydrogen.

¢) Additional loop testing of selected com-
ponents with hydrogen.

d) Permeability studies on plastic and
composite piping.

Storage Containers for Gaseous Hydrogen Task

This task will identify factors in the current
design criteria for gaseous hydrogen stotage cofi-
tainers which are conducive to excess weight or
cost and will evaluate novel designs or construction
techniques for improved storage container
capability. The commercially-utilized storage
containers ("K" bottles and "tube” tanks) for small
quantities of gaseous hydrogen represént the '"brute-
foree" dpproach to pressure vessel design.
Facility tanks for &torage of larger quantities of
hydrogen do not significantly improve the ratio of
the stored volume of hydrogen to contaimer weight.
Recent advances in the determination of the precise
physical properties for containment materials
and in the verification of container construction
techniques have resulted in safe, lightweight tanks
for containment of hostile media (pressurants and
propellants) in aerospace applications. Improve-
ments in the fabrication of parts from composite
materials are coatinually being demonstrated. in
successful aircraft applications. This task will
conisolidate the existing design requirements for
gagseous hydrogen storage contalners and ldentify
the é¢riteria which represént overdesign. Recom=-
mendations for appropriate reductions in design
safety factors will be made, Suggestiuns for
studies and -investigations which would enlarge the
existing data bdse and extend rho optfimization pro-
cess fot Storage contajnsrs will be made, Novel
construction materials and tecliniques will be eval-
uvated for .capability and sudtability for the fabri-
cation of storage containers for gaseous tydrogem.
A design approach for further evaluation and possi-
ble demonstration will be recommended.

CONTAINMENT MATERTALS ELEMENT

. The Containment Materials Element is a support-
ing technology which is inherently associated with
potential guccesses in the production, storage,
transport, cad energy conversion of hydrogen.
technological elements of thé Hydrogen Energy
Storage Program require the containment of chemical
environments; therefore, a full knowledge of
potential interactions between the specific enviton-
ments which must be contained and the containment
materials is vequired for prediction of the life-
times of components and systems and the determina-
tion of potential ekxtensions of capability. For
the Transmission, Distributicn, and Storage Vessels
Elément, containment materlals are integral to the
optdmuin désign and economic trade-offs associated

All
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with systems studdes. Hydrogen safety, where
safety is the result of good design and correct
materials selection, requires a complete knowledge
of hydrogen material interactions.

Present materials technology permits the
selection of containment materials whieh will
Téhain reasonably free from efivironmental degrada—
tion in most aggressive environments of concetn
to the various technological elements; however,
the operatihg conditions of the systems are either
constrained or the materials are expensive. For
example, hydrogen containment materials are either
ferrous alloys containing high concentrations of
alloying additions, such as austenitic stainless
steels, or are based on some nenferrous alloy
system. Such materials are expensive and their
required use could seriously hinder the future
development of large-scale hydrogen energy -stovage,
transport, and conversion systems. If future
systems must be based upon our present materials
technology, a serious depletion of our supply of
tatrer metals will result., Therefore, in otder to
permit the implementation of large-scale hydrogen
enetgy systems, methods must be found for the
effective use of existing low-cost materials or
nev materials which will retain their compatibility
for long aad predictable periods of environmeiitdl
exposutre must be developed. The presently
erivigioned objectives for this element are based
upon the extension of knowledge concerning Ho/
ferrous alloy behavior as related to the presently
identifiable needs of the technological elements of
the Hydrogen Energy Storage FProgram.

Thermal Processing Task
This task will:

a) Develop an understanding of the influences
of microstricture on the suseceptibility of
mild steels to hydrogen degradation.

b) Tdentify the least susceptible micro-
structure which can be easily obtained
in commercially-available, mild steels
through normal thermal processing
procedures. .

Insufficient KnowIedge is procofitly available
regarding the potential degrading influence of
hydrogen on the mechanifcal properties of mild
steels. If, as indicated, susceptibility to -
efbrittlement is strongly sensitive to micro-
structural variations; matefial microstructures,
obtainable by normal thermal processing techniques,
may yield inexpensive, commercially-available
alloys which are reasonably Erée Evom the degrading
effects of environmental hydrogen. This task wi'l
be carried out in an in-house program at the Ames
Research Center—-NASA using commercially available
alloys and normal thermal processimg techniques,

State of Stress Task

The task will determine the importance of the
state of stress effect on the ease of erack initia-
tion and propagation in sfructural steels exposed
to and/or containing hydrogen. An extended

knowledge of the state of stress influence could
provide important information which would increase
the flexibility and the reliability of materials.
This task will be-

selection for hydrogen service.




accomplished by contract and will be a continuation
of current effort in this area. Data will be taken
on well-characterized materials using unique
specimen configurations which provide uniaxial,
biaxial, and triaxial states of stress.

Stable Crack Growth Task

This task will establish the role of hydrogen
in the stable crack growth behavior of mild steel
at stress levels appreoaching those required for
unstable fracture.

Stable crack growth will occur Im ductile
materlals at stress levels approaching those
required for unstable fractute. Because this could
be a primary mode of fallure in a statically-
stressed, hydrogen pipeline, the influence of a
gaseous hydtogen environment on stable crack
behavior should be established. Hydrogen-enhanced
crack growth will be investilgated at stress levels
near the unstable fracture domain using such
experimental techniques as J-integral or COD
measurement..

Manufacturing and Fabrication Defects Task
As presently perceived this task will:

@) Determine if structural defects, resulting
from the manufacturing and fabricating
techniques utilized in pipeline construc—
tion, accentuate the susceptibility of
mild steel to environmental hydrogen
degradation.

b) Establish the influence of mechanical
flaws {external and internal to the
pipeline wall) on the mechanical integrity
of pipeline material during simulated
pipeline operation.

c) Determine the mechanical integrity of
welded pipe sections fabricated under
well=characterized procedures when tested
under simulated conditions of pipeline
operation.

A data base on the suitability of well-

characterized manufacturing and fabrication proc-—
edures is required to reliably and accurately

predict the integrity of an operational hydrogen
pipeline system. Well-characterized processes and
procedures will be studied under simulated opera-
tional conditions using the unique hydrogen
pipeline-loop located at Sandia Laboratory,
Livermore,

This task will be carried out at the Sandia
Laboratory, Livermore, using their extensive exper—
tise in manufacturing and process techniques and
their unique hydrogen pipeline-loop test Facility.

Hydrogen/Methane Blends and Metal Hydrides Task

This task will determine if potential com-
patibility problems exist when mild steels undet
stress are exposed to environments of molecular
hydrogen in hydrogen/methane blends or when protonic
hydrogen, created by the dissociation of metal
hydrides, is in intimate contact with che metal.
Hydrogen in the form of hydrogen/methane blends is
being considered as a podsible supplement to our
natural gas supply. It is important to establish
whether or not such blends will degrade the
mechanical integrity of pipeline steels. Metal
hydrides are being developed as one method of
hydrogen storage. It is important to establish
whether or not the intimate contact of the protonic
hydrogen, which is created by the dissociation of
such hydrides, will have a degrading effect on
mild steel. This task is a contifination of an
in~house effort at the Ames Research Center-NASA.

Laser Welding Task

This task will determine if laser welding is a
feasible method for joining hydrogen transmission
systeéms. The feasibility of laser welding as a
techniqueé for the construction of hydrogen pipe-
lines will be determined by comparing the wmechanical
and metallurgical properties of parent materials
and weldments produced by arc and electron=beam
welding with similar properties of laser weldments.
This task is a continuation of a contract with the
Pract and Whitnay Afircraft Group.
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SESSION I
HYDROGEN PRODUCTION

A. ELECTROLYSIS .

DEVELOPMENT STATUS OF SOLID POLYMER ELECTROLYTE WATER
ELECTROLYSIS FOR LARGE SCALE HYDROGEN GENERATION

J. H. Russell and L. J. Nuttall

General Electric Company

DEVELOPMENT OF A REGENERATIVE SOLID POLYMER ELECTROLYTE

HYDROGEN/HALOGEN FUEL CELL FOR HIGH EFFICIENCY ENERGY STORAGE"

J. G. McElroy
General Electric Company

INVESTIGATIONS ON MATERIALS FOR ADVANCED WATER ELECTROLYZERS
S. Srinivasan, P. W, T. Lu, G. Kissel, F. Kulesa, C. R. Da\ndson,

H. Huang, S. Gottesfeld, and J. Orehotsky

Brookhaven National Laboratery

J. N Murray and M R Yaffe
Teledyne Energy Systems

SELECTION AND CHARACTERIZATION OF MATERIALS FOR ADVANCED
WATER ELECTROLYZERS: ASBESTOS DIAPHRAGM FAILURE AND
CATHODE KINETICS |

P. G. Moran, G, L. Cahen, Jr., and G, E. Stoner
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DEVELOPMENT STATUS OF SOLID POLYMER ELECTROLYTE WATER ELECTROLYSIS
: FOR LARGE SCALE HYDROGEN GENERATION

J.H. Russell and L. J. Nuttali

‘Genefal Electric Company
Wilming_ton, Mass.

Abstract

In a joint U. 8. Department of Energy, Utility and Company sponsored program, General Electric is
developing the solid polymer electrolyte (SPE) water electrolysis technology for large seale hydrogen -
generation applications. The goals for this program were established on the basis of a design study fora 58
MW plant that was conducted in 1975.} Subsequent parallel technology development and hardware scale-
up efforts have resulted in sign’if' icant progress toward the accomplishment of these goals.

Developments to date under this program include a cell design capable of operation at much higher
temperatures (up to 150°C) and having a much lower manufiicturing cost than the baseline design used in -
previous aerospace electrolysis applications. An improved oxygen evoluttion electrocatulyst has also been
found which is both less expensive and more efficient thail the baseline cell.

As a first step in scaling up to large size cells, the design of o 2-1/2 ft? active area cell has been completéd
R and fabrication is in progress. A 50 KW module, consisting of 12 cells of this design is expectéd to be on’
test by mid-1978: Photographs of the.cell hardware are shown and prchmmury test results presented.

Background

In iast year's meeting, General Electric reported on the program
which we are engaged in to develop an efficient, economic, large
scale water electrolysis system using the solid polymer electrolyte
cell technology. The goal of this progrum is to develop-an improved
technology which can make water ¢lectrolysis a viable alternative
in the overzll energy field as 4 means of conserving and supple-
menting increasingly scarce supplies of natural gus. This effort is
presently being sponsored by the U.S, Energy Research und De-
velopment Administration, the Niagira Mohawk Power Company,

" the Empire State Electfic Encrgy Research Cofporation and the

General Electric Company.

The selid polymer electrolyte technology was selected for this
program on-‘the basis of outstanding performance and operating
characteristics which have been demonstrated in systems devel-
oped for aerospace and military -applicitions. These characteris-
tics include the following:

1. Significantly higher celi efficiency tlian conventional elec-

trolyzers, resilting in lower power consumption per unit of
gas generated.

2. Higher current density capability resulting in lower Ldpllul
cost, size and. weight for the electrolysis modules,

3. The electrolyte is' chemically bound in the polymer chzin,.

resulting in a system with no free corrosive liquids to be

concerned with during design, assembly, operatlon or

maintenance of the system. )
4. As sohd' électrolyte makes possiEl'é grea’ter simplicity in the
system design as well as improved reliability and safety.

At the outset of the program in 1975, a design study was con-
diicted for a 58 MWy syster (625,000 SCFH. OF H3), an artists

concept of which is shown n Figurc I. On -thu ,basis of the study

1L, J. Nuttal, “Conceplual Demgn of a Large Scale Water
Electrolysts System. Using: Solid Polymer Electrolyte
Technology,” presented at st World Hydrogen Encrgy
Conference, March, 1976

results, the goals for the development program were estabhshed as
follows:

Overall System Efficiency 85 -90%

System Capital Cost <3100/KW

Life - ' Cell - 40,000 hours
. System - 220 years

Scale up SMW Demo. Syst.

The goals relating to the system. efficiency and capital costs are -
shown niore specifically in Table 1. Using the vatues for the high
pressure system, the cost for electrolytic hydrogen produced by
such a system is shown on Figure 2 is a function of electric power
costs and duty cycle. Under the ground rules established for the
study it was assuried that off-peak electric power would be avail--
able at 10 mils/KWH for a 40% duty cycle. Under these conditions
the resulting hydrogen would cost approximately $5/MBTU with-
out tuking any credit for tlie by-product oxygen.

In a separate study- which reélates to the-possible large scale use
of electrolytic hydrogen to supplement natural gas supplies, the
Institute of Gas Technology estimated the possible economics of
using this type of advanced electrolysis in conjunction with 4 dedi-
cated nuclear plant to generate the clectrical power. The results

are shown on Table 2, indicating a possible cost for the hydrogen - -

of $5.36/MBTU with no credit for the by-product oxygén, and
$4.22/MBTU including a $10/ton oxygen credit.

Development Prograiin
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In order to achieve the above cost and efficiency goals, the
develqpmemv prograin is directed primarily at the following areas:

For lower cost —

Low cost materials for separntors and. current collectors. .
Elimination of gasket seals;
“Use of lower cost catalyst.

Reduced catalyst loadings.

Lower cost electrolyte.
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For higher efficiency —

1. Operation at higher temperature (up to 150°C).
2. Improved catalytic electrodes,
3. Optimization of the electrolyte and cell design.

In parallel with these technology development efforts, a cell
scale-up effort is underway te design, fabricate and test: first, a
200KW (2160 SCFH) module which will continue to be used for
in-house development testing as the various improved technology
items reach a point where they are ready for incofporation into
the scaled-up cell design; second, a 500 KW (5400 SCFH) proto-
type system which will be deiivered to the Brookhaven National
Laboratory (or some other site to be designated) where it will be
tested under typical operationsl conditions, possibly in conjunc-
tion with a metal hydride hydrogen storage systemy; and, finally a
SMW full scale demonstration system which is planned to be in-
stalled in the Niagara Mohawk Power Coimpany network where it
will generate hydrogen using off-peak electrical power. The hydro-
gen produced at this installation will be injected into the natural
gus pipeline where it would supplement the natural gas to meet
peak encrgy demands at other locations in. their system.

Current Stotus

Developnient progress in all of the above arcas has been very
encouraging and continues to support the feasibility of achiev-
ing, or very nearly achieving, the original program goals (recog-
nizing that the cost goals were based on 1975 dollars).

Reduced Cost

In the area of reduced costs, the progress made to date is pre-
senfed in Table 3 which compares the 1977 baseline (which
forms the basis for the initial scaled-up cell design) with the
1975 baseline, representing the fechnology at the beginning of
the program. Alse shown is an estimate of the 1978 baseline which
represents additional improvements that lave been identified and
are in the process of laboratory cell evaluation and which are ex-
pected to be ready to begin incoerporating in the large scale cellsin
1978,

A graphic representation of this-information is shewi on Figure

The greatest part of the cost reduction reglized to date has re-
sulted from the development of a molded carbon and. plhenoclic
separator/current collector to replace the transition metal screens
and sepurator sheet which was used in the 1975 configuration.
This development alse includes a gasketless sealing configuration
which not only eliminates the necd for expensive silicone rubber
gaskets us used in the eurlier design, but also prevides a more re-
liable seal that will permit leak-tight opetation up to 500600 psi
£as pressures,

This cell configuration has demonstrated good peiformance
(comparable to that of the previous metal curient collectors) eut
to curréiit densities in excess of 5000 amps/Ft2, as shown on. Fig-
ure 4, Life testing of this configuration now exceeds 5000 hours at
1000 ASF, more than 700 hours at 2000 ASF and 400 hours at
3000 ASF, afl at 300°F.

The other area contributing to the rediiction is the use of a
lower cost catalyst on the znode (which aiso provides a significant
increase in performance as described below) and a sligiitly lower
citalyst louding on the cathode (2 gm/Ft2 vs. 4 gm/Ft2).

During the next year major emphasis will be placed on further
teductions in catalyst loadings and on the continued development
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of a lower cost SPE material. Catalyst loadings as low as 0.2 gm/
Ft2 on the cathode and 1 gm/Ft2 on the anode have been tested,
and methods for practical application of even lighter loadings are
being investigated.

Radiation grafted poly trifluorostyrene (TFS) still appeurs pro-
mising as a lower cost SPE mat=rizl. Two probable causes for the
performance decay with time have now been identified and cor-
rective measures have been established. Operational evaluation of
the improved material is just getting underway.

Improved Efficiency

Thie performance goal of this development program is represen-
ted by the estimated 1980 polurization curve shown in Figure 5.
Most of the improvement from the 1975 baseline performance,
also shown on this curve, results from increasing the operating
temperature from 180°F to 300°F. As mentioned above, more
than 5000 hoyis of life testing has been accurnulated to date with-
out any serious problems. The results of this testing tends to con-
firm the poter tial for achieving more than 40,000 houts of life for
the cell operating under these conditions,

Most of the additionul ~ 70 mv improvement needed at 1000
ASF to achieve the program goal is expected to result from im-
proved anode catalyst development, with some further improve-
ment possible in the electrolyte performance. More than 20 candi-
date catalysts have been screened te date and the three most
promising have been subjected to longer term life testing. The
results shown on Figure 6 indicate that the catalyst WE-3 is very
stable, comparable with the baseline WE-4 catalyst, and is demon-
strating a sustained 40 - 50 mv superior performance. In addition,
this catalyst is considerably less expensive, having a cost of ap-
proximately 55% of that for the WE4,

Cell Scale-up

An initial scale-up- from the Iaboratory cell size of 7.2 in2 to |
Ft2 with a carbon separatorfcurrent collector configuration was
made under a privately funded HCI electrolysis program. A 2-cell
module of this size s shown in Figure 7. The perforiiance and
operating characteristics have been virtually identical with the
smailer laboratory cells.

Under the water electrolysis program, a 2 12 Ft2 cell design
has been completed and fubrication of the components for & 12-
cell (~50 KW) module is in progress. Figure 8 shows one of the
early membranefelectrode assemblies (M&E’s) which has been
fabricated. Althougl the hardware is not yet available to test the
compiete cell, smaller ¢ut outs from the first four M&E's made
have been tested, and show performance comparable to, or better
than, the baseline laboratory cells as shown on Figure 9.

Figure 10 shows a mock-up of the 50 KW module which will be
on test by the middle of next year. A cut away of this module is
shown in Figure 11 which illustrates the cell design details.

Program Milestones

A reduction in the amount of funding avaikible from ERDA in
1977 and 1978 has resulted in a slippage in the schedule for this
program as réported last year. A revised program plan was therefore
submitted earlier this year which indicated the possible timing and
milestones as shown on Table 4.
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: TABLE 1

PROGRAM GDALS
i BULK HYDROGEN GENERATIGN — WATER ELECTROLYSIS

SYSTEM COST:

INSTALLED ELECTROLYSIS SYSTEM $B2/KW,,
; e ELECTROLYSIS MODULE $13/KW,
e POWER CONDITIONER $30/KW,
I ® ANCILLARY COMPONENTS $15/KWg
® INSTALLATION $ 8/KWg

SYSTEM PERFORMANCE:

) SYSTEM ENERGY EFFICIENCY 90% n5%
ELECTROLYSIS MODULE EFFICIENCY 83% 88%
- GELL VOLTAGE AT 1000ASF . 1.58 1.63
- OPERATING TEMPERATURE -F 300 300
- HYDROGEN PRESSURE 100 psia 600 psia

ACTIVE CELL AREA 10F72

TABLE 2

NUCLEAR-ELECTROLYTIC HYDROGEN PRODUCTION FACILFTY

ESTIMATED ANNUAL COSTS®
; X $/100 Bty
] ANNUAL OF H,
: ITEM COST, $tot FRODUCED
{ Nuctenn-To-eysc'rnui:lﬁ'--suBS\ns‘fEM
FUEL ] 27.5 0.79
; OBERATING AND MAINTENANCE . 8.1 0.7
FIXED CAPITAL CHARGES (§ 737 X 10°AT 17.6%) 129.7 3.72
i . AL 3 - 4.88
: ) ELECTRICITY-TO-HYDROGEN SUBSYSTEM - . - _ SYBTOTAL. 162.3 a.8
PRODUCTION MATERIALS 0.2 0.0
WATER ‘ [} _ 0:.02
DIRECT LABOR B o 1.3 0.04
MAINTENANCE LABOR 1.4 0:04
MAINTENANCE suppuss _ 1.4 004
‘SUPERVISION : ) 0.4 0.0t
: ADMINISTRATION AND OVERHEAD ] 5.8 0.17
' FIXED CAPITAL CHARGES {$ 68 X 10%AT17.6%) ] 121 _0.35
B SUBTOTAL 234 0.68
TOTAL COST 186.7 5.38 .
POSSIBLE OXYGEN-BY-PRODUCT CREDIT ($10/SHORT TON) : L
" NET COST , o 4.72

Lt

# FROM “EFFICIENCY AND COST ADVANTAGES OF AN ADVANCED TECHNOLOGY
NUCLEAR—ELECTROLYTIC HYDROGEN—ENERGY PRODUCTION FACILITY"
~T.D. DONAKOWSK) & W.J.D, ESCHER, ACS CENTENNIAL MEETING, APR 4:9, 1976,
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TABLE 2

ESTIMATED MODULE PRODUCTION COSTS

KEY COMPONENT 1976 BASE _ 1877 BASE 1978 EST  GOAL
CURRENT COLLECTOR $160/FT2 $30/FT: 23 $7/FT2
CATALYTIC ELECTRODES $68/FY2 $27/FT1 8 $2/FT2
1)
SOLID POLYMER $25/FT2 $25/FT 12 $3/FT2
ELECTROLYTE
STACK HARDWARE $6/FT2 $B/FT2 [ $8/FT2
$260/F 12 $88/FT2 50 $18/F 12
{$188/KW) {$84/KW)  (SIB/KW)  ($13/KW)
TABLE 4

PROGRAM GOALS
SCALED-UP HARDWARE PERFORMANGE

TECHNOLOGY
50 KW, 200 KW, 500 Kw, 5 MW,
PROPOSED TIME FERIOD MID '77 MID 78 END '81 EARLY '83
PROJ. MODULE COST T $70/FT2  $50/FT2 $18/FT2
{IN PRODUCTION HARDWARE)
ELECTROLYSIS MODULE 80% 85% 20% 93%
EFFICIENCY (100 psi)
- CELL VOLTAGE AT 1.85 1.75 1.65 1.58
1000 ASF (106 psia)
- OPERATING TEMP. 180 180/300 300 300°F
- OPERATING PRESSURE 300 300/600 600 600
- GELL ACTIVE AREA 2%FT2 2%FT2 10FT2 10-30F 72
ORIGINAL PAGE 1
OF POOR QUALITY
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COSTOF FLECTROLYTIC HYDRBOGEN — u_t.ml' BTU

10

Figure 1. 58 MW SPE Water Electrolysis Plant
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Figure 2. Cost of Electrolytic Hydrogen
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Figure 3. Projected Production Gost -~ SPE Electrolyzer Module
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Figure 10. Mockup — 50 KW Electrolysis Module
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DEVELOPMENT OF A REGENERATIVE SOLID POLYMER
ELECTROLYTE HYDROGEN/HALOGEN FUEL CELL
FOR HIGH EFFICIENCY ENERGY STORAGE

James F. McElroy
General Electric Co.
Wilmington, Mass.

Abstract

An ecconomic and efficient means of energy
storage has long been desired by electric utilities
and others. Pumped hydro requires ldrge fand
use whereas storage batteries can be of higher
costs and lower reliability. The use of the solid
polymer electrolyte’ with its proven long life
(>45,000 demonstrated) provides the basis for
a high religbility hydrogenfhalogen regenerative
fuel cell for energy storage. With current densities
in excess of 300 ASF the system economics
becomes attractive.

A preliminary system -description is provided
for tiie hydrogen-chlorine cycle, The results of
feasibility tests, initial cell development and pre-
liminary cost analyses are also discussed.

System Description

A preliminary system design coneept is shown in Figure 1. In
this concept the solid polymer electrelyte electrochemical unit
will produce giscous hydfogen and chlorine duting the electrolysis
charge mode and consume gaseous hydrogen and chlorine dis-
solved in aqueous HC1 during the discharge mode with an overall
electric to electric efficiency in excess of 70%. The gascous
chlorine produced -during the HC! electrolysis is liquified utilizing
40°C coolirig water and scparately stored. This technique sets the
chlorine storage system pressure considersbly below that which
would be.obtaified by producing liquid chlorine in the cefl at 90°C
with a significant storage system cost reduction. During discharge,
the liquid chlorine is metered into the cireulating uqueous HCl
solution af a rate determined by the electrical Joad demand,

The hydrogen gas produced during the electrolysis charge mode
is purified aiid stored in an iron titanium hydride storage bed. This
liydrogen is then released to the eell during discharge utilizing
waste heat from the electtochemical cell to liberate the hydrogen
from the hydride.

The Hydrogenjchlorine energy storage system concept utiizing
the solid polymer electrolyte electrochemical cell has many unigue
advantages. Some-ef the more significant advantages are:

¢  The system can be separately sized for power und energy
storage.

& Enhanced safety with only a minute fraction of the stored
reactants within the clectrochemical cell stack.

®  High current density capabilities of the cell (i.e., = 300
ASF).
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®  Minimized materials problems due to the low operating
temperature (i.e., < 100°C).

®  System pressunzation via the electrochemical cell with
reactant differential pressure capabilities in excess of
500 psi.

Feasibitity Test Results

Preliminary laboratory tests of the solid polymer electrolyte celi
have indicated that system electric to electric (E.T.E.)} storage
efficiencies of > 70% can be obtained at current densities > 300
ASF. Through the use of a specially configured chlorine ¢lectrode,
almest complete reversibility has been achieved when producing
chlofine gas during charge and consuming chilorine dissolved in
aqueous HCI during discharge. Figure 2 displays the demonstrated
celt characteristics at ambient conditions with ulmost all of the
performance slope teing IR rélated. This figure shows the revers-
ibility of the cell and a demonstruted 61% E.T.E. voltage
efficiency at 300 ASF and ambient conditions. The performance
goals and the means of obtaining these goals are also displayed.
An 80% E.T.E. voltage efficiency goal has been cstablished to
allow up to 10% losses in parasitic system characteristics such as
pumping power, current inefficiencies, and. power conditioning
inefficiencies,

Cell Devetopment

To demonstrate thie performance goals the hydrogen/chlorine
cells must be eperated at the operational conditions reflegted
on Figure 2. A system to accomplish this task has been designed
and two systems are presently undergoing final assembly and
checkout. Figure 3 displays the system layout,

This high temperature/high pressure system has been well
over-designed such that larger units and higher pressures can

‘be evatuated. Major system characteristics include:

e 1000 PSI working pressure for both hydrogen and
clilotine subsystems

®  2057F working temperature _
. 1500 cc's electrolyte reactant
® .0 to 4 GPM electrolyte reactant flow

It is anticipated that these systems will provide valuable
operational parametric data in the wecks and menths ahead.

During the design and fabrication of the iwo high temperature/
high pressure systems, work has continued in cell development
utilizing room températurc/room . pressure hydrogen/bromine
fucilities, The bromine halogen was selected for the ambient
condition tests due te its similarity to the chlotine at operational
conditions (i.e., liquid flow).

Initial tests on the hydrogen bromine cell, shown on Figure 4,
showed that the bromine clectrode configuration was quite revers-
ible. The hydrogen/bromine cell performanee and the hydrogen/
chlorine cell -performances were in fact quite similar with the
exception that the open cireuit veltage of the bromine cell was
approximately 0.3 volt fowér tlian the chloring cell at
approximately equivalent acid concentrations. This cetl con-
figuration with its special halogen electrode wus operating through
three 160 hour cycles at up to 360 ASF on hydrogen/bromine.
This rather stable perfofmance of the cell is displayed on Figure
5.
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Seversl materials were tested for corrosion compatibility
at approximately 200°F and severul were selected as good can-
didates for cell component parts. A cell was fabricated which
utilized only the materials that had displayed thousands of hours
of corrosion compatibility at 200°F with insignificant weight,
appearance, and mechanical characteristics chunges. The
hydrogenfbromine performance of this cell, which utilized
a non noble metal halogen electrode is shown on Figure 6. An
ambient temperature life test of this cell actually displayed
performance improvement with operational time. Figure 7 shows
performance charueteristics at various points in the 600 hour test.

The effect of high acid concentration on performuance is an
important consideration due to its impact on the size and cost
of the Nalogen storage subsystem. Testing of a cell up to 48 WT%
hydrobromic acid was performed -with tlie test résults shown on
Figure 8. This figure displays the cell performances at various
points in the charge discharge cycle. The change in epen circuit
with acid concentrations appedred. as predicted but the encourag-
ing aspect was that lttle change in the fucl cell stope resulted
from the high acid concentrations.

Preliminary Cost Analyses

The demonstrution of compatible materials; fion noble metal
halogen electrodes, and performance ovér a large range of acid
concentrations have enabled the preliminary costing of the hydro-
gen/chlotine electrochemicual moduie. Table | reflects the produc-
tion costs of a 2 MW (electric output) module with six hundred
10 £t2 cells. Also included in this table are the costs of the hydro-
gen, purification and control subsystem. All costs have been
determined wtilizing the EPRI costing approach.

Utilizing tlie Table 1 cost {igures and suitable cost projections
for the hydrogen and chlorine storage systems, a production
capital cost projection for the desired uninstalled system can be
generated, Figure 9117 shows the dolars per KW projection versus
‘the system discharge houss.

TABLE
HCI REGENERATIVE
FUEL CELL COST BREAKDO\VN
(Octobier 1977)
Average Performance (15% HCH

(20 MW Output Systém — 10 Modules
@ 2 MW each with 10 Ft2 Cells)
Cost/Ft2 (Module) 15.072 §/Ft2

“(@1.13 Volts — 300 ASF) 2.95 Ft2= 1 KW

FC/Elect. Module $15.072 (2.95) = 44.46 $/KW
FC{Elecl. Module & H7 Subsystem Controls $54.06 $/KW
TOTAL Munuractuﬁng bost $59.46 /KW

Cost Based on: 10% G aml A, $7 !Hour Labor and 150%
Labor Overhead

The low capital cost of the system is achieved primarily by
operation of the electrochemical cell at high current density and
producing chlorine gas in the charge mode which results in a low-
pressure chlorine subsystem.

Suimmary

The solid polymer electrolyte technology offers some unique
advantages as a hydrogenfhatogen energy storage device. Some of
the major characteristics are displayed on Table [L

Work is continuing on the development of the hydrogen/
chiotine energy storage system under the auspices of the U.S.
Energy Research and Development Administration. Operation of a
laboratory scale system is planned for later this year and
continuous materials and configurations development and system
analysis is planned for GFY 1978. (Figure 10)

" References

1. Beaufrere, A et al, “A Hydrogen Halogen Energy Storage
System for Electric Utility Applications”. Paper presented at

the 12th IECEC Meeting, August 28 — September 2, 1977,

Washington, D.C.

TABLE 11

SUMMARY OF
ADVANTAGES OF GE'S SPE RYDROGEN-HALOGEN
BATTERY FOR ENERGY STORAGE

® INDEPENDENT SIZING FOR POWER AND ENERGY

® HIGH CURRENT DENSITIES @ HIGH EFFICIENCY (>3f]0
ASF @ >70%) (6. TIMES Z;;,Cl BATTERY CURRENT
DENSITY)

ABLE TO WITHSTAND LARGE DIFFERENTIAL PRES-
SURES (5000 PSt DEMONSTRATED) i

® ELIMINATES NEED OF COMPRESSOR FOR HYDROGEN
STORAGE

‘® OPERATIONAL PARAMETERS COMPATIBLE WITH IN-
TERFACE CONDITIONS OF ENERGY STORAGE SYSTEMS

® HIGHLY REVERSIBLE ELECTRODES CAPABLE OF

OPERATION IN REGENERATIVE MODE (BOTH CHLOR-

INE AND BROMINE DEMONSTRATED)

& CELL ASSEMBLY MATERIAL COMPATIBLE WITH HALO-
GENS (THOUSANDS OF HOURS OF CORROSION TESTS
AT 200°F)

* LONG STABLE LIFE DEMONSTRATED ON POLYMER IN
ELECTROLYSIS ANDFUELCELLMODES(+45,000HOURS)

¢ COMMONALITY BETWEEN HYDROGEN-HALOGEN AND

“WATER - ELECTROLYSIS, CHLORINE ELECTROLYSIS

AND HYDROGEN OXYGEN FUEL CELL TECHNOLOGIES
(ALLOWS TECHNOLOGY SPIN OFF)
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INVESTIGATIONS ON MATERIALS FOR
ADVANCED WATER ELECTROLYZERS®

5. Srinivasan, P._W. T. Lu, G. Kissel, F. Kulesa,
C. R. Pavidsen™, H. Huangz, S. Gottesfeld3,
and J. Orehotsky4

Department of Energy and Envirenment
Brookhaven National Laboratory
Upten, N. Y. 11973

Abstract

The develocpment of advanceé water
electyolyzers is currently aimed at the
further increased energy efficiency, reduced
capital costs and prelonged life time.
Efforts have been made to find stable
materials for cell construction and ko
search for better electrocatalysts for
the hydrogen and oxygen electredes. Optical
techniques were used to determine the
correlations between optigal properties of
oxide filmg formed on Ir and Ru and their
electrocatalytic activities for the GER,
Ellipsometric studies revealed that the
variation of oxygen overpoteéential with
time on Ni is &ssentially due to the
gradual conversion of Ni3*+ to Ni4* in the
oxide £ilm on the electrode surface. The
electrocatalytic activities of aged
electreodes are rejuvenated using electro-
chemical metheds. Oxide catalysts of
spinél or pernvskite structure such as
NiCo,0, and Bu,MnReQg were invéstigated
as oxygen electsodes. Effects of magnetie
properties on the electrocatalysis for the
OER were studied on lithiated nickel oxide
and on Ni<Cu alloys. Nickel beride and
WiCey0, show higher catalytiec activities
than Ni for hydrogen and oxygen
evolution, respectively, particularly for
leng term operations. Materials for
separators, gaskets, seals and cell “.ame
have been evaluated in single cells,
operating at temperatures up to 150°9C.

The preliminary results indicate that
there is a less of 2% in coulombic
efficiency for the electrolytiec hydrogen
production at 120°C as compared with 259¢,

1. Introductien

There are thrée promising apprbaches te improve
water electrolysis technolegy: (i) develepmient of
solid pelymer electrolyte (SPE) water elect¥olysis
cells, in which there is a maximization of surface
of tlie electredes and minimization of inter-
electrode spacing; (ii) ihckeasing the operating
temperature of alkaline electrolyzers fiom 80°C to
a temperature in the range of 120-150°9C; and

Frhis woik was perforfled under the auspiges of
the U.S. Department of Energy

1
“Present address: Dept. of Materials Science,
Univ, of Virginia, Charleotteswville, Va.

2 : .
Present address: Pept. of Chemistry & Physdes,
Middle Tennegsée State Univ., Murfreesboro, Tenh.

3
Permanent address: Dept. of Chemistry, Tel Aviv
Univ., Tel Aviv, Isreal

4 . :
Perfanent addresss: Eﬁglpeering.negt., Wilkes
College, Wilkes-Barre, Ea.
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Lest electredes.

{i1i) development of a'vanced concepts, e.g., find-
ing more reversible electrodes, use of anode
depolarizers, water vaper electrolysis in molten
or solid electrolytes, thermochemical-electrochemi-
cal hybrid cycles, hydroxyl ien transporting
membranes and photoelectrolysis of water. The
neaded areas of investigation for the {evelopment
of the first two technologies are (i) finding
stable materials for cell construction (electrodes,
current collectors, gaskets, seals, etc.):

{ii) searching for better electreocatalysts for the
hyérogen and oxyogen electrodes; (iii) determining
reasohs fofr time variation of performance of water
electrelysis cells and methods to inhibkit it; and
{iv) determining the coulombie efficiencies of
cells operatiryg at relatively high temperatures

and pressures., The activities zf: BNL carried out
in these areas using electrochemical. ellipsometric
and other technigues in short and/or long term
experiments are described briefly in the following
gections.

2. Optical and Electroghemiical Preperties of Oxide
Filme Formed oh Metals in the Oxygen Evolutioen
Reaction ’ ) ’

2.1 Rationale Eor Approach

The oxygen evolution reaction (OER) always
oceurs on oxide covered metallic surfaces or on
oxides, The properties of the surface oxides
determine the kinetics of this reaction. The
problem of performance deterioration in commerical
as well as in advanced (e.q., the General Electric
Splid Polymer El:ctrolyte Cell) water electrolyzers
is partly due to the increase of pxygen overpoten-
tial with time. The latter phenemenon is probably
due to changes in physical (e.g., thickness,
electrénic cenductivity) and chemical (e.g., oxi-
dation state, nonstoichiometric oxides) properties
of the oxide f£ilm. Puring the previcus year, the
influence of the electrenic conductivity of the
fili on the electrocatalytic activity was illus-
trated, by using a conbined ellipscmetric-elegtro-
chemical technigue, with platinum or nickel as
This work(l) was presented at
the last Hydrogen Contracters' Meeting, The same
technigues were used in the current year to
determine the torrelations between the optical
properties of oxide films formeéd on iridium and
ruthenivm and their electrocatalytic activities
for the OER. TIn addition, this approach was also
used to elucidate the mechanism of time variation
of oxygen overpotential on nickel electredes,

2.2 Studies gn Iridium

The ogticai,and.elgct:echemical analysis(2)
of oxide layers, formed on iridium, performed by
conbined ellipsometric and reflectometric measure-

méntg shows that a hydroxide layer with a

refractive index ng = 1.44 - 0,01 i and a thick-

ness which may exceed 2000 A® remains even at

cathédic potentials on the Ir electrode, as a
result of multicyeling. BApplications of anodic
potentials, clese te that for oxyden evolution,
results in an increase of the extinction
coefficient to a level typical for semicondudtors
fng = 1.43 = 0.10 i at 1.50 V}. This thick

se nducting phase oxide on iridium in the GER
irwoi o seems  to have a ‘high level of bulk defects
and a high concdentration of active sites, the
generation of both being related to the gradual
variation of the oxidatiof state of Ir in the




oxide, prior to and simultanecusly with the oxygen
évolution of oxygen. The oxygen evolution rates on
Ir between 1.5 and 1.6 V are shown to increéase
significantly in the presence of such oxides; a
lower Tafel slope of D.8RT is alsoc cbserved on
these thick oxides.

2,3 Studies on Ruthenium

For the OER from acidic media, Ru exhibits even
higher electrocatalytic activity than Ir. As a
first approach to understanding the kinetics of
ancdic reaction in SPE water electrolyzers, the
electrochemical behavior of Ru for this reaction
was investigated in 1N H 504 at 20%, coupled with
ellipsometric and reflec%ometric measurements, As
illustrated in Figure 1, the overpotential for
oxygen evolution at 1 mR/em? on Hu is only %210 mv,
while at the same current demsity, Pt and Ir show
oxygen overpotentials of 640 and 360 mV, respec-
tively. Ellipsometric investigations revealed that
the oxide film, formed on Ru during oxygen evolu-—
tion, is highly light-absoibiag and thus is an
excellent electronic conductor. At constant
potentials below 1.43 V vs RHE, tlie current
densities for oxygen evolution, either on freshily
prépared or preanodized Ru electrodes, are prac-
tically stable, exhibiting a Tafel slope of VRT/2F.
However, ruthenium oxide (RuO,) dissolves at higher
potentials, The onset potential of the anodic
disolution of RuOy in 1N H,S0, is in the range of
1.44-1.46 V {(gee Figure 1), After polarization
of a rutheniuvih electrode of geometric area 0.25 om’
at 1.5 v for 20 hours, the subsequent chemical
analysis of the electrolyte using an atofmi¢ absorp=
tion spectroscopic technique, fshowed that it con-
tains 30 pg of Ru ions/ml. This significant
dissolution of RuO, also resulted in ah enhancement
of current density at the constant potential of
1.5 Vv from 44 to 70 mA/cm® (geometric area), which
is essentially due to the gradual increase of real
surface area of the electrede. The stabilization
of Ruo, by &lloying Ru with esveral transition
elements is underway.

2.4 Mechanism of Time Variation of Oxygen
Overpotential on Nickel Anodes

oOrie of the significant factors, contributing
to thie performance degradation with time in
commercial water electrolyzers, is due to the
gradual increase: 6f overpotential for oxygen evolu-
tioh, at a constant curkent density, which oéciits
over & period of two years or even more. More
recently, the performance decay on oxygen evolving
elegtrodes has been observed on platinum in the
potential range of 1.6-2.0 V vs RHE(3), on
iridium(4) and on nickel(5). The mechanism of the
performance degradation on nickel anodes was
investigated in IN KOH solution by using ellipso-
metry to analyze the naturé of anodie £ilms(6).
Effects of electyochemical pretreatment of the
£ilms on the kifietics of the oxygen evolution
reaction were also investigated.

Figure 2 shows that nickel oxide f£ilms,
szmeavpotentiqstatically ut 1.5 V. are more active
than the untreated (i.e., freshly prepared) nickel
for oxygen evolution at a constant potential of
1.8 V. ‘The in situ ellipsometric analysis revealed
that the oxide £ilm formed on Ni at 1.5 V is mainly
composed of B-NiOOH, which is presumably "the right
type of nickel oxide" for the OER. Furthexr
ahodization of B-NiooH films results in the

o _ o e
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chemical transformation of Nid¥ to Nid+ iens, which
ara inactive for the OER. The ratio of Nil¥ to
Ni4* ions in the nonstoichiometric oxide £ilm is
strongly dependent on the anodization potential(?)
and the polarization time(8). Therefore, the time
variation of current density, for exygen evolution
at constant potentials (above 1.56 V}, as demon-
strated in Figure 2, is interpreted as being due
to the gradual conversion of Ni3* to Ni%" ions in
the okxide film on the surface of nickel electrodes.

In general, higher oxides such as NiO, are less
gtable at elevated temperature. The rate of the
conversion of Nid* to Ni%t ions in oxide £ilms also
increases with increasing temperature. Thus, as
seen from Figure 3, the higher the electrolyte
temperature, the shorter the period of time for
dpproaching a stable current density. The electro-
catalytic activities of aged electrodes are
regained by "rejuvenating" the electrodes at 1.5 V.
Ellipsometric investigations revealed that the
*yejuvenation” of aged oxide films is essentially
attributed to the recovery of active sites {i.e.,
Ni3¥ fons) on the very top layers of the films,
rather than the diminutien of the film thickhess.
Figure 3 also shows that, with increasing tempera-
ture, there i& a more significant improvement of
the electrocatalytic activity by "rejuvenation"
on aged electrodes.

Effects of electrochemical pretreatment of
oxide Films 65 ndickel electrodes on the kinetics
of the GER are shown in Figure 4. %Tafel plots, for
this reaction on nickel preanodized or "rejuven-
ated” at 1.5 Vi exhibit only one linear regicn with
b o 40 mV, while dual Tafel regions are observed
¢n nickel prepolirized at 1.8 or 2.0 V: b A 40 mV
at low n and b & 170 mV a: high n. As demonstrated
in Table 1, the thickness 5f oxide film on nickel
electrodes plays a less irportant rele than its
chemical identity in determining the kinetics of
the QER. From the practical point of view, the
performance degradation of nickel anodes can be
retarded by (1) increasing the operating tempera-
tu¥e of water electrélyzers; (ii)} using elecirode
materials of higher surface area, ard thus polariz-
ing at less anedic potential to ach.e&ve a desired
Gurrent density; and {(iii) introducisd a secondary
cation into nickel oxide films (é.g., NiC9204).

3. Elegtrocatalysis of thé Oxygén and Hydrogen
Electrode Reactions

Oxide catalvets with a high surfade area were
prepared using a freeze drying technique. These
powders were then used in the preparation of
Teflon bonded electrodes. Teflon bonded Ba,MnReCg
electrodes were tested as oxygen electrodes over
the temperidturz range 23-1409C in KOH for oxygeh
evolution ahd exhibited a Tafel slope of
0.7-0.8 RE/F. In general, catalytic effects of
this perovskite were poor. With nickél cobalt
oxide (NiCuy94) which has a spinel structure, there
was no change in the mechanism of oxygen evolution
over the temperature range fxom 0° te 240%C. This
oxide was tested as an oxygen electrode in single
cells for water electrolysis over 500 hours. The
rate of increase of overpotential with time was
less with»NiGozo4 than with Ni. (Figure 5). How=
ever, Teflon bonded nickel cobalt oxide electrodes
showed poor structural stdbility at higher tempera-
tures {>100°c) dnd current densities (>200 ma/cm?).
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A promising material for use as a hydrogen
electrode in alkaline electrolyte is nickel
boride(9). Nickel boride electrodes, obtained
from Peutsch Automobile Gesselschaft in Stuttgart,
Germany, were evaluated as hydfogen electrodes in
water ele¢trolysis cells over the temperature range
from 25-120°C and for over 500 hours. The over-
potential on this electrode is less than on a
comparable nickel screen electrode by up to 400 mv
at a cutrent density of 333 ma/chc (Figure 6),

fhe effect of magnelic properties on the
electrocatalysis of lithiated nickel oxide for the
OER was investigated. Preliminary studies indicate
a changé of mechanism at about 180°C, which is
¢lase to the Neél temperature. In a related
study (10}, the température dependence of the Tafel
behavior for oxygen evolition in alkaline solution
was determined on Ni-Cu alloys, NipgGupg and
Ni?OCuao The Cur;e temperatures for thesé alloys
are 70" and 50° ¢, respectively. There is a dis-
tinct change in the transfer coefficient for the
oxygen evolution at a temperature close to the
Curie temperature (Figure 7). Higher transfer
coefficients aré observed below the Curie tenmpera=
ture, under which conditiens the alloys are
ferromagnetically ordered.

4. Evaluation of Materials for Separators. and
ather CéIl Components -

Single cells have been designed and fabricated
for long term evaluation of materials used in the
construction of cells. Provision is dlso made in
the cell design for measurements of half cell
potentials of the hydrogen and oxygen electrodes
as & fufiétion of time. All medsurements were made
in alkaline solutiéd and wmaterials for separators,
gaskets, seals and cell frames have been evaluated
densities and at temperatures up to 150°C. The
stress of this work has been on finding suitable
separator matérials. At least fifty materials
have been sgcreenea and the more promising ones
evaluated in long term studies. Summarizing con-
clusions on tne usefulness ér otherwise of these
materials are presented in Table 2, EPolysulfone
will bé suitable for fabrication of cell frames
but has to be annealed properly to avoid Stress
cracking. Ethylene«propylene seals are sdtis-
factory at temperatures below 120°C.

5, Heasurement of Coulombic Efficiency for
trolytic Hydrogen Production as a Functlon
of Temperature'énﬁ _Pressure

In both acéid and alkaline water electrolysis
technologies, there is a need to increase the
operating temperature to about 12u- 150°C to reach
the doal of a cell potential of 1,47 volts
(thermoneutral potential) at the highest possible
current denslties. o minimize chihic losses, it
is desirible ta tminimize the interelectrode spac—
ing. TFurther; the hydrogen gas is generated at
pressures of 40 atmos or higheér flor use in the
chemical industry, hydrogen storage as hydride and
in seme applications as a fuel (e.g., natural gas
sypplementation} . Pressure electrolydis is more
economical thaifi electrolysis at low pressures
ard subsequént external compression, ALl these
factors increase the rates of diffusion of small
amounts of the evolved gases from one electrode
to the other, where it is consumed, and consequent-
1y reduces the coulombic effiziency in the cell.
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An experimental cell was designed and con-
structed for measurement of the coulombic
efficiencies for hydrogen production as a functien
of terperature and pressure. The preliminary
results indicate that there is a loss of 2%
coulambic efficiency at 120°%¢ as compared with
25°¢. Experiments to make these measurefients as a
function of operating temperature, pressure and
interelectrode spacing are in progress.

6. Proposed Studies for FY 1978

The three major tasks in FY 1978 will include
research and development of (i) solid polymer
electrolyte water eléectrolyzers; (ii) advanced
alkaline water electrolyZers; and (iii} advanced
concepts. In the first area, efforts will be
concentrated on the stabilization of ruthenium
based electrocatalysts for the oxygen electrode,
investigation of the usefulness of electro- .
chemically conducting oxide materials (e.q., doped
titanates) as anode current collectors and
determination of coulombic efficlencies for hydro-
gen. production as a function of operating
temperature and pressure (this last subtask will
also apply to the second task)y. The second task
will involve the long term evaluation of cell
construction materials (electrodes, separators,
gaskets, seals, cell frames, et¢.), particularly
in the test rig being fabricated at Teledyne
Energy Systems. A strong area of interest in the
third task will be a continuation of the itvestiga=
tion of mixed oxides (spinels, perovskites) as
oxygen electredes. Cosrelations will be drawn
between electrocatalytis activities and electronic,
magnetic or morphologic properties. ‘There is
inéreasing interest in the use of anocde depolari-
zers (e.g., carboriacéous materials) to considerably
reduce the electric energy consumptior in water
electrolysis cells. Experiments will be initiated
in this direction. The substitntion of a hydroxyl
ion transporting membrane for Nafion in SPE cells
will help in the solution of finding ton-fioble
metal electrodes and low cost.current collectors.

‘The general opinion te date is that hydroxyl ion

transporting membranes are unstable, An examinar
tion of methods to stabilize hHydroxyl ion
transporting membranes may lead to promising
approaches. .
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Kinetic Parameters for Oxygen Evolution on Pretreated Nickel Electrodes

Tafel Slope, B(mV) Exehangt c.d. Y 1 (Alcm)

Table 1,
Preffeétﬁent ,9ff x
(1) Preanodi_za.t-;l.on at 1,5V, 2 hrs ~ 230
(2) Preanodization at 1,87V, 24 hes A 620
(3) Preanodization at 2.0V, 6 hrs n 1400
(4) Rejuvenation at 1,5 V, 2 hrus ~ 620

An Analysis of the Usefuliiess
Separators for Alkaline Water
the Range of 80=150°C

Pable 2.

Matepials-Glags ot Type

Asbestos Material

Woven

Potasgsium ‘Titanate Paper
(Teflon Binder)

Nafien

Non-woven (felts)

* life at elevated temperature.

Battery Separator
Cétionicbﬂembrane

Anionic Membrane

Porous Membrane
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low n

h;c’;_h n bigh . low
- 39 - 38510712
170 43 4,207 1,107
167 40 6.2x10"7  2,2010"12
38 e Lo

of Vidrious Types of Materials as
Electrolysis at Temperatures in

Comments
Tdeal separator under :00°C in alkali

Ashestos works well used commercially.
Boron nitride - net stable in alkall
éspecially above 100°C-

Very good in alkali above 100°C.

Very good in acid at all temperatures;
works well in 20% NaOH at 1oo°c and
above.

Low resistance material but limited
Also
possible hidgher diffusion of gases.

Works well as separator material.
Most are of polyethylene base - not
suitable for higher temperature.

With the exception of Nafion, found
to be suitable in regard to resistance .
but as a rule, short life above 100°C,

Very high resistance and short life. 4

teflon base, excelléht durability dbove
1009C. A1l have high resistance
(2 to 10 times asbestos).
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ANODE: OVERPOTENTIAL VARIATION WITH TIME

z 90°C, 30% KOH
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ADVANCED ALKALINE ELECTROLYSIS
CELL DEVELOPMENT

J.N. Murray and M.R. Yaffe
Teledyne Energy Systems
110 West Timonium Road

Timonium, Maryland 21093

Abstract

‘The general appréach and fest results are presented from
the Task One sereening of thermoplastic polymers as
potential electrode separators for use in alkaline solution
electrolysia systems. The program has now proceeded
into the (Task Two) design and fabrication of a high
temperatuce, applied research test system. The general
description of the test system is given and an outline

for the upcoming program is discussed.
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The production of hydrogen via direct current electrol-
ysis of water from an alkaline solution has applicability
in today's economy and an outstanding future coupled
with many proposed energy schemes, This latter
statement is of course tempered by the need for
improving the operating efficiencies while maintaining
or decreasing the low capital investment. ‘T'he program
at Teledyne Energy Systems, sponsored by

Brookhaven National Laboratory under Contract
BNL1~380750-8, is directed to improving both the
energetics and the economics of this classic piccess
for hydrogen production, As discussed previously, (1)
two approaches are being evaluated, First, higher
operating temperatures lower the electrochemical
electrode overpotentials as well as the ionic resistivi-
ty, leading to lower input cell voltages., Second,
development of improved electrode structures
incorporating improved electrocatalysts is being given
limited attention. Rather than review the overall
efforts, this report will be more of a program status
report, DPiscussions on overall hydrogen production
economics and detail of the technical experimental
program ate available for the interested reader in
References 2, 3 and 4.

Current ecommercial -alkaline water electrolysis
processes are limited in operating temperatures to
approximately 80°C (180°F) because of the life
limitations of the ashestos mineral, chrysotile,
electrode separator. At these conditions, cell
operating voltages are reported to be befween 1.8 and
2.2 volts per cell depending on operating applied
current as well as the sophistication of the catalyst
systems involved. These values represent upper
process efficiencies of 67 to 82% relative to the

the rmoneutral input requirement of 1. 48 volt

(68,3 Keal/mole). 1h general, Improvements of
roughly 3 mv per degree C are observed with a
variety of electrode structures. With stable materials,
one can then foresee process efficiencies of up to

93% without the need of noble metal .catalysts by
operating cells at 150°C.

The search for stable materials has been focused on
the electrode separator. Four thermoplastics which
had previously(9) shown applicability in structural
polymer applications were selected for the high
temperature evaluation. Phase One A of this
prograr, essentially completed in March 1977,
involved the evaluation of polysulfone and polyaryl-
sulfone, prepared into yarn/thread form by solvent
gpinning into 16 and 12 pM diameter fiber respectively
by FRL. * The overall approach toc evaluation is
presented as Figure Cne, The detail/results are
avgilable in a technical summary report(t) and will
hot-be discussed in this text, The general findings
were essentially three. The polyarylsulfone (Astrel
360 from Carboruhdum Plastics) fiber was complefely
attacked by the 150°C (300°F) caustic environment
within the 500 hour test period. Polysulfone fiber
{essentially Udel P-1700 from Uhion Carbide)
survived the 500 hour, 150°C caustic electrolyte
testing although tensile strenhgth was somewhat reduced.
The oxygen/KOH was a more harsh envirosiment than
the hydrogen/KOH media, ‘The second major finding

. was that the critical polymer surface tension of the
polysulfone fiber separator was low. This in turh
requires a significantly smaller pore size to be
fabricated than predicted from capillary law theory.

. The same approximate effect and value was observed

. with the polyarylsulfone samples. The general test
electrolysis cell results were found to behave in a
predictable fashion as has been observed with

*formerly Fiber Research Laboratory, Dedham, Mass.
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asbestos test cells, I general, superior test ceil
results were demonstrated with the porous polysulfone
separator at 125 °C compared to the input values for the
ashestos separator cell at the recommended upper
temperature limit for the asbestos/alkaline system.

The second pair of thermoplastics is currently being
evaluated. Polyphenylene sulfide, supplied by
Phillips Fibers Corporation using hot melt spinning to
produce both fiber and staple form, is being tested

for chemical stability, 1echanieal stability and
surface wettability characteristics. The fiber itself
is too large (approximately 25 pM) for small pore size
matrix tests. Polyethersulfone, purchased from ICI
United States, e, will be melt spun into approximately
3 M staple only for evaluation as a porous separator. .
The mechanical characteristics under different stress
levels have been reasonably well documented by the
manufacturer. A fifth potential polymer, polybenzi-
midazole (PBI), manufactured by Celanese Research
Co. is reported(®) to be available in sub-micron
diameter size in the near future. Development of the
PRI polymer fiber for fuel cell applications is being
funded by NASA Lewis and chemical stabllity is
reported to have been demonstrated up to 100°C.
Testing of this material in the electrolysis cell
environment should be possible by early 1978.

Part of the program with BNL has involved interfacing
with the BNT. sponsored mitrix development program
at the University of Virginia under Dr. Glenn £. Stoner
and P.J. Moran. Three asbestes mateix with various
degreas of tréntment} prepared at the University
were recently submitted to TES for evaluation.

Although the initial test data appear encouraging, the

experiments were not completed at the time of this
writing:

Electrode and electrocatalyst development has recently
beéen restarted. The primary interest is in the anode
electrocatalyst NiCog04 discussed in a series of
papers by Tseung et zl and currently under stucly at
BNL'"), In particular, the freeze-dry approach to
catalyst preparation appears to oifer a specific
dpproach to an ordered (spinel type) oxide which may
have a stable, lower surface conduetivity than the

in sifu formed nickel oxides found in commerecial
alkaline electrolyte electrolyzers. The requirement
for a hydrophobic binder such as PTFE emulsions is
of particular interest with respect to a gas evelution
electrode reaction and will be pursued as time
permits.

The primary effort in the 'Fask Two portion -of the
contract now underway is the design and construction
of the high temperature applied research electrolysis
system. The unit will be in effect a small version of
the anticipated commereial production equipment with
sufficient Instrumentation and cotrols to allow para-
metric studies as well as life testing of the various
components which may feature potential improvements.
The system will consist of three cabinets, the power
conversion cabinet, the mechanical/electrochemical
compohents cabinet and the instrumentation cabinet.

In peneral, the system which will incorporate a 5 ¢ell
test module, will hiave sufficient input current (and
voltage) to allow production of approximately 25 SLM
(Standard Liters per Minute) of hydrogen. With the
particular cell selected for the test program, electrode
characteristics and stability can be studled up to
current densitlies of 2500 ma/cm?2 without resorting to

¢lectrode masking techniques.




The power supply cabinet is a self contained, air
cooled, solid state AC to DC eonverter. The SCR/
diode package rectifies the 460 VAC, 3 phase input to
DC to provide up to 750 ampere and 18 volt BC con-
tinuously. Although most life testing Is antfcipated to
be in the 500 to 1000 ma/cm?2 region, the hardware
capability was preselected to allow observations of,
for example, changes in limiting current densities.

The mechanical cabinet contains the electrolysis
module itself, the fluids support subsystems and the
gas pressure control system. The design of the
equipment s centerlined to accommodate testing up to
150°C (300°F). As the water vapor pressure at this
temperature could be 3 atmospheres, operation at a
maderate pressure of 7, 8 atm (100 psig) is featured
to minimize water losses via the product gases. The
general mechanical schematic is shown as Figure Two.
The anode and cathode compartments of the electroly-
sis module are supplied with filtered, temperature
controlled, potassium hydroxide electroiyte from the
respective anolyte (Op) and catholyte (H2) reservoirs
by means of individually controlted electrolyte pumps.
The fluids pass adjacent to the gas generating
electrodes within the electrolysis module, entrain the
evolving gas and pass back tothe individual electrolyte
reservoirs where gas/liquid separation oecirs. The
liquid flow rate is determined by the heat transfer
requirements and with this value as the parameter,
only a small portion (~1%) of the fluid stream is the
required water to be electrolyzed. The gas content
within the module effluent is alse kept at a relatively
low level at the normal operating range, however, the
gas content could become uppreciable at the highest
current (82v/o at 750 amp) with the lowest preselected
pumping rate. The water consumed by the electroly~
sis process is replenished into the catholyte (H2)
reservolir by means of 2 pump on a signal provided by
the lowering of the catholyte 1iquid level as measured
by a differential pressure transducer (DPX-1).

Because the gases are generated at up to 100 psig, a
fail-safe type gas pressure control scheme was
designed, and successfully demonstrated. The
approach, shown in Figure Two, allows close control
-of both the overall system pressure as well as the.
differential gas pressure imposed onto the electrolyte
reservolrs and electralysis module. In general terms,
the overall system pressure is established (when the
system is generating gas) by setting the oxygen back
pregsure via regulator BPR=1. The hydrogen pressure
is then coitrolled by regulation of the hydrogen flow
rate fo mafiitain a preset gas differential pressure as

-~ monitored by DPX~=2. During either normal or

emergency system shutdown, the oxygen is removed
from the system in a controlled fashion via shutdown .
tegulator {SR) as the hydrogen bleeds out through

the shutdown valving SV-3 and MV-5. Again, the
differential gas pressure is maintained at quite close
to zero.

The module itself will be a "conventional" modern
bipolar plate, series aligned, 5 cell unit. The frame/
seal deslgn, established under a previouts program
incorporates polysulfone as the primary structural
component with PTFE (teflon) seala, The electrodes
as well as electrode separator are conventional
commercial components, namely Nickel 200 wire cloth
electrodes and Yjron free, type 1945, fuel cell grade
asbestos board". A variety of eéxpéfiences with these
materials in the Teledyne Energy Systems commercial
HG and HS Series of Hydrogen generators have shown
these materials are stable beyond 13, 000 continuous
operating hours, The temperatures of the modules in
these commercial units are normally maintained at
less than 82°C and only limited electrolysis module
test experience has been accumulated in the operating
temperature range above 100°C, The next proposed
task for the contract is the establishment of data at

(at least) 125°C for a period of up to 2000 hours or
three months.

The ingtrumentation cabinet or console features the
meters for the display of electrical data as well as
termperature data and contains the safefy shutdown
relays, resets, etc, A keylighted flow chart is
provided which allows the operator quick reference to
the vrious measurements in progress. 'The only data

_ not available at.the instrumentation console will be the
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£a5 pressures aid the fluid flow rates, these In line
process instruments being located in.the mechanical
cabinet,

The construction and verification testing of the high
temperature test fixture constitutes the key segment
of the Task Two effort. On completion of the fixture,
a moderate systems and materials compatability test
of up to 2000 hours (and/ar three months) is
anticipated as the Task Three effort. This data as
well as the data ffom a proposed Task Four test of
similar length with advanced technology module
components will then be utilized in an economic
evaluation of total hydrogen costs, Tor this economic
study a plant size of 5 MW will be utilized to allow
direct comparison of the various cost factors with
previous studies by BNL. With economics of the
advanced technology established as favorable, design
and consgtruction of a demonstration pilot plant of

1 MWe would proceed to verify this sensible means of
production of hydrogen for the many present needs as
well as future requirements,
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SELECTION AND CHARACTERIZATION OF MATERTIALS FOR ADVANCED WATER ELECTROLYZERS;
ASBESTDS DIAPHRAGM FATLURE AND CATHODE KINETICS

P, J. Moram, G. L. Cahen, Jr., and G. E. Stoner

Department of Materials Secience
University of Virginia
Charlottesville, VA 22901

ABSTRACT

Two problems which adversely affeect performance of alkaline electros .
lyzers &re matrix failure and time dependent increases in cell voltage,
Observations of both of these phenomena have been documented and measured
as functions of operating conditicns.
proposed for these two effects, and possible solutions are under

investigation.

I, ASDESTOS DIAPHRAGH FATLURE

The failure of asbestos diaphragms in alkaline
water electrolysis cells is a debated subject. C(ne
common hypothesis attributes the failure to chemical
dissolution of the gilica by the KOH electrolyte.
However, other reférences state that the dissolution
is slowl, that the electrolyte can be saturated with
K silicates without harmful effects to the electro-
lytel, and that a protective layer of Mg0 (MgOH?)2
forms around the asbestos f{ibers, thus protecting
the silicas from dissolution. No reference exisets
in the open literature that explains the dissolution
mechanisms and the resultant failure in detail.

Investigative research conducted at the Univer-
ity of Virginia®, funded by ERDA through BNL (con~
tract BNL 412933-S) indicated other possible failure
mechanisms of the diaphragms. These mechanisms are
of aphysical naturé and operate independent of the
chemical diszolution. The relative severity of the
physical vs, chemieal mechanisms has nmot been
resolved as of yet, A paper was presented concern-
ing the research on the physical failure mechanisms
at Airlie. The following section summarizes the
important conclusions:

{1) Gac pockets have been cbserved within the
asbestos diaphragms, the origin being:
entrapped gas upon iInsertion into electro-
lyte, nucleated gas on hydrophobic impuri-
ties in the asbestos ddaphragm, or diffusion
of electrolysis product gasses into the
diaphragm.

(2) Other pas pockets are observed near the
electrode screens which are caused by dJif-
fugion or entrapment of electrolysis prod-—
uct gasses.

(3) The internal gas pockets Increase in size
with temperdture, while those nearer the
electrode screens increase with both tempér-
ature and time during electrolysis.

(4) The hypothesis suggests that a pinhole even-
tually develops by the linkdmg of various
gas pockets actoss the didphragm (Fig. 1)
allowing passage of product gasses, result-
ing in product gas contamination, which can
cause additiongl complications or matrix
failure. A second phase of the project at
the University of Virpginia was aimed at
avolding or reducing the physical failure
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Several possible explanations are

mechanisms. This was done by the addition
of an appropriate wetting agen. which
reduced significantly the number of nucisa-
tion sites within the diaphragm.

One succaessful candidate was found, Tin hydro-
sol, an inorganic polymeric and relatively uncommon
wetting agent, stabllized the diaphragm in acceler-
ated nucleation tests and increased the wet strength
of the diaphragm significantly., Initial commercial
evaluation indicated that the presence of the
treated diaphragm had increased the cell voltage by
about 5%. Since that time two modifications have
been perfotmed. IFirst, studies were undertaken to
determine the minimum effective loadings of the
wetting agent so that the increase in diaphragm
resistance could be minimized {(if that is where the
increase is). Secondly, by treating the asbestos
in a slorry and recasting the diaphragm, a more
continuous eoating is achieved. Previous treatment
had been administered to as-cast diaphragms.

i August 1977, modified diaphragms wete submit-—
ted for further commarcial evaluation., Recantly an
observation which supports the physical failure
mechanism theory has arisen. Sterec microscopic
observation of electrode screen-asbestos interface,
which has been operating for several days, indi-
cates about 20% of the individual screen openings
contain large spherical pockets. This observation
must be conducted before disturbing the interface.
Figure 2 is an illustration of what is visibla.

The potential benefit of Sn hydroscl is still
unanswered, but a conclusive decision is antici-
pated follewing interpretation of the commercial
evaluation results,

The theorw of physical failure meechanisms, how-
ever, is independent of the Sn hydrosol and is
apparently gaining new support.

11, CATHODE KI-NETIC_S

An interesting problem was uncovered during the
tin hydrosol program. Measurement of diaphragm
resistance in &n operating electrolysis cell was
hindered by the lack of a stable cell voltage.
Further. investilgation revealed the following:

The cell voltage increases approxdmately
linearly with log t as illustrated in

(1)
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Fig. 3. This is a copntinual decrease in
voltage efficiency.

{2) Upon shorting the cell for several minutes
and then continuing electrolysis, the cell
voltage repeats the indtial cycle (Fig. 4).

After several logs of time the +AmV is small
enough to consider the cell voltage stable. How-
ever, starting from a shorted cell at t = 0, a
stable cell voltage has not been seen over.a log of
t. These phenomena indicate that some type of cut-
rent cycling or interruption will increase the cell
voltage efficiency. The following relationships
were alsc Eound:

(1) +AmV/At is ¢ for 4T
(2) +amV/At is 4+ for 44

(3) Both anvde and cathode have initial over-
potential chdnges. However, we have found
the cathode's to be dominant in the cell
voltage increase with t.

{4) The cathode turns to a blackish color. SEM
iiterographs of before and after cathodes
indicated no major change in surface area.
The blackish color is stable in air and dis-
appears when the cell is shorted. Initial
analysils showed nothing unusual; however,
more extensive analysis is underway.

Research efforts at Virginia are continwing in
this area. A technique such as current interruption
may be useful on a large scale to achieve a voltage
efficiency increase.

If the soutce of the problem could be isolated,
then the problem could be directly addressed. Per-
haps a solution other than curreat cycling could be
employed. Our present goals are to identify and/or
alleviate the problem.
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OPTICAL INVESTIGATION OF THE GXIDES OF RUTHENLUM
AND IRIDIUM IN RELATION 7O THETR ELECTROCATALYTIC
ACTIVITE™

Fred H. Pollak

Physics Department

Belfer Graduate School of Science
2495 Amsterdam Avenue

New York, N.Y. 10033

Abstract

It has been suggésted that the problem of current decay with time
in the oxygan evolution reaction in water electrolysis is connected
with the continuous growth of a poorly conducting oxide £ili. on
catalyst surface. Optical techniques can yield valuable information
concerning the dynamics of oxide formation as well as the nature of
the oxide. The highly sengsitive teclinlque of the rotating light pipe
reflectometer can be used to investigate the time and specttal depend-
ence of reflectivity change on Ru and Ir cdtalyst surfaces in conjune-
tion with electrochemicsl determinations. These materials have been
shown to be superior to Pt. In additien this optical technique can
be employed t6 evaluate the intrinsic reflectivity of Rul, and Ir0
in the range 0.5~10 eV o gain information coicerning the”d-electrons
of these materials.

* Supported by Brookldven National tabaratory,'Uptcn, .Y.
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T. Introduction

At the present time there is considerable in=
terest in developing high efficiency and low cost
water electrolyzers to meet the demands of hydro-
gen required by the chemical {ndustry and as a
fuel in fuel cells and gas turbines. The dev-~lop~
ment of advanced technology for wateyr eélectrolyses
iz essential to minimize the cost of hydrogen.

The efficiency of water electrolysis systems de-
pends critically on the behavior of the oxygen
electrode. For oxygen evolution reaction (QER) on
meétals or a2lloys at constapt potentials, the con-
tinuous decrease of current densities with time is
one of the more difficult problems in water electro-~
lysis. The time variation of current density has
been pointed out by Schultze [1] in the anodic
evolution of oxygen on platinum. More recently,
similar behavior has been observed on ir.dium %2]
and on nickel [3] anodes. It has been suggested
that the current decay with time is connected with
the continuous growth of a poorly conducting oxide
£ilm, which retards the electron transfer or in-
%ibiﬁs the radical reaction on the film surfaces
2,3,

The OER always takes place on eleetrodes which
are covered with an oxide layer. The "catalytic
activity" of a metal-oxide-electrolyte system in
the OER may be described quantitatively in terms of
the exchange current density (i ) and the Tafel
slope (b = dv/3log i). A good 8lectrocatalyst is
associated with a high value of i and a low value
of b. Little is understood about’the properties of
the oxide phase and, especially, about the proper-
ties of the oxide~electrolyte interface which are
required to achieve improved performance in the OER.,
Evaluation of a number of metals and alloys as
electrocatalysts for the oxygen evolution reaction,
leads to nickel as a preferred anode material for
the OER in alkaline solutions and to noblé metals
and their alloys as electrocatalysts for the GER in
acid solutions. Among the noble metals, the per-
formance of Ru, Ir and their alloys was found to be
much superior to that of a pure Pt anode. Thus,
the potentiasl at which a steady Etate oxygen evoliu-
tion current density of 1 mA em © (real) is obtatn-
ed on Pt at room temperature is about 1.8 V vs.
RHE, while at an Ir anode this potential is only

- ‘about 1.5 ¥ 7% is .obvious, therefore, that
analysis of the surface layer formed on Ir prior to
and during the evolution of oxygen, revealing the
relationship between propérties of this layer and
the performance of the Ir/aqueous solution inter-
face in the QER, may be an important key to the
role of oxide layers in electrocatalysis.

A navel design for water electrclysis has
recently been proposed by the General Electric
Company using solid polymer electrolyte fuel cells

"[57. In this type of water electrolysis cell a
solid sheet of perfluorinated polymer (Nafion)
serves as the electrolyte. The electrocatalysts
are platinum oi the cathode side and iridium,
ruthenium or binary and termary alloys of these
metals with transition meétals on the anode sidé.
Hence there 1s considerable interest from a practis
cal point of view in gaining a better understanding
of nature of electrocatalyst/electrolyte interface
for these particular materials.
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TI. Experimental Approach

The interest in the exact properties of the
surface layer present on Ir, Ru or the allovs
mentioned above has recently prompted an examin-
dtion of the film formed by multicycling using
various methods including elltipsometrie and re-
flectometric techniques. These knvestigations
have already yielded valuable information concern=
ing the nature of the oxire and the dynamics of its
formation f6,7]} However, they have heen perform-
ed at only one wavelength, i.e. 5461 4.

The wavelength limitation in the (nvestiga-
tion of the dynamics of oxide formation and the
properties of the oxide itself can be overcome by
use of the highly sensitive technique of the rotat-
ing light plpe reflecrometer (RLPR) [8]. &
schematic diagram of theé HLPR system is shown in
Fig. 1. Imn this device, the quartz light pipe
rotating at ~ 100 Hz, captures alternately the re-
flected (RL ) and incident (I ) light beams and
transmits Jdem ko the detector by internal reflec-
tion. The RT_ and I_ beam amplitudes are extracted
from the ttmeodependgnt signal T({t) by an electron-
ie gating circuit which employs field effeet
transistors as swiltches for sample and hold measure-
ments., A bigh voltage operational amplifier ad+
justs the photomultiplier gain to keep I 'conStant.
The reflectance R = (RI )/(Iu) is then r8corded
continuously as the pho%On energy fw or other para-
meters such as oxidation times are varied. The
rapid comparison between incident and reflected
bearis produces a high stability in R, so that re=
flective chunges at least as small as |AR/R] e 1074
can be detécted. Because the optical alignment is
unchanged as the oxide layer is formed or removed,
the full sensitivity of the technique can be ex=
ploited in such an investigation. Finally, the
mechanical design of the light pipe produces a
rather large duty cyele which makes possible a
response time of the system sufficiently short
{~ 1 se¢.) that reflectance changes due to oxide
formation or dissolution can be observed as they
occur.

The sensitivity of the RLPR technique has been
clearly demonstrated by the work of Rubloff et al.
[97 on optical studies of chemisorpzion. Their re-
sults show that the technique can measure dynamical
changes in reflectance due to the formation of one
monolayer of absorbate and that it is possible to
make {dentification of the nature (i.e., species)
of the adsorbate by measuring the spectral depend-
evice of AR/R.

The RLPR method 1s not limited to one wave-
length as is the case in the previous eliipsometric
and reflectometric Investigations 6,7 . Using
the RLPR it is possible to study the dependence of
oxide formation as a centinuous function of Inci-
dent photon enerpy in the range 0.7 - 6 eV, the
limitations being imposed by the absorption of the
electrolyte and the window of the electrelytie
eell.

In addition to evaluating the variations in
reflectivity in relatton to catalytic activity tt
would also be of considerable interesct to determine
the intrinsic reflectivity of RuO2 and IrOz.



Measurements of the spectral dependence of semi-
conductors and metals have been extremely valuable
in elucidating their electronlc baond properties.
For example, recent work in thie spectral range
0.5 - 10 eV on the transition metal oxides T12 03
and Nb Tt 0, has allowed an enmergy level

scheme oFf d-leStrons to be assigned [10]. These
measurements were performed with tihe RLPR presently
operative at Yeshiva University. A similar study
on Rull, and IrU will be compared with the receunt
band. s%ructure €alculations of Mattheiss [11] and
‘hence give valuable information concerning the
d-electrons in these materials.

IIT. Planned Research

As discussed previously the RLPR method can be
utilized to detect the small changes in reflectiv-
ity that occur during the process of oxide formation
on a patalyst, both as a function of time and
photon energy. We plan an investigntion of both of
these parameters in relation to the duanges in
reflectivity that occur on vatrious catalysts.
Specifically we intend to study Ru0,, Ir0, and Pt
in various acidic sotutions tncludintg 1N 8,80, and
CF, SO, H acids. Inh addition binary and ternary
alloys of transition metals in Ru will be investi-
gated,

We also plan to observe the changes in reflect-
ivity that occur at a Eixed wavelength with time
during the eyling process and to correlate these
changes with the catalytic activity. Hence it will
be mnecessary to perform electrochemical measure-
ments in tandem with the reflectivity observatiomns.
The second phase of this program will consist of
observing the changes {n refleckivity that occur at
different wavelengths in the vange 0.7 - 6 aV.

These determinations should yield valuable informa-
tion concerming the nature of the species of the
formed oxide. TFor example it 1is believed that the
problem - of the continuous decrease of current
densities with time is velated to the transformation
of Rul, to Rul,. An investipgation of the wave-
length” dependénce of the oxide formation may be
valuable in confirming this postulate. This second
phase will also be done in tandem with electro-
chemlical measurements.

- %2

et A L

The spectral dependence of the intrinsic re-
flectivity of Ru0, and IrO in the range 0.5 - 10
eV will be studieﬁ in order to galn information
about the distribution of the d-electrons by comp-
arison with the band structure cslculation of
Matthetss [11]
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THE HYDROGEN-GHLORINE ENERGY STORAGE SYSTEMt

J. McBreen, R. 5. Yeo, A, Beaufrere,
D-T. Chin* and 5., Srinivasan

Department of Energy and Envirenment
Brookhaven Natienal Laboratory
Upten, N. ¥. 11973

Abstract

The eélectrochemically regenerative
hydrogen-chlerine system is being consider-
ed for large scale shergy storage. It
offers many of the advantages of batteries
with fluid reaetants such as elimination
of the problem of electrede morphology
changes with cycling and the possibility
of independently déesigning the system for
energy and power. Hence, it can be used
for both the daily and weekend utility
cycles. Recent work includes an extehsive
heat and mass balance analysis for the
system, measureéments of Nafion membrane
resistivity as a functien of HCl1l concentra-
tion and temperatures, and diffusivities
and permeation rates of chlorine through
Nafion membranes. Results of these studies
indicate that an overall electric-te-=
electric efficiency of 75% or greater can
be projected for the system.

1. Introduction

The elactrochemically regenerative hydrogen—
. chlerine system is being considered for large

scale energy storage. Work at Brookhaven started
in the Summer of 1975(1). Several workers had
considered the system previously(2-4). However,
only low current density cells were developed.
Their characteristics are compared in Table I, In
this program high current density operation Has
been achieved (270 mA/em? @ 1,0V} (5). High
current density operatieon is impertant since it
reduces the separator and current collector areas
and thus has a major effect on the overall system
cost,

Table I. Current Density at 1.0V for Various
Hz/cl2 Cells

Author ‘and Cuirent Density at

_ Year . 1.0¢ (mp/em?) Reference
Foerster (1923} 3.3 ' 2
Yoshizawé}
et al (1962) 10 3
Bianchi (1964) 50 4
MeElpoy {1976) 27¢ s

The present cell has a Nafion membrane separa-

The electredes afeé bonded to each side of
the membrane. . During discharge, hydrogen gas is
fed inte the cathede compartment. On charge,
provisions have te be made for hydroegen and
chlorine storage.

tor.

his work was performed under the auspices of the
W.5. Department of Energy ) .
*Visiting Seientist at BNEL from Clarkson College
of Pechnology, Potsdam, ¥.Y., in the Summer of 1977
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The hydrogen—chlorine cell has £luid reactants
and products, Thus, the electrode morphology
changes that often plague batteries with selid
reactants are avoided. Croess migration ef
reactant species through the membrane dees not
constitute a permanent less to the system, such
as would occur in a battery with dissolved
reactants and products.

Batteries with fluid reactants are attractive
for energy storage applications because they can
be independently designed for energy and power.
Cell stacks c¢an be optimized for power, efficiency
and cost. The latter is strongly dependent on the
current density and the number of cell parts.
Energy starage subsystems can be sized for the
patrticular application. f¢his permits designs for
either the daily or weekend utility cycle. One
Benefit that acerues from this ability to design
independently for energy and power is a reduction
in separater requirements. A battery with 10
hours of storage discharging at 270 mA/em“ has an
energy density of 2.7 Wh/ecm2. This energy density
is an order of magnitude higher than that found in
batteries with solid reactants: so separator
requirements are reduced aceordingly. Girculating
electrolytes alse simplify thermal management.

At this early stage, there. are mahy develop-
ing allied technologies which could help in the
development of the hydrogen-chlorine energy
storage systems. These are” the solid polymer
electrolyte electrolyzers and eleetrolysis of
water, hydrochleric acid and brines, and the large
scale manufacture of Nafion menibranes for the
chleor-alkali industry.

2. Overall System Considerations

The electrochemically régenerative hydrogen-
chlerine energy storage system consists of a cell
stack and subsystems for reactant and electrolyte
storage. In the present conceptual design,
chlorine is evolved as a gas during charge and is
then separated from'the acid and condensed as a
liquid at 40°C using external cooling watsr.
Hyd¥ogen is sStored either as iron-titanium hydride
or as a ¢ompressed gas. This scheme of reactant
and electrolyte storage is outlined schenatically
in Figure 1. The r¥elative areas are propartional
te the relative volumes of the subsystems,

Table II gives the characteristics of a 10MR/85 MWh
energy storage system with this design,

Table II, Characteristics of a 10OMW/85MWh
H2/CJ_2 Energy Storage System

Characteristicg - Value
Current Densiby (A/ftz) 200-300
Energy Density Reactants4Water (Wh/kg) 239
fotal Electrode Area (£t2) " 4.9x10"
Reactant Volume
Chlorine/Hydrochloric Acid (£t 1.15%10%
3 3
Metal Hydride (ft7) 1.22x10




The above calculations are for a current
density of 209 ASF, an average discharge voltage of
0,97V and operation with hydrochloric acid con-
gentrations in the range of 5=35 w/o.

The hydrogen-chlorine cell differs from most
batteries in that the open circuit voltage varies
appreciably with temperature and depth of dis=-
charge. An emperical relationship has been
developed betwden: the open circuit voltage and the
cell varigbles:

= 1280 - 9.6 (w~1D) - 1,7 (T=25} + AP, (1)

where E, is the open circuit potential in mV, w
the hydrochloric acid concentration in w/o (for
soncentrations above 10 w/o), T is the temperature
in ©¢, P the c¢hlorine pressure in atmospheres and
M is a constant that is close to 1.

The temperature variation of the open circuit
potential reflects the large negative entropy of
formation of hydrochloric acid, This vields a
TAS value of 8,77 k cal/mole at room temperature.
This corresponds to a voltage of 0.38V. Since the
charging overvoltage is only about 0,15V, there is
a cooling effeét on charge and a heating effect on

" discharge.

This year we carried ocut a detailed heat and
mass balance analysis for the system. A computer
program was written for this purpose. This
analysis tock into account the variation in the
physical and thermodynamic properties of all chemi-
cals duting cycling. The analysis als¢o took into
aceount variations in electrolyte temperature and
concentration and the variation in cperating cell
voltages. Thus, the overall electric-to-electtic
efficiencies could be caleulated. A standard
ihethod £of non~-isothieimal heat balance analysis was
used(6). Calcoulations were done for constant
current operation at various overvoltages., Typical
results are shown in Figure 2, Calculated
electric-to-electric efficiencies are given i
Figure 3. Electric-to=electric efficiencies of
greater than 70% can be achievéd if overvoltages
can be maintained below 0.17V.

One salient feature of the present conceptual
design is that no energy is reguired to maintain
Storage such as for heating or refrigeration. Thé
systém pressure is 150 psi which is within the
pressure rating of mwost of the shelf equiphent.
Pressurized operation increases the solubility of
chloring in the electrolyté. Chlorine solubility
in hydrochloric acid increases with increasing
acid concentration, in the cobncentration ranges
used in the system. This behavior is the apposite
to what one finds in other inorganic chloride
electrolytes where there is a salting: out effect,
High chlorine solubilities enhance mass tran&port
on discharge and minimize electrolyte circulating
requirenents,

3. Mafion Mefibrane Resisthlty_and Electrlc-to-
Electric Efficlenqg B -

Since the kinetics of the electrochemieal
reactions are fast, voltage efficiencies will be
largely determined by the Nafion resistivity.
Nafion resistivities have been measured as a func-
tion of HCl concentration and temperature. The
- method used was a simple DC method(7), The Tegults
‘are given in Figure 4, These results were used in
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conjunction with the results of the heat and méss
balance analysis to calculate the overall
electric—to=electric efficiency for the system.
The polarization losses due to the Nafion membrane
depend upon the degree of cocling during charge.
The latter is a function of the fethod of reactant
storage, external cooling and the degree of hest
exchange between the electrolyte and reactant -
storage subsystems, The greater the degree of
¢ooling the higher the polarization losses due to
the Nafion membrane. Figure S gives plots of
gseveral calculated cell voltage parameters, It
was assumed that all polarization losses were due
to iR losses in the Nafion membrane, A membrane
thickness of 0.10" and the maximum possible degree
of cooling were assumed, The calcwlated voltage
is 74.5%, It is fortuitous that system temMmpera-

“ture, acid concentration and Nafion resistivicy

vary in such a way that iR losses remain relatively
constant with cycling. ‘Thinner membranes and less
cooling during charge wnould yield even higher
efficiencies.

4. Chlorine lefu51vxty in Naflon and. COulombxc
Efficiency

System coulombic efficiency will depend on the
rate of reactant diffusion through the Nafion mem-
brane. Pigure 6 is a schematic of a cell for
measurenent of chlorine diffusivities ahd permea-
tion rates. The cell consists of two compartments
that sandwich a Nafion membrarie with a c¢hlorine
electrode bonded to one side of the fembrane. This
electrode is potentiostated at 0,4V positive to the
reversible Hydrogen eleéctrode in a hydxochloric
acid elect¥olyte. A hydrochleric aecid electrolyte
containing chlorifne is introduced into the other
compartment. The chlorine diffuses into the mem=
brane and is reduced on contact with the chloripe
electrode, The chlerine électrode current transi-
ent reflects the buildup of the concentration
gradient in the mermbrane and the steady state
current is an indicater of the self discharge rate
for that particular concentration of chlorine,
temperature and Nafion membrane thickness. The
ratic of the transient current to the steady state
current (It/Jo) iz related to the diffusivity (D)
membrane thickness (L) and time (t) as follows:

;_t = _12'__2 : L P TRL IR LIE L L )
e M2 pml/EEe

The first term of the above egquation QiVEB results
that are valid up to 96.5% attainment of the
steady state, i.e.,

Tt 5 i - -L%DT (3

5. 2 omir? |
The diffusivity can be calculated from the curfent

transient and the steady state permeation can be
réad from the steady state current, Preliminary

‘data vield a chlorine diffusivity in Nafion of

2.1%10"7 cm? see~} ar 2592, ' The steady state
permeation using 14 w/o HEL and atmospheric
pressure is about 1 mA for a 0,010" membrane.

Data will be obtained as a function of temperature
and HCl concentration. At present, indications
are that the coulombic efficiency will be high.

‘self discharge on stand is not a ¢oncern since

only a small fraction of the reactant is stored in
the cell.
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In FY 1977, there were subcontracts at GE, EDA 1.
and Bechtel. GE will scon deliwver a 0.05 £t2 cell
with a chlerine/hydrochioric acid storage system
capable of operating at elevated pressures and
temperatures. EDA has been carrying out chlorine )
eléctrode studies, chlorine/hydrochloric acid sub=- 2.
system studies and investigations of fluoro-
plastiecs for tank liners. Bachtel has darried out 3.
a preliminary techno-economic assegsment.
4,
S
Future Work
The 0.05 ftz cell and storage system will he
ugsed to detérmine cell performance as a function
of HEl concentration, temperature, pressure and 6.
£flow rates. These data will be used in defining
systems processes and for optimizing the system
and for desighing larger systems. Materials T
studies will focus on Mmatérials for current
eollectors, hydragen electrode electrocatalysts,
cost effect. = reactant storage and materials for
reactant circulating systems and seals,
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Overvoltage for'a 1MW/10MWh System Operating at 105a
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THE SULFUR CYCLE WATER DECOMPOSITION SYSTEM

Gerald H. Farbman
Westinghouse Electrie Corporation
Advanced Energy Systems Division

P. 0. Box 10864
Pittsburgh, Pennsylvania 15236

The objective of this program is to assess the technical and economic feasi-
bility of a hydrogen generation process, called the Sulfur Cycle Water Decom-
position System, based upon thé electrolysis of sulfueous acid, To d¢ this,

a multi-task program is being carried out to experimentally determine the
operating characteristies of the key process steps in the hydrogen generating
c¢ycle and to develop the technelegy te the point where a bench scale integrated
process development unit, operating at conditions similar to these expected in
commercial plants, can be designed, built, and operated by Fiscal Year 1983.

The experimental programs being conducted and discussed are concerned with the
sulfurous acid electrolysis, materials for handling high temperature sulfurfe
acid and $03/502/0,/steam mixtures, and sulfur trioxide reduction. In addition,
performance characteristics of the process are presented: ’
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The objective of this program s to assess the tech-
nical and economic feasibility of a hydrogen gener-
ation process, called the Sulfur Cycle Water Decom-
position System, based upon the electrolysis of sul-
furous acid. To do this, a multi-task program is
being carried out to experimentally determine the
operating characteristics of the key process steps
in the hydrogen generating cycle and to develop the
technotogy to the point where a bench scale inte-
grated process development unit, operating at condi-
tions simitar to those expected in commercial plants,
can be designed, built, and operated by Fiscal Year
1983.

The Sulfur Cycle Water Decomposition System is a
two-step hybrid electrochemical/thermochemical cyele
for decomposing water into hydrogen and oxygen, The
process, in fts most general form, censists or two
chemical reactions -~ one for producing oxygen and
the other for producing hydrogen. The production
of oxygen occurs via the thermal reduction of sul-
fur trioxide obtained from sulfuric acid.

HyS0, + Ho0 + SO5 + Hy0 + 50, +1/2 0,  [1]

3 2
The equilibrium for Reaction 1 lies to the right at
temperatures above 000K, Catalysts are available
for accelerating the rate of sulfur trioxide reduc-
tion to sulfur dioxide and axygen. The process is
completed by using the sulfur dioxide from the ther-
mal reduction step to depolarize the anode of a
water electrolyzer. The overall reaction occurring
electrochemically is:

5t H

ZHZO + 502 - H2

2504 [2]
This s comprised of the individual reactians:

Cathode: 2H' + 26" = H

2

Anode: H2

505 + Hy0 > 2H" + K 50, + 2¢”

The net result of Reactions 1 ard 2 is the decompo-
sition of water into hydrogen and oxygen. Sulfur
oxides are involved as recycling intermediates.
Although electrical power is required in the elec-
trolyzer, much smaller quantities than those neces-
sary in conventional electrolysis are rieeded. The
theoretical voltage to decompose water is 1.23 V,
with many commercial electrolyzers requiring over
2.0 V., The power requirements for Reaction 2

{0.17 volts at unit activity for reactants and pro-
ducts) are thus seen to be theoretically less than
15 percent of those required in conventional elec-
trolysis. This can dramatically change the heat
and work required to decompose water and lead to
improved thermal efficiencies.

The process is shown schematically in Figure 1.
Hydrogen is generated electrolytically in an elac-
trolysis cell which anodically oxidizes sulfurcus
acid to sulfuric acid while simultaneously gener-
ating hydrogen at the cathode. Sulfuric acid formed
in the electrolyzer is then vaporized, using thermal
energy from @ high temperature heat source. The
vaporized sulfuric acid (sulfur trioxide-steam mix-
ture} flows to an indirectly heated reduction reac-
tor where sulfur dioxide and oxygen are formed. Wet
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sul fur dioxide and oxygen flow to the separation
system, where oxygen is produced as a process co-
product and the sulfur dioxide is recycled to the
electrolyzer,

The cycle has the potential for achieving high ther=
mal efficiencies while using common and inexpensive
chemicals. The product hydrogen and oxygen streams
are available under pressure and at high purity. As
a result, these may be pipelined and used without
detrimental environmental effects and without jeop-
ardizing processes which employ the gas.

Experimental studies are being conducted in those
areas important to the success of the process. These
studies are concerned with the sulfurous acid eleg-
trolyzer, materials for handling high temperature
sul furic acid and S03/505/9p/steam mixtures, and
sulfur trioxide reduction. ~In addition, engineer-
ing evaluations of the process, its performance as
a function of operating parameters, and its eccnom:
iecs have been performed.

Electrolyzer

The effort in the electrolyzer area has, in atmos-
pheric ambient temperature test cells, considered
anode materials, cathode types., and catholyte
anoiyte separatory membranes over a range of sul-
furdic acid concentrations and current densities.

An electrolytic test cell is shown schematicaily in
Figure 2. The use of a membrane to separate catho-
Tyte and anolyte, as well as catholyte overpressure
to preclude the diffusion o sulfurous acid to the
catholyte with resulting prefaerential production of
sulfur rather than hydrogen - have been incorporated
in this design. The electrode on which gassing is
shown is the cathode. The liquid Tevel in this com-
partment is higher than in the anode compartment to
maintain the desired overpressure level, Sulfuyric
acid solution, saturated externally with sulfur di-
oxide, is circulated through the anede compartment.
The use of Hg/Hg,S04 probe electrodes to monitor
polarizations at“the cathode and anode (and current-
interruption techniques) permits detailed exploras
tion of the causes of cell voltage variations with
cell temperature, current density and experimental
procedures. Sulfur deposftion, if it occurs, is
readily observable at the cathede due te the use of
transparent PVC face plates in the eeil, the rest of
which is constructed of Taflon.

Initial testing of anodes used platinized platinum
and platinized carbon flooded electrodes. Ancde
voltages ranged between 450 mV to 650 mV against the
Standard Hydrogen_Electrode (SHE) at current densi-
ties to 200 md/em?, with the platinized carbon show-
ing much more reproducible results. To improve on
the performance, tests were then performed on flow-
through anodes, which would insure delivery of the
dissolved S0, to the entire body of the anode at a
concentration for optimum anode potential. Flow-
through antdes constructed of moriolithic perous
graphite gere_evaluated at current densities up to
400 mA/cmc. These showed substantial improvements
in voltage compared to the best of the.flooded
electrodes.

The overall cell performance capability reflects the
sumnation of the ¥ndividual components of anode,

ORIGINAL PAGE i
OF POOR QUALITY



cathode, and resistivity losses. Table 1 depicts the
performance levels currently demonstrated in the test
facility of Figure 3, and foreseen for the cell, Sub-
stantial progress has been made towards demonstrat-
ing the cell voltages of interest to a commercial
process, and the areas where improvements are yet to
MmMEMWb&nMmﬁﬁMaMpmwmsmamm-
plish them defined and underway. -Work is proceeding
at present, in evaluating electracatalysts, other
than platinum, for their effectiveness aad in exam-
ining the effects of different anode porosities and
sulfuric acid concentration on the achievable cell
voltage.

Materials

As in most advanced technologies, materials of con-
struction are challenged by the water decomposition
process. The most critical structura) and heat
transfer materials problem is in the containment of
boiling sulfuric acid, at pressures to 2069 kPa

(300 psi) and temperatures to 724K (845°F), during
the vaporization prior to 503 reduction. These con-
ditions are beyond those normally used in the manu-
facture or use of sulfuric acid and therefore mater- .
fals data s denerally unavailable, Work is under-
way to screen various candidate materials to deter-
mine their 5u1tab111ty or need for new alloy develop-
ment. This work is prnceeding in the test facility
shown in Figure 4, 22 material compatibility with
concentrated sulfuris acid will be determined in
pre¢ious metal Tined autociaves containing a given
quantity of acid and a number of material test
speciniens. The specimens will be exposed for time
periods up to 5000 hours at varjous pressure and
temperature levels. At -periodic intervals the
samples will be removed from the tesi env1ronment,
inspected, weighed, and returned to test.

The coneern with the suitability of structural mater- -
ials for the high temperature S03 reduction reactor
has resulted in the construction of the additional
test facility to expose candidate material to the
environment they will see in the reactor. The pur-
pose is to test materials under isolated conditions
w1th on]y the reactants, i.e., superheated steam,
and/or Op present, and at temperatures
to TIA4E {1600°F}.

Sulfur Trigxide Reduction

The thermal decompdsition of sulfur trioxide into
sulfur dioxide and oxygen proceeds very stowly un-
Tess catalyzed. The economics of the process cany
therafore, be substantially affected by the choice
of catalyst. Ideally, a catalyst will possess high
activity and long Tife. Catalyst activity is impor-
tant, since the ability fo achieve equilibrium con-
versions at high space velocities Teads to compact
reactars, Similarly, the ability of a catalyst to
maintain high activities for extended periods of
time lowers maihtenance and catalyst replacement
costs. Most often trade-offs between activity and
Tife are required, and these are reflected in an
optimization of the capital and operating costs
associated with the chemical reactor.

Severu] catalysts have been-tested to deterniine their
suitability to the S03 reduction step. Vanadium
pentoxide, for instance, has been éxcmined over the
temperature range of interest to space velocities of
63,000 hr-1, Equilibrium conversions were a?hleved
over a space velocity range up to 10,000 hr”
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" on the most attractive catalyst.

These activities were excellent, but 1000 hour life
tests showed a reduction in conversion of about

7 percent at 1123k (850°C). A platinum catalyst was
also tested which had poorer initial activity, but
showed no reduction in activity over the same 1000
hours at 1123K {850°C). Further work, using the
facility shown in Figure 5, will explore additional
catalysts and extend the testing parameters far all
catalysts to allow an economic judgment to be made
The process fluid
to be reduced, in this facility, will contain 503
and water vapor in varying proportions to simulate
the inlet conditions for a range of sulfuric acid
concentrations, This provides a mire realistic
testing environmént than the earliér experimental
work which employed an 503/1nert gas Tlow stream,

Process Flow Sheet,Deve]gpment

Process flow sheets have been developed under an
earlier NASA contract {Ref. 1) and a prior ERDA
contract (Ref, 2). The latter prosided an itera-
tion which allowed 1mprQVements to be made in the
areas of:

+ 50 /0 Separation - The cryogenic separation
syste% praviously used was replaced by a less
energy intensive scrubbing system for remov-
ing SCa from the oxygen co-product stream.

¢ Acid Vaporization - The pressure, and temper-
ature, of the acid vaporization system was
increased

® Streai Matching - A great deal more attention

has been paid, in the revised flow sheet, to
the matching of process heating and cooling
streams to maximize the use of het fluids and
minimize both the need for external heat in-
puts and the amount 6f heat ultimately re-
Jected from the process plant.

The evaluation of the process flow sheets were all
done on the same sizing basis, 1.é., a hydregen pro-

- duction rate of 380 x J06 SCFD, so that comparisons

can readily be made,

To provide a process evaluation without regard to
the source of thermal energy to drive the process,
two cases were considered with a “generalized heat
source." These cases do not identify the source

of heat, but only tndicate the energy requirements
and temperature Tevels of the process heat source,
For comparison with the NASA spansored conceptual

‘design study (Ref. 1}, twe cases were cansidered

with a Very High Temperature Nuclear Reactor (VHTR)
integrated with the process plant. The VHTR pro-
vides all the energy requirements i.e., thermal and
eTectrica], for the entire plant.

" The four cases w1th the NASA flow sheet as a base,

are compared 1n Table 2. In that table, Cases 1 and
3 reflect a self-sufficient process plant balanced
to generate only that amount of power requived for
oni-site consumption.  As such, a quantity of elevat-
ed temperature heat in the process cannot be used.
and must theréfore.be rejected. Cases 2 and 4 are
tatanced to aveid this process heat loss by using
the otherwise wasted heat ¥n the electric generating

plant to help produce electrical power in excess of

plant requirements, With the use of this “waste”
heat to supplement external heat inputs to the steam
turbine generators, the "excess"” electricity is_
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produced at an incremental thermal efficiency of
46 to 49 percent.

The experimental and analytical work being performed
on the Sulfur Cycle Water Decomposition System con-
tinues to support the technical and economic poten-
tial of the system as an efficient cost effective
way to produce hydrogen in the post=1985 time per-
iod, using as energy inputs any reasonable high tem-
perature heat snurce, such as nuclzér or solar en-
ergy or a high temperature "waste™ heat from an
industrial process.

TABLE
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1. NASA-CR-134976, "The Conceptual Design of an
Integrated Nuclear-Hydrogen Production Plant
Using the Sulfur Cycle Water Decomposition
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final Report," Westinghouse Electric Corpora-
tion, June 1977,
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ELECTROLYTIC CELL PERFORMANCE(!)

ANODE POTENTIAL
. TATHIDE POTENTIAL
CELl RESISTIVITY

NOTES:

{1) At 50 percent H

pressure, and t
internal surface area.
IR losses.

IR losses. Increase of

CURRENTLY

DEMBNSTRABLE PROJECTED

300 mv(2)

10 mv
lgg_mv
410 my

460 mV

30 mv
130 -mv
600 mv

(3) (4)

50, concentration, 200 mA{cma. atmospheric
Bmprature 323K (50°C),

Improved electrocatalyst, optimized anode porosity and
Total of membrane-(25 mil microporous rubber) and other cell

Total of membrane (15 mil microporous rubber) and other cell

cell temperature would reduce this by

virtue of reduced sulfuric acid resistivity with inecreased

temperature.

TABLE 2

PROCESS VARTATIONS

FLOW SHEET
NASA
REVISED
REVISED
REVISED
REVISED

CASE
BASE

HEAT SOURCE
VHTR
GENERALIZED
GENERALTZED
VHTR
VHTR

oW N

e

380 x 130 SCFD
380 x 10° SCFD
380 x 1" SCFD
380 x 108 scro
380 x 10° scrp

 MEXCESS"
POMER
0
0
285,550 Kie
0
179,010 Kie

OVERALL
EFFICIENCY
45.2%

- 54,5%
'53,5%
54.1%
53.1%

Ha
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D. C. ELECTRICITY
Hy

i = o
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Figure 1. Hydrogen Generation Schematic Diagram
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Figure 2. Schematic of Sulfur Dioxide-Depolarized Electrolytic
Cell for Hydrogen Generation
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figure 3. Cell Demonstration Facility
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ACID e VAPORIZER -
MATERIALS TEST FACILITY

~

Figure 4. Acid e Vaporizer Materials Test Facility
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Figure 5. SO3 Reduction Catalyst Screening Test Facility
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CURRENT STATUS OF THE THERMOCHEMICAL WATER-SPLITTING
PROGRAM AT GENERAL ATOMIC ‘

J. D, de Graaf J. L. Russell, J, H. Norman,
T. Chno, P. W. Trester, K. M. MeCotkle

General Atomic Company .
San Diego, Califnrnia

ABSTRACT

General Atomic's thermochemical water-splitting
program is In its sixth year of development., It is
presently a coopt-ative effort with support from the
U.S5., Department of Energy and the Ameérican Gas ASso-
¢iaclon. Since the selection of the cyelé in 1974,
research on a broad basis has been carried out and
congiderable progress in the area of chemistry, pro=
cess engineering, as well as material investigations,
has: been made. .

Under DOE contiract EY-76-C-03-0L67, Project
Agreement 63, GA is conducting bench scale techinology
validation studies and process engineering. The bench
scale investigations are aimed a2t engineering approaches
for conducting the chemical reactions and sepatation
processes as continuous operations. For these inves-
tigations the process is broken up into three subuiits:
1) the wmain solution reactien uwait, 2) the sulfuric
acdd unit, and. 3} the hydrogen iodide unit. The
first unit has been built and iIs ready for testing.

The second unit has been designed, while the third
unit s still in the conceptual stage, - The develop-
ment of a third generation process flowsheet is in

.~ progrens. Recent improvements found 1n the chemistry
will be incorpotratéed, and also major friction pressure
lossés will be taken into account. I¥n this work the
process simulator code DESIGN/2000 from the Chemshars
Corporation will be-. applied.
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1. INTRODUCTION

General Atomic's thermochemical water-splitting
program is in its sixth year of development. It
is presently a cooperative effort with support
from General Atomic {GA), the Americen Gas Asso-
ciation (AGA), soon to become Gas Research Imsti-
tute (GRI) and the U.S. Department of Energy

- (DOE). The DOE support for FY 1977 has been
$200,000 and funding at an equivaleinit level fox
FY 1978 is expected.

After a computer-alded search supported with
scouting chemical investigations, the so-called
Sulfur-Iodine cycle was selected, The abbreviated
chemical description of the cycle, which was first
described by Russell (Ref. 1) is:

-+ H,50

5 w

(2)
(3)

2 H20 + 802 +x1I
2HI +x1I,+H,
X 2

2
HZSOQ - H,0 + 802 + 1/2 02

+ 2 HIx Aqueous
B3 K
€1144 K

2 4

2

whére the HL  represents the mixture of seéveral
polyiodides Tormed in the initial solution. Sep-
atration of the HpSO0; and Hi, takes place under
gravity, as the two aclds are almost immiscible.
The upper phase contains most of the Hg504, and
the lowér phase contains most of the Hly,

The main attributes of the cycle are as fol-
lows: 1) it has a high expected thermal efficien=
cy (approximately 50%); 2) it has heat require-

- merits that match the output capdbility of the very
high-temperature gas—cooled reactor (VHTR); and

3) it can be conducted as an all-iiquid and gas-
pliase process, which is a chiracteristdc that
should give it considerable engineering advantage
over any cycle requiring solids handlding.

The cycle is at this moment in the process
development phase which concentrates on chemical .
investigations, bench-scale irnvestigations, pro-
cess enginéering, and containment materials eval-~
uations., Under a DOE contract, bench-scalé inves=
tigations and the process engineering have been
carried out.

The present paper sufiiarizes the accomplish-
ments in these two areas over FY 1977,

2. PRESENT STATUS

Al extensive update on the current status of
the program has recently been glveén by Schuster
(Ref, 2) and we will summarize here only the
main accumplishmancs.

Chemical investigations have established that
the two acids formed in the main solutién reae-
tion (1) do separate quickly in two distinct
phases if iodine is present in excess. A good
understanding of the effect of iodine coutedit and
temperature on the yield of this tfeaction has been
obtained by defining a figure of merit (FOM). The
FOM is an appropriate measure of the energy re-
quired to recover unconverted reactants per mole
of H3504 net produced. FOM {sothermal plots ve
initial I3/Hp0 are shown in Fig. 1. These stud-
ies have also shown that separation of the acids
improves with increasing lodine content: this

12

‘in the process.
‘©f the heat put in must be rejected because of

decreases the amount of back reaction after sep-
aration of the acids and is part of the reason
for the increase in net yield.

Theé use of phosphoric acid as an agent to
break the HI-Hgy0 azeotrope in an extractive dis-
tillation is under investigation, and results so
far are favorable. Work on the separation of HT
from the HI,-Hy0 phase by high pressure distil-
lation, however, has béen terminated due to
unfavorable results.

Bench-scale investigations have been initia-
ted. They are an essential developitent phase
between small=scale laboratory experiments and
larger scale pilot plant testing. The next
section will discuss this further,

The effect of pressure on the azeotropic com-
position of HyS50,-H50 has been investigated at
pressures up to 25 bar. A shift in compoésitien
has been found; however, the effect on the overall
process efficiency is axpected to be finot.

Studies have %;2en conducted ‘to ‘survey cata-—
lysts to reduce 504 to 502 in the presénce of
H50 vapor {decomposed vapor of the azeotrope of
Hg504=H20). Several prospective catalysts have

been found which allow high conversion at resi-

dence times less than 1 sec.

Studies on the catalytic decomposition of HI
at reasondbly low temperatures (450-550 K) are in
progress. Several catalysts have been tested and
results so far indicate that B0Z approach to
equilibriom at 525 K and 4 sec resideénce tife is
practical.

The process engineering goal is to design a
hydrogen production process based on GA's sulfur-
iodine eycle. As heat source for the process,
GA's VHTR iz assumed,* and the process design aims
at matching the process to this hegt source in
both a cost efficient and energy efficient way.
By #id=1976, a full process engineering design
wag completed which showed a thermal efficiency
of about 41%, defined as the ratio of the HHV of
hydtogen produced and the heat put in by the heat
source. Table 1 shows how much of the reject
heat can be attributed to each of the major steps
It is important to note that 20%

the characteristiecs of the heat source itself,
this is independent of the type of thermochemical
eyclé used or the way it is engineered. Further
devélopment in this area is discugsed in the next
section.

Materlals investigations are directed to
scteening and qualifying materdals of construction
for the various procéss environfients and supplying
engineering data on materials for design purposes.
Deégign of components for the proceéss will require
stringent consideration of materials fof corrosion
compatibility. In many subsystems corrosion as-
pects aré complicated by high tefiperature. At
the current stage of process development and
conceptual désign, both materials engineering and
research are being undertaken to select and screen
candidate materials for use in the fluids under

the severest pradicted cycle operating conditions.

Othet high temperature hea: sources could also
bie suitable.



These fluids can be grouped into two categories,
H3804 and its decomposition products and HI phases,

Results so far have identified as potential candidate

materials Inecloy S00H with an aluminized diffusion
coating for containment of the 504 decomposition at

temperatures up to 1173 K, and zirconium-base and/or

titanium-base alloys for containment of 1T, at tem-
peratures from 295 K up ro 475 K.

3. DOE PROGRAM FY 1978

Bgnch-Scale_Investigations

The goal of bench-scale investigations is to
congtruct, test, and operate a system into which
water is fed and within which other chemicals are
cycled and Hp and 02 are produced continuously.

The only emphasis on energy efficieficy at the bench
level is in general to select components of such
type that they can potentially perform efficiently
on a large scale; for instance, a cocurrent flow
reactor may be selected over a stirred wvessel.

For these investdgations, the process is
broken up into three subunits which, after they
separately have proven to operate satisfactorily,
can then be linked together to operate as one water
splitting entity. The thtee subunits are desciibed
below:

1. The main solution reaction subunit. In
this undit the main solution reaction (1)
is performed, thé two acids H250, and HIy
are separated and unreacted SO0y is removed
from the HI, phase. Design and construc=~
tion are complete except for the part
which degasses HIx from S02 and the 502
recycle system. Figure 2 pfesents the
flow diagrai of the unit and Figure 3
shows a photograph of the assembly. ~

The iodine is delivered from either of

two 4~liter holding vessels as a liquid,
Its deljvery date is measured with a mano~
meter—-orifice, It enters the reactor
above metered supplies of H20 and S02.

The combined feeds move up the entrance
tube into the reactor, where the HIx and
H2804 are created during the residence of
the fluids in the pteactor. The required
miking is accomplished by alternating
spiral glass vanes and the temperature

is stablized by passing a coolant in a
jacket around the imldsection of the reac—
tor. The reactor effluént passes into a
gas separation chafiber where excess 5Qp
that was used to drive the f£luids chrough
the reactor is separated from the liqudid
stream and bled to a recycle system {not
yet installed). The two liquid phasés

arée taken from the bottom of the gas-
liquid separator and fed into a central
point in d 1liquid-ldiquid separater where
they are allowed to separate. The lighter
H350; phase 75 drawn off the top of this
separator while the heavier HI, phase is
drawn off the bottom., Flow metering con-
trol valves adjust flow. A principal
control method is to adjust the 1iquid
level in the gas liquid separator to keep
the liquid below the mixed fluid injection

peint but well above the liquid takeoff
point., Thée liquid-liquid interface in
the liquid-liquid separator does hold at
approximately 373 K at the entrance
{mid) point.

The equipment needs to be opetated at
approximately 373 K for best product
yields. The lodine deliwvery system will
be operated at approximately 393 K to
keep the lodine as a liquid. Heating,
cooling and control systems aré being in-
gtalled to maintain these temperatures.

As of this writing, a cald flow test of
the system has been made using CCl3-CHq
saturated with lodine as a substitute for
Io(L) and N2 as a substitue for SO0, Suc-
cegsful tests of the delivery systenms,
flow monitoring systems, reactor flow
conditions, and separators were made at
and above design cofiditions., Hot fléw
tests with actual process fluids will be
made sooh.

2. The sulfuric acid subunit. This unit will

concentrate sulfuric acid (eventually
recelved from the main solution reaction
subunit), decompose it at high temperature
(1144 ¥), and separate undecoftposed
H2504, and the reactlon products H,0,
507 and 09 (see the block diagfam on Fig.
4). The desipgn of this subunit is in its
final stage and construction and testing
of it is expected early in FY 1978,

3. Hydrogen iodide subunit, This unit will
Saparate HI out of the lower phase pra-
duct of the main solution reaction, and
thermally decompose it inte Ry and Ij.

The conditions for these steps have not
yet been fixed; howéver, most likely

H3PO4 will be used for the HI separatiom
step and the HT decomposition will be done
catalytically at modefate temperatures.

Process Engineetring

The design of a flowsheet of a thermochemical
watar-splitting process IE not a simple stralght—
forward operation. Due to the requirement to seek
a high thermodynamic efficiency the design becomes
an iterative process. This means that often an
equipment arrangement ot a process condition in one
section has to be changed so as to accoimiodate con-
ditions in another. During the previous flowsheet-
ing for instance, it was clear that certain spe-
cifiec, preselected approaches could be improved
upon, but time precluded starting over on that
flowsheet to imcofporate the improveménts.

We are now preparing a third genetation flow-
sheet of the GA process. It will incorporate
efficiency improvements found by chemistry and
will procéed inte sufficient firther detall to
permit estimating the major friction pressure drops
and their associated additional power requirements.
In order to possibly expedite this work and to
enable some optimization we intend to use in por~

~‘tions of the flowsheet, the process simulator code

DESIGN/2000 from the Chemshare Corporation.
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Property data in tiie thermochemical water-splitting
area in general 1s scarce and not very well suited
for the application of general equations, in con-
trast, for exafple, with the area of petroleum re-
fining. However, we feel that DESIGN/2000 does
provide a suitable methed of inserting users data
and subroutines, features which are essential to
describe some of our unit operations which are not
modeled in the code., We have now started writing
thege subroutines.

Flowsheeting is still in progress; therefore,
new diagrams are not presently available, However,
the following changes over the previous flowsheet
can be indicated:

1. The main solution reaction will be opera-
ted at about 95°C and at higher Iodine
content thain previcusly., This will re-
sult in a 20% increase in yield, while
it also obviates the need for refrigera-
tion. )

2, For the separation of HI from the aqueous
HI, phase a more energy efficient, eu-
tractive distillation with H3PO; will
be vaed.

3. The concentration of sulfuric acid will
be done by & multiple flash evaporation
rather than by distillation. Optimiza-
tion with Chemshare is planned here.

4. Tn the decomposition of HpSO; higher
predsures will be émployed in ordet to
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allow for pressure drops. This decreases
the conversion per pass of the 50, de-
composition reaction, but it is expected
that this, at least partly, will be offsect
by a considerable réduction in size of
the high temperature heat exchangers,

5. The decomposition of HI will be performed
at lower temperatures through the use
of catalysts.
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TABLE 1 _
PROCESS HEAT REJECTION IN GA &: .FUR IODINE CYCLE
1976 FLOWSHEET -

Fraction of Process
) _Input Heat.
Ideal Heat Rejection of Assumed HTGR Heat Source(a) 0.161
Primary-to-Secondary Helium Heat Exchanger AT 04241
Heat Soutce-Related Reject Heat (subtotal) 0,202
Secondary Helium-to-Process Heat Exchangers AT 0.076
Intefnal Energy Transfer Inefficiencies (by
difference) ) 0, 257
Waste Heat Rejection Inefficieucies(a) {due to
tranafer AT) 0.037
Process=Related Réject Heat (subtotal) 40,370
Input Heat-Equivalent of 50 atm Hz Product Pressure: WO.Olﬁ(b)
Heat Recovered on Std. HHV of H, (The "Fhermal
Ef fictency™) , 0. 414
Fraction of Input Heat Appearing in the Hz Output
{subtotal) » = 0. 428
TOTAL 1.000

{a)Assuming heat is rejécted isothermally to the general environiment at

85°F {300 K).

) e standard [77°F (298 K), 1 atn] higher heating value of come
bustion of Hp 18 122,940 Btu/lb-mole (68,317 keal/g-mole) of Hy, but the
process makes Hp at 50 atm, not I atm. This pressure has a valuable work
equivalent in it (which required fnput heat to generate), but there is no
uniquely preferred way to account for the pressuresto=work-to=input-heat

equivalence.
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ASSESSMENT OF THERMOCHEMICAL HYDROGEN PRODUCTION

James R. Dafler, Stephen E. Foh, and James D. Schreiber

Institute of Gas Technology
Chicage, Illinois

Abgtract

A saso-cage, or first-cut, flowsheet for IGT Cy-
cle B-1 has been completed. Calculation of the ener-
gy balance has allowed us to define the worst problem
areas in the overall process, and eptimization effort
has been directed to these parts of the process,
Operation of the FeCly-hydrolysis at pressures suf-
ficdent to interface with projected hydregen trans-
mission lines will apparently necessitate hdgher hy—
drolysls temperatures. Higher pfessure, howaver,
favors some of the critical separation steps.

The work of Schuetz and others on electrolysis
and on the thermo!vnamics of the HBr-H0 system ls
being reviewed. Work plans for this part of the con-
tract wffort are summarized.

Task 1. Eyalqacion of Load-Line Efficiencies

Introduction

Cycle B=1 (1) represeited by Reactions 1-4, 1s
the Institute of Gas Technology's most developed
thermochemical waterzsplitting cyele:

3

3FeCl, + 4Hy@ + Fey0, + GHCL + H, (1)
Fe 0, * BHCL -+ 2FeCl, + FeCl, + 4H,0 (2)
2Fe_3813 -+ 2FeCl, + CL, (3}
Cl, + H,0 ~+ 2HCL + /20, (4)

and one of the published cycles that has been com=
pletely demonstrzted with zeeyeled materials (2).
This type of demonstration is a primary part of cy=~
cle development programs at IGT: Reactien operating
conditions determined in the laboratory should be
based ovn actual materials available from ether reac—
tions in the cycle 1f thev are te accurately reflect
process conditions.

The Base-C-ge Flowsheét

We have prepared a base-case flowsheet for CUycle
B~1 designed to identify the portions of the process
that will benafit the most from concentrated research
and development effort. ‘The base-~case scheme was
kept as simple as possible by assuming 1) atmospher-
ic pressure reaction conditiors, 2) equilibrium
yields from all reactions, and 3} 298 K, 1 atm
{101.3 kPa) condensed-phase separations of all HCl+H20
gas mixtures. TFigure 1 is a schematic of the flow-
shaet, and Table 1 provides a summary of the molar
flow rates based en the producticn of 1 gram-mole of
hydrogen. )

A large part of the process shown in Figure 1 in-
volves separations. Reactions 1, 2, and 4 produce
gaseous product streams (S-1, 5-7, and §-14) whose
primary components are HpO and HCl, which must be
separated for recycling. The HCl-vich overhead from
D=1 (95 mol % HCLl) is used as feed %o Reaction 2.

The water-rich bottem is the azeotrope (11.1 mol %
HC1) and 1s used as feed to the hydrolysis steps
(Reactions 1 and &) and as a stripping medium at T-1
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and f-2. Thus, there is constant recycling of two
cypes of aqueous HCl streams: 1) the still bettoms,
which contain 11.1 mol % HCL (azeotrope), and 2) the
condenser and stripping tower effluents, which are
saturated (253.9 mol % HCL) at 298 K and 1 atm (101.3
kPa) .

Analysis of the Base Casce

Table 1 indicates that the mass Fluxes for the
base case are toe large. The dominant factors are
1) aquecus HCI 1iquid streams involved in the H,0-
HCl separation, mixed te form Stream S-24; and 23 the
large quantities of excess steam required for Resction
1. An enthalpy balance around the base¢-case flow-
sheet has identified the largest internal heat trans—
fer burdens. The largest contributor to this load is
the distillation of the large quantities of liquid
at D-1. :

Analysis of the base-case Flowsheet has didentified
the two areas that will mest benafit from intensive
engineering analysis. These are the HCL-Hp0 separa-
tion scheme and the steam-rich conditions [or the
FeCly hydrolysis (Hy-production) reaction.

Modifications to the Base Case

We have investigated plysical adsorption and pres-
surized distilllatien as aiternative HCl-H20 separa-
tion schemes. It is doubtful that better overall ther—
mal efficiency will be obtained with physical absorp-
tion processes than with distillation.

Efficiency consideration azside, we bave not found
an adsorbent suitable for applicatien to highly acidic
conditions. Moleéoular sieves are definicely not com-
patible with the acid nature of ocur HCl-Hp0 streams.
We will study other absorbents including activated
carbon te determine their suitability fer this appli-
catien.

Enough data has been acquired to evaluate high-
pressure distillation. At elevated pressures the
mele fraction of HCL in the azeotrope is reduced and
the heat of vaporization of Hp0 drops. TFigure 2 is
a plut of mole fraction HCLl in the azeotrope as a
function of system pressure. Tor example, at 33 atm
¥3.55 MPa) the azeotrope contains only 3.3 mol % HCIL
as compared with 11.1 mol % at ! atm (101.3 kPa).

In additien, the heat of vaporization of U8 is about
75% of its value at 1 atm (i0l.3 kPa). Because a
mere complete separatlion of the HCI-H30 stream is
possibie at clevated pressures, highi-pressure distil-
lation reduces the required mass and heat fluxes frr
the overall process.

Equl'ibrium Effects

Pressurized of=ration of all reactioms in Cycle
B=1 was studied to determine effects on equilibrium
vields. The yields from Reaction 2 are increased bv
pressure.
however, limits te about 15 atm (1.320 MPa) the

. E b
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pressure at which che reaction may be run withour
condensing the steam product. For hydrolysis of
FeCly (Reaction 1), the equilibtium wele fraction

of hydrogen falls off rapldly with increasing pres-
sure, However, a process designed to produce hydro-
gan for pipeline transmission at 70 to 100 actm (7.0%
to 10.13 MPa) must yield hydrogen at pressure to
avoid capltal and energy penalties (3) for compres-—
sion to transmission levels. The trade-off for op-
erating Reaction 1 zt elevated pressure is shown
graphically in Figure 3, a plot of the equilibclum
Hp0/Hy product mole ratic versus temperature for
pressures up to 100 atm {(10.13 MPa}. Sinue HEL im-
purity in the feed to Reaction 1 is also a reaction
product, the presence of HCL impurity lowers the
fraction of hydrogen in the product.

Conclusions

Our engineering study of Cycle B~] indicates that
proper modifications to the base-~case flowsheet will
improve the most troublesome process problems. The
separation af HW(1-Ho0 mixtures can be dade more com—
plete by pressurizeg distillation, and the effects
of producing Hy at pressure ¢an be minimized by
higher temperatures and purer feeds. (We will use
a minimum pressure figure of 30 atm.) ‘These modi-
fications, however, wiil probably result in a pro-
cess requiring higher temperature process heat than
formerly assumed.

Pask 2. Hydrogen Bromide Electrolysis

The hydrogen-halide thermochemical ecycle studied
by Schuetz (4) is related to Hallet's earlier work
{5). Hallet's cycle, a two-step NClL electrolysis
sequence that employed the teverse Deacon reaction,
had attractive economics, though not sufficiently
attractive to lead to reasonable plant amortization
terms. Also, it was a free-water system with the
usual, difficult H50-HCl separations.

Schuetz's cycle is an extensiomn of the Hallett
cyele and related to other hybrid cycles presently
.undergoing intense development (6, 7).

Labeled Mark~13 at the Eutatom Ispra Establish—
ment, the cycle is represented by

' 2,0 + 50, + Br, + H,S0, + 2HBr 440 K (5)
st04*+ H,0 + so, + 1/20, 1100 K 6)
2HBr -+ Hy + Br. 300 R (7}

Efforts to achieve thermochemical hydrogen pro—
duction im Step 3 (Equation 7} have been unavailling
(4}, The principal difficulty in the hybrld step
has been the achievement of hiyh anode current den-—
sitdes, Cathode efficiencies are reported to ba
quite good, with high currert densities obtained at
elevated temperatures and pressures on platinum elec—
trodes {4).

This should be an attractive cycle because it in-
volves workable chemisti¥ies (Equatioms 5 and 7) amd

*
Electrolytic step.
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an oxygen~producing step that is currently being ag-
gressively developed (6, 7). It should be possible
to separate HBr relatively cleanly in Step 1 {(Equa-
tion 5} because the HBr will vaporize and entrain
only small amounts of S0, and Hp0.

No experimental work has been performed as yet.
We intend to lnvestigate electrode reactions on three
substrates as defined in the work statement. These
are: )

¢ Viteous graphite

. Porous carbon

¢ Flatinum black/platinnm.

We want to define whether special requirements

in cell separation or proximity are required. We
also wish to do the electrolysis in media represen-
tative of a functioning cycle with the aim of achiev-
ing an element design that maximizes anode efficiency,

Task 3. Maximum Attainable Thermal Efficiency
of a Specific Bromine Hybxid Cyele

No work was done on this task to this time.
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Table 1.

Molar Flow Rates for the Flowsheet Shown in Fipure 1

Temperature at

Tumperatute at

Stream Composition, mol Source, K Stream Composition, mol Source, K
s-1 1 Hs (8) 1150 5-17 0.50 63 (8) 298
6.95 HC1  (g) 0.068 C1, (g)
3.54 1,0 (g) 5-18 0.50 0 (g 208
§-2 3.54 Hy0 g 2
320 w20 §a3> 98 $-19 0.068 CL, (g 298
) §-20 7.79 HoD (D) 293
§-3 1H 298 2
s.7% ne Egg 2.72 HCl  (aq)
. : §-21 11.0 Ho0 (D) 298
-4 1 Feq0, (s) 1150 .86 HOL  (an)
8-5 ) -
g o gc; ggg 333 §-22 25.49 Hy0 (%) 298
48 Hy & 8.89 HCI  (aq)
5-6 2 2
A 423 5-23 36.56 #,0  (8) 298
2 12.76 HCL  (a)
¥ tae @ 425 5-24 40.09 B0 (%) 298
- & 13.99 HCL  (aq)
5-8 .
NPV Eﬁ;) 298 §-25 39.62 Hy0 () 181
. 4.96 HCl  (aq)
59 3 FaCly (s 373 §-26 32.08 Hy0  (R) 381
S-10 1 Clz {g) 575 4.01 HCI (aq)
5-11 1.08 Ccl, (g -575 §-27 7.54 Ha0  (0) 381
s-12 1 mp () 298 0.94 HCL  (aq)
§-13  3.27 0 (V) 381 5-28 28.81 Ha0 (D) 381
0.41 Hgl {aq) 3.60 HCL (aq)
14 0.50 0 @ 1150 5-29 3.32 Hy0 (D) 298
0,068 1, (&) 0.41 HCL  (aq)
2.41 HCL® () 5-30 25.49 Hol () 298
3.27 H20 (g} .3.19 HC1 {ag)
§-15 3.27 Ha0 (L) 298 5=31 1 H, (s} 298
1.14 HCL (ag) "
5-16 0.50 0, (g 298
0.068 Cl, (g)
1.27 vel” ()
s PACE T
omIel quaLITd
OF ®
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Figure 1. Schematic Diagram of the Base-Case Flowsheet for Cycle B~1
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THERMOCHEMICAL HYDROGEN PRODUCTION REVIEW PANEL

James E. Funk
University of Kentucky
Lexington, Kentucky 40506

This project involves the establishment of a
review panel to evaluate various thermochemical
protesses for the produetion of hydwogen from water.

Objective:
Tp Review and Evaluate Engineering Flow
Sheets for Various Cycles Designated by
DOE.

Areas of Concern:

1) Chemistry

2) Flow sheeét and efficieéncy = heat
penalty analysis

3} Materials

4) Cost

First Process - Hybrid Sulfuric Acid

e B T SRR TGRS 2 e
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The Compesition of the panel and the area of
cesponsibility for eaech individual ave shown in
Table 1. The first meeting of the panel will be
held {n Washington, D.C. on November 17, 1977.

The most recent information on the hybrid sulfuric
acid process (1), as being developed by Westing-
house; has been disgributed to the panel and will
be discussed at the November 17th meeting.

A preliminary heat penalty analysis of the
ptocess has been completed and the results arae
showh fn Table 2 and Figure 1, These results are
subject to change as the analysis is petrformed in
more detail.

(1)Fatbman, G.H., and Keump, V., "Hydrogen Genera-
tien Process Final Report," FE-2262-13, prepare
for ERDPA under Contract EX-76-L~01-2262,

June, 1977.
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Table 1

Thermochgmical Hydrogen_?rodgction_Panel

bouglas Benion

Electrochemical Technelegy Corp.
3935 Leary Way, NW

Seattle, Washingten 98107
206/632+~5965

Kenneth E. Cox

University of California
Les Alames Scientifiec Lab
P.0. Box 1663

Los Alamos, New Mexico 87544
505/667-705%9

Jack DeVan

02k Ridge Mational Lab
Nuclear Divisien

P.0O. Box X

Oak Ridge, Tennessee 37830
615/483-8611 ext. 36891

Meng Teck Eng

The Lummus Company

1515 Breoad Street
Blegnfield, New Jersey 07003
201,/893= 2927

James E. Funk

University of Kentucky
College of Engineering
Lexingten, Kentueky 40506
606/257~1688

Daniel P. Perlmutter

Professor of Chemical Englneerlng
University of Pennsylvania

Towne Building/D3

Philadelphia, Pennsylvania 19104
215/243-8350
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Area of Respe .ns,_i-bi_litl

Electrochemical steps
in the process

Overview of field and
relative positien ef the
process

Materials

Overall procass design
and cest estimates

Panel chairman - heat
penalty analysis

Chemical process design
and engineering



Table 2

Preliminary Heat Penalty Analysis

APRIL 1976 JUNE 1977
N Héat. ..éirect Heat Direct
) (3) Penalty Cap. Cost|| Penalty Cap. Coest
Battery MW 106 & | MW 10° s
G - Eleectrolyzer, Power 243 155 114 200
Supply & Auxiliaries
H = Sulfurie Acid vaperiza- 470 113 185 le8
tien & Decomposition
r - SO2 Separation 281 43 217 24
J = Power Generation 263 37 346 57
A - E - Heat Source 266 274 108 276
Total Heat Penalties 1523 g22'1 9704 7252}
Ideal Heat Requirement 1822 1820
Primary Energy Source 3345 2790
-Tm, K 962 1028
Process Thermal
45 54

{1
(2)

Efficiency, %

Mid 1974 Dollars
Mid 1976 Dollars

(3) offsites allocated to Batterieskc—ﬂt}_H}B§AJJ PAGE Ib
(4) Preliminary results

QE POOR QUALITY:
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Hydregen Preduction Cost 6/GJ

Includes. ROl {I7.5%)

Fuel
Tota! Plant O &M

70 60 50
Process Efficiency %

Tigure 1. Preliminary Heat Penaity Analysis
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Chemical Plant
Direct CapitalCost, 10%¢

Nuclear Heat Source (2790 MW, [850° F Qutiet)




THE LASL THERMOCHEMNMICAL HYDROGEN PROGRALL
STATUS Ud OCTUBER 31, 1977

Kenneth E. Cox and Melvin G. Bowman

University of California
Los Alamos Scientific Laboratory

los Alamos, New Mexico

87545

Abstract

The LASL Hydrogen Program is continuing its investigation of practical schemas

to decompose water thermochemically for hydrogen production.

Efforts were and are

being devoted to process improvements in eycles that use sulfurie acid as an inter-

mediate.

coming the heat penalty in drying acid solutions.

Sulfuric acid-hydrogen bromide cycles are being studied as a means of over-

An alternate approach invelves the

use of insoluble bismuth sulfate that is precipitated from acid solution.

_ Preliminary energy balances indicate a
for both these options.

Introduction

In the development of practical thermochemical
cycles for hydrogen production from water, the ap-
proach adopted by the Los Alames Scientific Labora-
tory has been to verify proposed cycle reaction
schemes by experiment. This verification invelves
the careful determination of yields, rates and equi-
1ibria as well as the thermochemistry of the indi-
vidual reactions in a cycle under a wide variety of
operating conditions. After demonstration of a cy-
cle's scientific feasibility, a preliminary engi-
neering analysis is attempted to evaluate cycle ef-
ficiency and cost. Further experimedtation is car-
ried out to optimize the cycle as indicated by the
above analysis. Typically, enhanced reaction yield
leads to lower intermal recycle rates and thus to a
smaller energy expenditure involved in the separa-
tion of reaction products, Increase in reaction
velocity lessens residence times within a reactor
and thus centribotes to lower capital cost for the
overall cycle. :

If a eycle should appear promising after the
inditial evaluation described, a final phase of pro-
cess development would invelve a bench-scale, closed
loop test that provides data for more realistic en~-
gineering evaluation and cost analyses.

Together with these actlvities, an akttempt is
being made to match the heat requirements of the
cycle to potential heat sources which could be de-
rived from either fission, fusion oy solar energy.

Much of the work done iIn the LASL program has
been described by members of the hydrogen group in
both publicatiens and presentations at natioral and
international scientific meetings.{1-7) The pro-
gram was also recently summarized at the Thermo-
chemical Hydrogen Contractors' Review Meeting held
at DOE-HQ in October.(6) :

The process development and engineering analy-~
sis acrivities have been directed primarily to
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significant increase in cycle efficiency

experimental studies of reactions relevant to cycles
employing sulfuric acid as an intermediate substance.
These cycles include the sulfuric acid=hydrogen bro-
mide cycle, the hybrid sulfuric acid cycle (Westing-—
house) and the sulfuric-acid-iodine cycle (General
Atomie) . The rationale for this work is to avoid
the large heat penalties incurred on drying sulfuric
acid seolutions. The approach taken in the casc of
sulfuric acid-hydrogen bromide cycle has been to
devise means of decomposing amhydrous hydrogen bro-
mide which is produced with essentially pure sul-
furic acid in one of the cycle steps making water
evaporation unnecessary. In the work supporting the
development of the hybrid cycle and the iodine cycle,
the approach is slighely different. The use of an
insoluble,; non<hydrated, metal sulfate precipitated
from sulfuric acid solutions as a means of recover-
ing sulfur trioxide (and hence sulfur dioxide) with-
vut having to dry the acid is being continued, Ef-
forts have been devoted to the engineering design
and analysis of these modifications which produce
smaller heat penalties as compared to the existing
forms of the cycles. Results are an expected in-
crease in cycle efficiency.

A preliminary view of cycles having maximum re-
action temperatures in the 1500~1700 K range is being
undertaken. These temperatures may be attained in
magnetic fusion energy schemes. Magnetic fusion en-
ergy may thus incorporate thermochemical cycles in
the preoduction of synthetdic fuels,

The Sulﬁyric Acid—Hydrugan Bromide Cycle

1.

The conceptual cycle can be best described by
the follewing reactiens:

Low Temperature Heat-Rejecting. Reactians

20

20 + SO2 + Erz = H

ZSOh + ZHBr

(water absorption)
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High Temperarure Heat Absorbing Reactions

2, stoA = 502 + H20 + 1/202
{oxygen release)
3. Z2HBr = H2 + Brz (hydrogen release)

In practice, as reaction 3 does not proceed as
written except electrochemically, it is usual to
substitute the following sequence.

4. ZRBrX + 2HBr = 2RBr

(x+1y T H

(hydrogen release)

5. 2RBr = Z-RBI:x + Br

(x+1) 2

(bromine regeneration)

In principle, this cycle could be more effici-
ent thah the othex sulfuric aeid cycles under con-—
sideration. Reaction 1 yields nearly 100% H250
rather than 50% H,.S80, as formed in the other cycles.
Thus the rather large heat requirements for drying
sulfuric acid can be avoided. In addition, typi-
cal AS~ values for metal bromide decompositions
are very near the value required for an "ideal"
two-step decomposition of hydrogen bromide.

A preliminary energy balance illustrates this
point further. This balance is shown in Table I.
The products of reaction 1 are HpS0y (1lig.) and
anhydrous HBr, the AHY for HBr decomposition is
+72.8 kJ (for 2 mols of HBr); however, the AG® for
this reaction is +107.1 kJ. As Table II indicates,
it is possible te use twice or three times the
theoretical heat {of ceaction) in a sulfuric acid-
hydrogen bromide cyecle and still obtain a thermal
efficiency of the order of 50%.

From literature data, the VBr-VBry couple and
the CrBry-CrBr3 couple have AG® vdlues near tie val-
ue required for the efficient decomponsition of HBr.
However, in both cases the reaction of HBr with the
lower bromide {(to evolve Hz) is far too slow.

Earlier, satisfactory reaction tates were dem-
onstrated for reactions involving chromium bromide
hydrates (3). Consequently, in an attempt to pro-
mote the chromium bromide reactions in the absence
of water, teactions 6 and 7 of the following se-
quence were investigated.

6. SnBrz(s) + 2HBr(g) = Snﬂrq(l) + H, 300-510 K
7. ZGrBrz(s) + SnBrk(ﬂ) = SnBrzcs) + ZCrﬂra(s)
300-590 K
Sum: 2CrBr2(s) + 2HBr(g) = ZGrBrafs) + H2

8. 20rBry(s) = 2CrBr,(s) + Br, 1173 K

The thermochemical properties of the SnBr3-
$nBry couple would permit it to act as an oxidation-
reduction catalyst to achieve the supmation reac-
tion. Reactlons of HBr with mixtures containing
known amounts of SnBry, CrBrgp, and CrBrz at a tem=
perature of 516 K (in the presence of palladium
black) resulted in hydrogen formation. = Details of
these experiments are pgiven in reference 5. Use of
this sequence in a practieal cycle would depend on
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_.acktions 15-17)

increased reaction rates and more efficient use of
the palladium catalyst.

A second halide hydrolysis sequence was also
evaluated as a possible subeycle for HBr decomposi-
tion. The cycle is composed of reactions 9 and 10
in the following sequence.

9. 2Ce0Br + 2H,0 = 2Ce0, + 2HBr + H,
10. 2ce0, + 4HBY = 2CelBr + 2320 + Br,
11. 2Ce0Br + 4HBr = 2Ce8r3 + ZHZO

Reaction 10, conducted at temperatures between
775 and 875 K prodiced a solid CeOBr phase and bro-
mine. Reaction 9, the hydrogen releasing reaction,
was studied at temperatures from 1070-1250 X in or~
der to obtain equilibrium data as well as kinetics.
In these experiments measured quantities of Hp0 were
passed over (Ce0Br at the reaction temperature and
the rate of hydrogen evolution was determined. Val-
ues of log Kpranging from ~5.5 to -3.0 were obtained
over the temperature range investigated.(5) The
AH” for the cerium oxybromide hydrolysis was found
to be in the + 250 kJ region. At practical reaction
temperatures, thils set of reactions for HBr decom-
positien exhibits a positive AG® value. Thus they
constitute a "hybrid" cyclé for HBr decomposition
in which mechanical work is used in the place of
electrical work in the more familiar electrochemical=
thermochemical hybrid cycle. The total positive AGO
requirement will be reduced by an important AT AS©
term, however, and will be significantly lower than
the room temperature AG® for HBr decomposition.

Despite the above, a successful HBr sub-cycle
has not yet been achieved, work with other compounds

1s centinuing.

Use of Metal Sulfates in the H2804 Cycles

In the H2804 hybrid cycle (reactions (12-14)
large amounts of heat are needed to dehydrate the
sulfurie acid for the acid concentrations currently
12 {ag.} + H

$0, + 2H,0 = H,S0

2774

2’
electrochemical

13. stOA taq.) = 503 + H. 0

2
14. 503 = SO2 + 1/2(!2

produced in reaction 12. A significant saving in

energy might be achieved by forming a suitable metal
sulfate from the HZSU . The alternative hybrid cy-
cle may be representeéfby

12, SO_2 + 2H20 = HZSOQI(nq-) + HZ’
electrochemical

12a. H2504 + MO = MSOa + H20

13a. HSOA-= MO + 803

14, 503 = 802 + 1/202

The same 1s true for the stoa'-'lz cycle (re-

15, ZHZO + 502 +x I, = “ZSO + ZHI_ {ag.)

2 4




16, H,80, = H

2774 2

2}{1x =X 12 + H2

in which sulfuric acid produced in reaction 15 and
phase separated from HIy is dehydrated prior to
thermal decomposition. The sulfate should have low
solubility and form an anhydrous sulfata. Arn oxide
sulfate may replace metal oxide in reaction 12. A
svrvey and assessment of the literature were made
for antimony and bismuth, both of which satisfy the
first two criteria.

0o+ 802 + 1/202

17.

18. 31203‘3503 = 31203-2803 + 503
19. 31203‘2503 =.31203-503 + SO3

Bi,03+350, decomposes with increasing temper-
ature to“S03 and a serles of oxide sulfates termi-
rating in Bij03 itself. The equilibrium S0y pres—
sure for reaction 18 fs 1 atm at 860 K, and for re-
action 19 is 1 atm at 1050 K. Final decomposition
to form Biz03 occurs at higher temperatures. The
options for generating 803 over a temperature range
that includes intermediate temperatures (in addition
to the high temperatures for 503 decomposition in
reaction 14) should be useful in achieving efficient
extraction of heat from the circulating helium gas
of a high-temperature gas—cocoled nuclear reactor.
Experiments are being run to measure 503 pressure in
the Bij03-S03 system. ' '

Additional experiments are being carried out
to obtain equilibrium concentrations and rates of
reactions for bismuth oxide and bismuth oxysulfate
with &~ 50 'wt% sulfurie acid solutions.

A preliminary evaluation of the energy effi-
ciency of the bismuth sulfate alternate to the hy-
brid sulfuric acld cycle has been completed. The
hybrid cycle has been described in the literature.
(8) A ptfocess sensitivity study (9) using a simpli-
fied flow sheet seen in Fig. 1 illustrated the ac-
tion of process variables on the cycle's efficiency.
Data taken from this study were used as a basils for
comparison with the modified process involving an
insoluble bismuth sulfate. The flow sheet for this
latter case 1is seenr in Fig. 2. The sulfuric acid
stream leaving the electrolyzer was assumed to be
at 50 wt% concentration in both eases. An equili-
brium yield of 75% was calculated for sulfur tri-
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oxide decomposition at 1100 K based on published
thermodynamic data (JANAF Tables).

Tables IIT and IV illustrate the potentcial
benefits to be gained on adopting the bismuth sul-
fate methed of solution concentration. Reduction
in the heat requirements for the acid concentration
step as well as for the acid decomposition step
show a potential gain of 122 in efficiency.

_Future Research

In the LASL hydrogen program, we will continue
te test reactions in eycles that are potentially
suitable for different heat-source temperatutes that
also appear reasonable from the point of view of
therfochiemistry. From our laboratory experience,
it is increasingly apparent that the most attractive
cycles aré usually impractical because of slow re-
action rates for the low-temperature steps.

One method of improving kinetics is to utilize
solution chemistry for low-temperature steps. We
plan to examine more closely solution chemistry as
a method for promotihg otherwise attractive ecycles.
We also hope to identify and incorporate precipita-
tion reactions in order to minimize solution-dryiig
operations. We hope the use of solution reactions
will alse give added flexibility and lead to-the
discovery of cycles that are less corrosive.

The preparation of flowsheets, togethar with
¢ngineering design activities, is continuing for the
modified sulfuric acid eycles. Irreversibility
analysis is being applied to these ptoblefis as well
as the problem of gas separations with support in
this drea being given to rhe DOE Thermochemical Re-
view Committee under the direction of br. J. E.
Funk. :

Thermochemical cycles capable of utilizing
heat at high temperatures (1500-1700 K) are being
investipated, These cycles, containing two or three
steps, and involving perhaps an oxide or a sulfate
decomposition, may be a means of preducing a syn=
thetic fuel (hydrogen) from magnetic fusion energy.
Scoping studies and a few preliminary experiments
are envisioned at this time. This work should also
be applicable to high temperature heat derived from
solar energy.
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TABLE T

HEAT BALANCE FOR THE SULFURIC-ACID

HYDROGEN BROMIDE CYCLE

TABLE III

HEAT BALANCE FOR HYBRID SULFURIC ACID CYCLE

(Units = KJ/umol Hz)
Heat

Step Requirement

1. sto4 (1) 47
Heating

2. H2504 56
Vaporization

. 64

3. H,80, (g) 167
Heating

4. HZSO4 231
Decomposition
{1100 K)

5. Producis Gooling

6. 503/502/02 126
Separation

7. SﬁlerZ/H20
Reaction

8. HBr 73 {(Theor.)

597

Decomposition

= -
Heat not available for matching

ESTIMATED EFFICIENCIES FOR THE SULFURIC ACID-
HYDROGEN BROMIDE CYCLE

TABLE IT

(Units = kI/mol H2 Produced)
Powel Heat leat
Heat Step (Heat Eq.) Required Available
Available
1. Electrolysis 42(126) 427
. Acid 648
Vaporization
3. Acid 314
Heating
4. Acid 285
Decomposition
5. Acid 305
Ceooling
6, Acid 402
Condensation
7. Steam 264%
Condensation
8. 502/303f02 42(126)
96 Separation
84(252) 1247 707 306"
286
Efficiency =252 + 1247 - 707 = 0.361
8Heat unavailable for matching.
114

TABLE IV

HEAT BALANCE FCR BISMUTH SULFATE MODIFIED HYBRID
SULFURIC ACID CYCLE

(Units = kJ/mol H, Produced)

2
Power Heat Heat

Step (Heat Eg.) Required Available

Basis: (1,2,3,) % Heat of Reaction,

Efficiency 1
Effiziency o

Effictency 3

s, A

HBr Decomposition

(Units = kd/imol Hz)

286

524 + 73 = 114

286

574 F 2(73) - 114

286

524 4 3(73) - 114

a

1. Electrolysis 42(126) 42
Bismuth Sulfate 13-262
Formation
0.59 3, Bismuth Sulfate 167-251
Decomposition (estimated)
0.51 4, S0, 9%
Decomposition
0.48 5. 80,/50,/0, 42(126)
Separation -
B4(252) - 263-347 55-68°

286

Efficiency = 599 (max) = 0.478

? Heat unavailable for matching.
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REVISED FLOWSHEET AND PROCESS DESIGH
FOR THE ZnSe THERHOCHEMICAL CYCLE *

Osear H. Krikerian and Hénry H. Otsuki

Lawrence Livermere Laboratory
Livermere, CA

Abstract

We have completed a preliminary process
design, flowsheet, and an eeconemic analysis
ef an improved version of the ZnSe eycle
for hydregen productien. The ameunt of
ZnS0, that needs to be decompesed at high
temperatures has been reduced bv a faetor
of 2 in this revised eycie, thereby both
lowering overall heat requirements and
spreading out the prime heat required over
4 breoader temperature range than before.
Cu“respondlng improvements have been
achieved in beth ecycle efficieney and equip-
ment costs. Assuming a VHIR nuclear
reactor heat seurce and 1ncorpcrat1ng
5pec1al eguipment designs for eritieal
steps in the eyele, we new obtain an
everall ecyele éfficienecy of abeut 40% and a
hydreogen production cost of about $13/GJ.
We believe that thils cost is censervative
at this peint of eycle development because
the input ddta on reaction rates and edudip-
ment lifetimeés have been censervative, and
the analysis has not been optimized.

“Work performed under the auspices of the-
U.S. Department of Energy under contract
Ne. W-7450-Eng-48.
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1. INTRODUCTION

During the past three years, under
Funding provided by the DOE Division of
Basic Energy Sciences, we have established
scientific feasibility and have conducted
both exploratory (1) and some detailed chem-
ical experimentation (2) on a ZnSe cycle.
More recently, under funding by the DOE
Division of Energy Storage Systems, we
expanded our studies te include the process
design, flowsheeting, and economic analysis
of the ZnSe «ycle. 'This latter study was
concluded at the end of F¥Y-1.77, and we re-
port here our Eindings.

II. CvcLE CHEMISTRY

Until recently, the ZnSe cycle was devel-
oped on the basis of the following major
reaction steps:

800 K

27n0 + Se(l) + SOz(g) —= ZnSe + ZnSOu

ZnSe + 2HCi(g) 332—EVZnClE(aq) + HQSe(g)
ZnC1,(aq) + $0,¢g) + 1,002) 22K zng0,

+ 2HCL{g)
22050, 220K 9700 + 50, (g) + 50, (g)

# % Oz(g)
HySe(g) 120 L se1) + 1, (o)

All but the ZnSC, decomposition step are
exothermic, and the ideal thermal efficien-~
ey for the cycle is 49%. This cycle has
several inherent advantages. Laboratory
experimentation has shown that each o the
steps clecarly works. Reaction rates are
fast (about 5 to 15 min.), conversions are
high and free of undesirable by-products,
and there is little separative work. In
particular, the H, generation step {(decom-
pesition of H,8e) gives far higher yields,
i.e. 60% decomposition in § minutes at
750 K, than analegous steps in othef cycles
that depend upen decomposition of gases
such as H,8, HI, HBr, and HCl. An engi-
neering disadvantage of this cyele is that
most of the primary heat vequirvement is for
decomposition of ZnS0,, znd is needed over
a narrow ‘temperature range, This small tem-
perature differential makes it difficult to
efficiently transfer heat out of a nuclear
reactor. In view of this, the cycle has
recently been modified to convert ZnCl,
directly to ZnO. This has halved the
amount af ZnSQ4. In the modified version
we not only spread the primary heat input
over a “r_ader temperature range, but also
increz=.- cl,e ideal thermal efficiency of
the eyel~. ’
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The modified version of the ZnSe cycle,
the one that we will be reporting on here,
is described by the following major reac-
tlon steps:

(1) 2200 + Se(1) + 80,(g) 220K zase
+ ZnSOu
(2) ZnSe + 2HCl(aq) §§g~5—2n012(aq)
+ HQSe(g)
(3) 2nC2, (1) + m,0¢g) 2L 70 + 2nc1(e)
(4) 2nso, 1200 K 510 + 50,(g) + % 0, (g)
(5) myse(@) D28E seq1) + (@)

The detailed heat balances for these and
other reaction steps needed to close the
cycle are summarized in Table 1. The sta-
tus of the chemistry of these reactions
will be reviewed next.

A. The Zn0/Se/S0, Reaction

Reaction (1) takes about 15 minutes for
completion at 800 K with S0, pressures of
~500 kPa (~5 atm) and gives yilelds ranging
from B0 to 95%. The yield depends
primarily on the intimacy of mixing of Zn0
and Se. The veaction rate is accelerated
by either increasing the temperature or S0
Pressure, The reaction appears to be free
of side reactions at temperatures above
~720 K. Additional work is yet needed to
identify the mechanism of the reaction and
to better define the reaction parameters.
We believe that significant increases in
reaction rates and yields are achievable.

B. The ZnSe/HC1 Reaction

We have found in small batch-type expernr-
iments that 2ZnSe in reaction (2) is rapidly
hydrolyzed (~95% yield in & min.) by either
dilute or concentrated aqueous HCl solu-
tions. We have also learned that more of
the ZnS0, Produced from reaction (1) must
be separated from ZnSe prior to hydrolysis
since high coneentrations of sulfate in
acidic solution would owxidize Sz ? to Se.

€. The ZnC1,/H,0 Reaction

Thermodynamic calculations based upon
literature data (Wagman. (3}, Kelley (L),
Cubiciottdi (5)) indicate that reascnable
yields of HCl(g) are to be expected for
reaction (3) &  about 900-1000 K by
reacting steam with molten ZnCl,, i.e.,
(P, )‘/PHzo 5 3 kPa (0.03 atw) at 900 K

HC1

and 13 kPa (0,12 atm) at 1000 K. We have
recently carried out exploratory transpi-
ration experiments to obtain approximate
rate and yield data. In these experiments,

a carrier gas, N,, saturated with H,0(g)



near room temperature, was bubbled throcugh
malten ZnCl, with a contact time of a few
seconds, The unreacted H,0(g} was absorbed
by an in-line Mg(Cl0,), trap. Produet-
HCl(g) was collected, its velume measured,
and its purity determined by infrared anal-
ysis. Results of these éxperiments indi-
eate that equilibrium is readily attained
at temperatures above 800 K.

D. The ZnS0, Decomposition Reaction

Although substantial literature exists
on reaction (4) (Stern (B)), the literature
work is not directly applicable to this
eyele. Heat and mass transfer effeects limit
theé interpretation ef the literature work,
both in regard to equilibrium and kinetie
data, The decompesitien of ZnS0, appears
to oceur in tweo stages. Initially, ZnS0,
is decomposed to an oxysulfate, probably
Zn0=2Zn50, , Wwhich then further decompoeses
to Znd. An eguilibrium decomposition pres-
sure of onre atmosphere is expeected at
~1160 K, with an S50,/80; molar ratioc of
~6/1. Consequently, conversion of S0; to
80, is alse requiréd to close our ecyele,

We plan to study the decompesition rate of
ZnS0, under conditions that are not heat or
mass transfer limited.

E. The H,5e Decomposition Reaction

We have recently studied the kineties of
thermal decomposition of H;Se, reactien (5),
in the temperature range 673-748 K (see
Fig. 1), and éxpect to publish the details
of this weork in the near futurée. The ki-
neties of decomposition are guite rapid
above 750 K, but yields per pass are lim-
ited to ~60% at the higher temperatures, If
a suitable ecatalyst can be found, we will,
operate at a lower temperature where higher
yilelds ean be ebtained because of the more
favorable equilibrium constant., Decom=
positien of H,S5e is exothermic at all tem-
peratures ef interest.

[11. Process DEsicGN

The ZnSe thermoechemical cycle for hydro-
gen production has been studied in the lab-
orateory and has been showr to be scientifi-
caily feasible. The key reaction step in
the eyecle is the reaction of selid Zn0 with
liquid selenium and gaseous $0,, Teaction
(1), té produce a mixture ef ZnSe and ZnSs0,
This is followed By hydrolysis of ZnSe te
yield HQSe, reaction {(2). The remaining
reactions in the cyele are those usged to
generate hydrogen and exygen and te regen-
erate the starting materials.

A simplified flow diagram (shown in
Fig., 2" was used to develep the proceéss
flow. 0Only the principal unit operatioens
in each of the batteries are identified.
Détailed deéscriptions cof gach of the bat-
teries are given below.

A, Battery A

The prineiple funétien of Battery A is
to carry out reaetion (1), 2Zn0 + Se(l)
+ 50;(g) = ZnSe + ZnS0,. Laboratory exper-
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iments have shown us that this reaction
will go to near completion in about

15 minutes at 800 K urder an 50; pressure
of about 500 kPa (5 atm) when Zn0 and sele-
nium are intimately mixed. To ensure that
each Zn0 particle is surrounded by selenium,
we will use excess selenium in this step,
The reaction is exothermie (-1561 kJ per
mole of selerium reacted) and liberates
substantial heat for other process use.

The major equipment in Battery A is a high
temperature reactor equipped with a heat
exchanger, The reactants, Zn0 and selenium,
are premlxed in the injegtor/extruder
system prior te introduction to the reac-
tion chamber (see Fig. 3). Sulfur dioxide
is maintained at 500 kPa pressure in the
reagtien chamber at all times te ensure a
rapid reaction rate. The preduct ZnSe/ZnS0,
with exeesg selenium is colleeted at the
bottem of the reactor and screw conveyed
out. 1Lloss of SO2 pressure through the

" serew conveyer is minimized by maintaining

a balancing pressure of steam at the outlet
to the conveyer. The ZnSe/ZnS04/Se mixture
is picked up and transported to Battery B
in a stream of superheated steam (T

= 450 K). TFlow vate of the steam is con-
trolled to deliver the ZnSe/2ZnS$6,/Se
mixture to Battery B at about 525 K.

B. Battery B

This battery is designed to separate
Zrns0, from ZnSé by het water leach prier to
ZnSe hydrolysis, Solubllity of ZDSOQ'H 0
15 temperature dependent. It is at its max-
1mum at 325 X and decrease$ rapidly with
inereasing temperature. According toe
Von G. Bruhn (7), abeve 525 K, ZnS0,+H,0
can be considered inseluble (see Fig. u).
The integral heat of solution of ZnS0, is
quite substantlal. The heat of formation
of ZnS0,*H,0 is -79.8 kJ/mol and the heat
of solution of ZmnS0,*H,0 in 14 H,0 is
-35,3 kJ/mel for a tetal of -115.1 kJ/mol.

In setting up Battery B we assigned high
priority to recovering as much of the hy-
dration heat as possible for other process
use. Water and anhydrous Zn80, are econ-
tacted at 525 K teo form ZnS0,°*H,0 witheout
selution formation. The heat of formation
of the monchydrate goes to generate steam
at 525 K, Sufficient water is added to the
vesultant ZnsS0,*H,0/ZnSe/Se slurry to form

“a saturated Zn80, solution at 325 K, and

excess heat 1§ removed through a heat ex-
changer. The insoluble ZnSe/Se is sepa=
rated and transported to Battery C for
hydrolysis., The saturated solutien of
ZnS0,*H,0 is then reheated to 525 K to pre-
cipitate and recover ZnS0,*H,0, whieh is
subsequently dehydrated in a rotary kiln.
Anhydrous ZnS0, is directed to Battery F
for decomposition. Steam generated in the
dehydrater is used for process heat before
it is returned to the hydrater, thus recov-
ering a portion of the heat of dehydration.

C, Battery €
Hydrolysis of ZnSe is. performed in

Battery C. The reaction is: ZnSe(s)
Hydroly~

+ 2HCl€aqg) = ZnClitag) + H,pSe(g).

i el L o s - s £



sis is rapid in both dilute and concen-
trated aqueous HCl selution. To minimize
evaporative heat load in the later ZnCli,
recovery step, we've selected couacentrated
HC1 (about 15-20 N) for our hwdrolysis reac-
tion, If the hydrolysis operation were to
be conducted in a cenventional stirred tank
reactor in concentrated HCl solution, the
product gas, H,%e, would entrain large guan-
tities of HC1l (abeut 25%) and present a dif-
fieult separation problem. We have, there-
fore, designed a hydrolyzer celumn {(shown

in Fig. 5) in which H,S5e gas can be gen-
erated relatively free of HCl. ZnSe parti-
eles are introduced high in thée column and
allewed to migrate down through a

packed region and react with HC1l to

generate H,Se, H,Se, being insoluble in
water, will form tiny bubbles, whieh cea-
lesce arid rise to the surface, Bubbles as
they form would still contain about 25% HCl
gas. However, much of the HCl will be
extracted as the bubbles encounter less
conecentrated HCl solution during their as-
cent to the surface. Traces of HC1 still
remainlng with the product gas are serubbed
in a water spray tower before HpSe is pir=zd
to Battery E for decomposition. The HC1l
consumed in the hydrolysis reaction is fed
in the primary reaction zone.

Other equipment items in Battery C are
filters, an evaporator, and a crystallizer.
Excess selenium is separated from ZnCl,
solution via filtration and returned te
Battery A. The ZnCl, solution is sent teo
the evaporater where it is ceneentrated and
on to the crystallizer, where the solutioen
1s cooled to ~300 K. The ZnCl, precipitate
is sepavated and sent te Battery D for Zno
regenération. Liquid is reecyecled back to
the evaporator.

D. Battery D

Battery D's main funetion is to regener-
ate Zn0 from ZnCl, formed in Battery C.
Zine chleride is first dried, then trans-
feryed to a high temperature hydrolyzer
where molten ZnCl, is reacted with steam to
yield Zn0(s) and HCl(g) (veaction tempera-
ture is about 900 K). Seolid Zn0 is separ-
ated from molten ZnCl, (any ZnCl, adhering
to Zn0 partieles is removed by further reac-
tien with steam) and returned to Battery A
where it joins Zn0 from Battery F to start
the eyecle over agaln.

The HC1/H,0 stream from the high temper-
ature hydrolyzer goes to the distillation
unit in Battery C for fractionation. The
eoncentrated HCl(aq) stream goes to the
ZnSe hydrolyzer, whilé a near azeotropic
mixture from the reboiler goes back to the
high temperature ZnCl, hydrolyzerb.

E. Battery E
In Battery E we decompese H,S5e to its

constituent H; and selenium. The decom-
position reaction is exethermie and pro-

. ceeds rapldly-at temperatures abeve ~550 K.

At 750 K, our propesed operating tempera-
ture, decomposition is 60% complete in
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5 minutes, which necessitates recyele of
undecomposed HpSe. Separation of the
Hz8e~H, mixtures is accomplished by pres-
surizatien and eeoling to 100 X, The
hydrogen product stream is serubbed free of
H.8e (for toxicity reasens) and cempressed
to 3 MPa (30 atmosphere) for pipeline or
chemical feedstoeck uBe., Liquid selenium is
recyeled te Battery A to ecomplete the sele-
nium part of the eycle.

F. Battery F

Battery F is where we perform the high=
temperature thermal decemp051tlon of ZnS0,.
Since ZnS0, decom9091t10n is an endothermic
reaction requiring seme 308 kd/mel of
ZnS0,, the decemposition reactor is pro=-
vided with primary process heat from the.
VHIR via a high pressure high temperature
helium stream.  Another majer equipment
item in this battery is the eyelone separ-
ator used to separate 2n0 particulates from
the gaseous decomposition produets,

The number of meles of ZnS0, decomposed
per mole of hydrogen preduced have been re-
duceé from two to one in the current medi-
fied cyele, the second mole af Znod belng
regenerated through direct hydrolysis of
ZnCl, in Battery D. Although this re-.
duetion eases the preoblem, ZnS0, decompo-
sition remains one of the eritiecal process
steps, and we have given considerable
thought, not only to the 6351gn, but also
on heat transfer and kinetic aspects of the
proeess,

We have examined the experlmental re-
sults reported by Pechkovskii (8,9) on the
decomposition rate of ZnS0, in a stream of
air as a function of temperature and be-~
lieve that the decomposition rate he reports
is governed by heat transfer to the decom-
pesing particles, Radiation is the dem-
inant mede of heat transfer at temperatures
‘greater than 1000 K. - Therefore, if the
ZnS0, particles were dispersed, heat trans-
fer would not be limiting, and we believe
total decompesition ecan be achieved in
+imes much less than 1 minute at ~1160 K.

We plan te verify this experimentally, but
assuming it for now, we visualize the fol-
lowing process. 2nS0, particles (100-200 pm
in size and preheated to 1000 K) are drop=
ped through the decomposer, get heated rap-
idly via radiatien heat transfer to ~1160 K,
decompose, and emerge as Zn0. The heat
transfer tube surfaces are coated with
catalyst to assure that S0,780570,
equilibrium is established, ZnO, separated
from the decomposition gases, is sent on

its way to Battery A to start the eyecle
over again, while the gaseous decomp051tlon
product goes to Battery G fer proceessing.

"G. Battery G

Battery G provides for separation of the
S0,/50, /02 mixture obtained from the ZnS0,
decompos;tlon. Design of the separation
plant resembles that of the Westinghouse
Sulfur Cycle, which requires a similar sep-
aration, Farbman (10). Sulfur dioxide and



50; are separated from 0, by compression hour to set the plant size. Thus, when

A ey

g and cryegenicec eooling. Refrigeration is eperating for 7000 hours a year {(capacity
H provided by an NH; refrigerator and from factor cof 80%), this plant will produce
; the eold (172 K) 0, Produced through adia- 2.12 x 10? standard cubic meters of hy-
; batic expansion of eompressed 0, prier to drogen per year. Costs are based on mid-
; venting, The S0,-850; fractionation is 1876 dellars. An additional constraint set
! aceemplished by simple distillatien. The for the plant design was that all equipment
i S0; stream is heated and passed through a items in the plant would be rail transper-
i catalytic eonverter at 1200 K, which decom< table, i.e., no mere than 3.6 m (12 feet) in
; poses 803 te S0, and 0,: The equilibrium diameter for process equipment. Appropri-
i mixture jeins the gas stream from Battery I ate numbers of each item are used to meet the
: for further separation. The 50, sStream is load demand for each proecess step.
i evaporated and returned te Battery A under
j pressure to complete the cycle. Since we are at an early stage in our
; process development, at a stage where we
: IV, Process THERMAL EFFICIENCY are still develeping conceptual designs for
‘ , - : ' ’ precess equipment;, we have not yet opti-
i The major endothermiec and exotherinic mized our process., Process optimization is
heat loads of the ZnSe eycle are shown in an important first step in obtaining
Table 1. It is very impertant from an ef- meaningful cost analysis. This is
; flc1ency standpoint te mateh process heat particularly true for thermochemiecal
¢ regquiréments with the available heat frem methods, whieh are very sensitive to in-

. exothermic steps in the eyele, Major pro- ternal heat matching. OQur cost figures here
: cess power requlrements for the cyele are will, therefore, be tentative and conserva-
; alse listed in Table 1. We have assumed tive.

; an_efflclency of 34% for thermal to elec- .
i triecal conversion. Costs of the individual batteries (see

Table 2) are based on cenventional engi-
Although one mele of ZnS0, is decomposed heering eéstimation practice. Costs of major
per mele of hydregen produced in the im=- equipment items in each battery were summed,
proved cyele as compared te twe moles in the then inereased by 105% of the equipment cost
eriginal ZnSe eyele, the decomposition step for ¢osts of structures, installation,

: of Battery F still represents the largest plumbing, insulation, and instrumentatien.

‘ single heat/energy consumer of the eyele at The total plant cost is estimated to be

: 399 kd/mel of H, préduced. Prime heat of 855 x 1093, and allewmng for contingencies
329 kJ/mel at 1200 K is required for ZnS0, and indirect costs, glVeS a total capital -
decempositlen, and an additienal 70 kJ/mol ihvestiment of 1.228 x 10%%. The annual

is needed for eleetrical pewer to drive the Gperatlng cost is placed at 280 x 10%8,
eempressors which eirculate the heat trans- i.e., about 23% of the capital cost assuming

fer fluid, helium. Battery D is the next major equipment lifetimes to be between 10
: largest energy consumer, It requires and 20 years. The eost of hydrogen, exclu-
: 234 kJ/mol of H, Produced, The high tem- sive of nuelear heat cost, is $0.125%/m° or
perature ZnCl, hydrolysis step requires $9,86/GJ ($10.40/10° BTU) based on a heating

215 kJ/mol alse of prime heat, but at 900 K. value of hydrogen of 12.9 MJ/m?.
The balance of the heat requirement,

18.8 kJ/mol, goes teward preheating ZnClz. Accepting the cost figure of 443.86
The HCl-H,0 evaporator in Battéry C is the x 10%$% for the 3426-MW thermal VHTR derived
other large heat consumer reéquiring seme by Wéstinghousé Eleéetric Corperation,
207 kd/mel of recovered process heat. Tarbman (10) and adjusting to 1976% by
: Sinee little of ‘the latent heat of evapo- éscalating the cost 17%, we have 519 x 10%%
! ration of HC1-H,0 ean be recoevered for for the capital eost of the reacter. With
: reuse due to leow temperature, it is ex~ - an annual fixed charge rate of 15% for
: tremely important te minimize the amount of utility ownership (77.8 x 10¢%) plus nuclear
: HC1-H,0 that has to be évaporated in the fuel eosts of 21 x 1055 and eoperation and
; ZInCl, recovery. The net energy require- maintenance costs of 6 x 10%5, we have an
: ments in Battery E and G are for separative annual reactor eperating cost of 104,8
work and féor ceompressing the product hy= x 10%38, The cost of process heat at the
drogen te 3 MPa (30 atm} for pipeline or ‘reactor is about $1.74/GJ ($1.30/10° BTU)
! feedstock use. - based on an B0% capaclty factor. )
. The overall energy input te produce 1 mol » Fer a hydrogen productlun rate of
of hydrogen for delivery at 3 MPa via the 27 ‘3- Mg/h and’ thermal efflclency of 42%,
ZnSe eyele is 678.6 kJ. Using the higher the nuclear heat requirement is actually
heating value for hydrogen of 286 kJ/mel we 2430 MW thermal. We will assume the same
estimate our overall effieieney as 42%, unit heat eost feor the 2430 MW.as for the
' 3426 MW thermal reactor. This translates
; : V. HybroGen PropucTION CosT - ' t6 about -$2.94/6J ($3.10/10% BTU) of pro~

_ . duced hydrogen, and an overall hydrogen
For the purpese of the econemic analysis, cost of $12.80/6J ($13.50/10° BTU).
the ZnSe thermechemical hydrogen production

, plant was assumed to use process heat at VI. ConcLUSION AND SUMMARY
i 1200 K from a VHTR nuclear readtor, and the R N AT LT
hydrogen productien rate was fixed at " All thermochemical hydrogen cyeles cen-

27.3 Mg (60,000 pounds) of hydrogen per "~ tain at. least one high temperature endo-
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thermic step, and the ZnSe eyele is ne
exeeption. The high temperature step in
the ZnSe cyele is the decompesition of
7ZnsS0, at 1160 K.

In the modified eyele we have reduced
the ameunt of Zn80, to be decompesed from
? moles per mole of hydrogen produeed to
1 mol. The second mole of Zn0 is regener-
ated threugh direct hydrelysis of ZnCl, at

900 K. This improves the eycle in two
ways: : :
{1} it extends the tefperature range over

which the prime heat is delivered, and

it improves the ideal thermal effieiency
of the eycle from 49 to about 63%.

(2)

With equipment specifically and innova-
tively designed for each process step, we
can peérform difficult eyele operations with
& minimum of processing problems, and con=
serve heat for reuse in other process steps.
We have achieved a thermal efficiency of 42%
in the current design, with prespects for
further improvement through process optimi-=
zation. Laboratery investigations of reae-
tion rates and yields, and development of
alternative chemical &pproaehas are needed
te attain this Optlmlzatlon. Purthermore,
with new developments in high temperature
materials and fabrication techniques in the
future; we might realize greatery than the
10 to 20 year plant equipment life which
was agsumed, with a corresponding reductlon
in hydregen- productlon cost.,
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% Table 1. Process energy balance,
% “Fower o
i (heat eguiv.), Heat req't, Heat avail.,
i Battery Process step kd/mol H, kJ/mel H, kJ/mel H,
1 e, . - . — — . . ~ P e e . . - _ i - - —— — — -
! A  Selenium preheater 8.9 B 725 K
: ZnSe/ZnS0, generator 166.1 @ 775 K
! Sensible heéat of products 52.0 @ 525 X
! Injector/extruder power o 1.0
| B ZnS0y *H,0 former ' ' - , © 35.8 @ 525 K
i ‘ZnsS0, solutien heater : 30,1 @ 525 K
f ZnS06,*E,0 dehydrator 79.4 @ 525 X
| Steam - - - . - 40,6 @ 500 K
P c HC1-H,0 evaporator ' ©207.1 @ 400 X -
: D ZnCl, preheater ’ 18.8 @ 550 K
: ZnCl,~-Steam hydrelyzer . 150.0 @ 900 X
HC1-H:0 superheatér : 65,3 @ 900 K
: E Hy;Se decomposer C 16.3 @ 700 X
: Hy-H;Se sepapator 22.9 @ 550 X
: Ha preduct compressor o 30,1
: F 7ns0, decomposer : 329,0 @ 1200 K
! . -~ He heater transfer : ,
i fluid eirculator ' . 70,0
! G 80,-50,+0, process power ' 51.5 o ) o o ‘
; Steam o 67.8 @ 600 K
! 50,+80,-0, sepayator : 77.8 )
: Turbo axpander : 10.4 @ 1000 k 49,3
o total - . 230.4 - . B99.0 . 450.8
Lo : Net nuglear heat requirehent = 230.% + 899.0 ~ 450.8 = 678.6 kJ/mol Hp
! Thermal efficiency (n) = 285.8/678.6 = 0.421
B : . e 3
g Taple 2. H, Production plant east (1976%).
- Plant size is 27.3 Mg Hy/h
; _ (60,000 1bs. Hzlh)
; ' : Battery : OEaratlons 0 1p88%
{ . * “ZnSe/ZnS0; generation = 20,0 7°.
i B ZnsQ, separation . 152.0
: c ZnSe hydrolysis : 1%1.0
i D ZnCly - conversion - - 215.0
i E H;S8e decompeosition 24.0
?. o R - - . P ZnS0y decom9051tlon ¢ -218.0
g _ G §03/505/0, Separation - 63.0
P : off-site
GEHEI’al o 7. 0
. 0ff-site = . ,
P Direct~ i . o T 7T 15,0
P e 855.0
| b
1
: Nk
: _ Including 105% for structures, 1nsta11a-
iy -tion, ete.
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STATUS OF EUROPEAN THERMOCHEMICAL HYDROGEN PROGRAMS

HMelvin G. Bowman

University of California
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

Abstract

An invited paper on Thermochemical Hydrogen Production was
presented at an International Symposium on Energy Sources and

Development held in Barcelona, Spain, October 19-21, 1977.

Visits

were then made to the following European Laboratories engaged in

thermochemical hydrogen research:
Center, Ispra, Italy.
Saclay, France.
Aachen, Germany.
Germany .

(1) The Euratom Central Research

(2) The Center for Nuclear Research at
(3) The Rfjeinisch-Westfalische Hochschule i
{4) The Julich Nuclear Research Center =i Julich,

The visits to the listed laborateries were primarily to learn
the scope of the differenc programs and the general areas of informa-

tion expected to be made available

under the recently signed Inter-

national Energy Agency Implementing Agreement on the Production of

Hydrogen from Water.

following conclusions were reached:

From observations made during these visits, the

(1) It is clear that the

Europeans are directing their efforts towards relatively short term
development of better methods for the productien and utilization of

hydrogen, (2}

The Eurgpean effort on thermocheémical hydroden research

and development is significantly greater than tha total of U.S. programs.
(3) [t will be advantageous for the United States to cooperate in
information exchange activities under the I.E.A.

- The description of the different visits s given in the format of

a trip report.

The Barcelena Meeting

Abstracts of papers were distributed to partic-
ipants. Complete texts of papers will be published
in the "Proceedings" of the Symposium. This should
be available by March 1,.1978. The executive secre-
tary for the symposium was Dr. J. Plana, Banco
Urguijo, Servicio de Estudiecs, Paseo de Gracia, 27
Barcelona 7 Spain.

The -arganizers of the symposium expressed .the -

- hope that it might Tead to a Spain-U.S. exchange

with meetings held in alternate years in Spain and
the U.S. Informal discussions were held on Saturday,
Oct. 21, 1977 to consider the possihle meeting in

the U.S. next year. No actual decisions were
reached and further discussions will be held during
visits of Spanish scientists to the U.S., 1n 1978,

The Ispra Visit

B presented g seminar at the Ispra Laboratory
and summarized progress in UL.S. programs on

102 . ..

thermochemical hydrogen production. Achievenents
and capabilities were described and it was stated
that the large volume of specific information and
experimental details would be availabie under the
information exchange program.

I tourea the experimental facilities at Ispra
and 1 was impressed by the progress made in their
programs. For the most part, I did not probe for
details.and data not included in the presentations.
However, it is c¢lear that valuable data and informa-
tion will be included in reports and working papers
that will be available under the information exchange
agreement.

- -Essentially all of the Ispra work is concerned
with three cycles. These are: (1) the sulfuric
acid-hydrogen fodide cycle (this is the General
Atomic Prime Cycle that Ispra has named Mark 16),
(2) the sulfuric acid hybrid cycle (named Mark 11

. by Ispra),and (3) the sulfuric acid-hydrogen bromide

hybrid cycle (¢alled Mark 13). .This last cycle has
been chosen for their "closed circuit" experiment.

s (40 1D
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It may be described by the reactions:

I. Br(zg) + SOH + ZHEO-*HESO + 2HBr(g)

4

11, “250'4'* Hy0 + S0, + 1/2 0, (high temperature)
III. 2HBr -+ Hz(g) + Brz(l) (electrolysis)

There seems to be a group of 4-5 people working
on each of the first twe reactions. There are two
groups working on the third reaction. One of these
groups is desijgnated "physical chemistry” and is
concerned with developing the data base on electrode
materials, electrode catalysts, and voltage versus
current density curves as functions of temperature
and nressure. The second group is developing bi-
polar cells and associated equipment in preparation
for the closed circuit experiment. 1 was told tgat
they have achieved a current density of 2000 A/m
at a cell voltage of 0.75 V for reaction I1II using
graphite alectrodes, [ probed for more information
on the graphite and was told that it is a "special"
graphite that is only 20% more expensive than regu-
lar graphite. )

In addition to the groups werking on the above
reactions, there is a group performing very exten-
sive corrosion tests on a variety of materials.
Most of this work is done under the various condi-
tions associated with drying, decomposing and con-
densing the decomposition products of sulfuric acid.
I was told that they have demonstrated at least one
satisfactory material for each of the different
conditions., It is clear that Ispra believes cor-
rosion problems can be solved.

In addition to their experimental program, the
Ispra personnel are engaged in preparing extensive
and detailed flow-sheets and process design efforts
on each of the cycles described above and on the
iron chloride cycle. These concéptual designs are
being used in attempts to estimate costs associated
with themmochemical hydrogen production., As part
of this effort, Ispra has given a contract to a
large chemical engineering firm (Technipetrol, Inc.,
Rome) to examine the detailed flow-sheets and
identify and furnish cost data for known industrial
equipment and processes that ean be used for each
of the flow-sheet operations, The'data from the
chemical engineering firm will be used with the
Ispra computer code -in attempts %o effect Some
optimization of process parameters and to obtain
integrated cost figures, In this way, they expect
to obtain realistic capital and opeérating costs for
a plant that could be built. It is realized, of
céurse, that these costs will be higher than those
associated with the stil7 unspecified plant that
should be built.. .

Dr. Beghi- (as the "operating agent")} and T {as
the U.S.A, "technical contact")} discussed problems
associated with the logistics of information ex-
change and also. the workshop specified by the
I.E.A, agreement. Relévarit extracts from the agree-
ment have been made as follows:

Means

(3] Each Participant as.indicated below will
undertake an experimental or analytical
programme on at least one of the following
eight steps that apply specifically to

the sulphur-iodine and iron-chlorine cycles,
but a]so apply in general to other cycles
that_1ncnfporate the decomposition of sul-
pthTc acid, a metal sulphate or hydroiodic
acid:

(1} Thermal decomposition of ﬂ2504.

(2) Thermal decomposition of a metal
sulphate,

(3) Hydrolysis of FeC12.

(4) Liquid separation of H,50,/H1 from
solution,

{5) Reverse Deacon reaction,
(6 Decomposition of HI.
(7) Decomposition of FeCT3.

{8) Electrochemical production of HZSO4
and H, from 50, and H,0. .
2 2 2
Although the Participants undertake a
commitment to work only on at least one of
the above steps, they are interested in
pursuing the work in all of them,

(¢) Within the first year of the implementation
of this Annex, each Participant will pro-
vide te the Operating Agent publication.
in its possession which have relevance to
the objectives of this Task. In additien,
each Participant will provide te the Opera-
ting Agent copies of such internal reports
and working papers resulting from the work
outlined in paragraph 2 (a)} as may be of
interest to the other Participants, Fur-
ther, each Participant on an annual basis
will prepare a progress repert on its work
under way and submit it to the Operating
Agent. '

(d} The Operating Agent will compile and sub-
mit to the Executive Committee a work pro-
gramme for the first year. The Executive
Committee, acting in snanimity, shall
approve a work programme for the first year,
no later than three months after signature
of this Annex. The work programme (includ-
ing patent considerations) will outline
the respective contributiens of each Par-
ticipant for accomplishing the objectives
of the Task.

(e} At the end of the first and second years,
a 3-4 day workshop will be held to dis-
cuss progress reports and to formulate the
next year's detailed work programme.
Organization of the werkshop shall be the
responsibility of the Operating Agent.

(f} Each Participant will designate for the
Operating Agent technical contacts for
egch of the reaction or operation steps
undertaken pursuant te paragraph 2 (a).

Time Schedule

Three years (lst November, 1977-31st October,
1980). Workshops planned: Summer 1978, Summer

1979,

.  In diseussing the togistics probTem Dr. Beghi
and I noted that there are seven participants in

the agreement, six countries and the European
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conmunity as a separate organization. Each parti-
cipant (or country) will designate a technical con-
tact or contacts. We decided on a) initial procedure
as follows:

(1) Dr, Beghi will obtain the reports and docu-
ments described in Paragraph 2-c above from
the technical contacts named by each of the
countries. He will send one copy of each
document to me and send a copy of the trans-
mittal letter to Dr. John Gahmier who is
the DOE headquarters contact for the
Thermochemical Hydrogen Annex. I will make
copies of these documents for headquarters
and for each of the U.S. organizations
worlking on the identified tasks., In the
meantime, I will receive similar documents
from the U.5. organizations and send eight
copies of each document to Dr. Beghi (and
a copy of the transmittal letter to Dr.
Gahimer)., Dr. Beghi will distribute these
documents > each technical contact who in
turn, presufiably, will arrange for distri-
bution to the active organizations in his

© country,

Dr. Beghi and I discussed various possilbyi-
lities for the format and organization of
the workshop described in paragraph 2-(e)
of the agreement. No conclusions were
reached. 1 agreed to discuss the subject
with U.S. workers and then send suggestions
by letter. We =ecognized that late August
1978 just after the Hydrogen Conference in
Zurich, would be a convenient time for the
first workshop.

The Saclay Visit

A small group of chamists, under thé direction
of Dr. Etienne Roth, are engaged in reactions of
potential value in thermochemical cycles, They
have been interested in cycles based on carbonate
chemistry in attempts to identify less corrosive
processes, They have not been successful in this
particular area, but it is an interesting and well
conceived program, They have also performed experi-
mental studies on reactions and cyeles considered
at LASL. It is clear that information exchange can
benefit both laboratoriés. Since the French are not
participants in the I.E.A. agreement, the exchange
will consist of papers at the pre-print stage,
progress reports (hopefully) and infrequent visits.

I presented a seminar describing U.S. thermo-
chemical hydrogen programs. 1 was surprised to learn
that some of the audience were from the Reactor
Divisien. After the seminar, I was given a very
interesiing tour of the large faecility used to test
components designed for their HTGR reactors, Their
interest in thermochemical hydrogen was explained
by the statement ‘hat HTGR reactors in France are
to be used only jor high temperature process heat
applications and not for the production of e]ectric-
ity.

The_ Visit to RNTH-Aachen

Professors Knoche, Cremer and Schulten
directed and performed. imaginative work in the con-
ception, testing, chemical enginearing design and
analysis as well as cost analysis of several very
interesting cycles. The laboratory work has been
stressed less than the analysis activities, but
some reactions have been verified exper1menta11y.
At the present time, much of their work is centered
around the iron ch]ortde cycle and their exper1menta}
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and anmalytical results will become available under
the 1.E.A. agreement. They have developed a versa-
tile and comprehensive computer code to guide process
das1gn associated with gas separation steps in the
iron chloride cycle. It seems probable that Lie
cycle will appear better after their optimization
efforts, but I think their present opinion is that
it will not be competitive with the best cycles.
Neverthelass, the methodology they are developing
should be extremely valuable when applied to other
cycles,

The other cycles under investigation by this
group are not covered by the I1.E.A. agreement, but
we have agreed to an informal exchange of informa-
tion on our respective programs, Professor Knoche
expressed an interest in performing some design
optimization and analysis of the LASL cerium chloride
cycle.

I presented a seminar on LASL thermochemical

hydrogen research to an interested and informed
group of graduate students and professors.

The Visit to JUlich Nuclear Research Center

- period,

Dr,. Heiko Barnert will {presumably) act as the
Operating Agent for Annex 1I of the I.E.A, hydrogen
agreement, although he hasn't been formally notified
that he has been designated. Annex Il is concerned
with problems of interfacing a High Temperature
Reactor with a Thermochemical Hydrogen Plant. Dr.
Barnert had been asked (by the Executive Committee
Member from Germany) to prepare a detailed work
statement on Annex Il for the Executive Committee
meeting to be held in Paris on November 8-9, 1977.
Dr. Barnert had prepared a statement based on1y on
the JUlich Program and was uncomfortably aware that
the other participants in the Annex might not concur.
However, until my visit, he had not been given the
name of the designated technical contact for any of
the countries. I informed him that Dr, John Gahimer
wili aet as the DOE headquarters contact and that I
will assist in technical matters. We agreed to
initiate the exchange of reports and documents
specified in the Exchange Agreement, We were both
aware that there is an existing bi-lateral agreement
between the U.S. and Germany for information ex-
change on high temperature reactors. Therefore, the
selection of information to be made available under
the I1.E.,A, agreement must be compatible with the bi-
lateral agreement.

It seems quite clear that valuable information
will be generated in the JUlich thermochemical
hydragen program, Approval has been given in. prin-
ciple for a 10 year experimental and theoretical
program for the development of thermochemical pro-
cesses and also for the development of metal hydrides
for hydrogen storage. The funding level is projected
to be between 60 and 80 million DM over the 10 year
The specific objectives incliude the construg-
tion and operation of a “semi-technical® plant
(about 100 kW level) for the production of hydrogen
from water using a thermochemical cycle. At the
present time, the cycle is projected to be the sul-
furic acid hybrid cycle and most of the experimental
effort is on the cycle. A second objective is the
design and construction of a "semi-technical” piant
for hydrogen storage. Currently there are six
people (some part time) engaged in developing the
e1ectro1ys1s step Tn the hybrid cycle. This work "
is directed by Dr. Struck., He was very reluctant
to give details of progres: since part of the



program is funded by Euratom and he felt that
specific permission was required befora he could
give information. There are three people working

on the high temperature thermal decompositiun of
sulfuric acid. This work is directed by Or. Hawmmeke
and is still in the initial stages of equipment
design and procureme:t., There are three people
engaged in an activity called HTR coupling-economics.,
This program is directed by Dr. Barnert and it in-
cludes the development and comparison of methodol-
ogies for estimating the costs associated with
thermochemical cycies coupled to high temperature
reactors, There are, at present, two people engaged
in metal hydride research.

Conclusions

It is ciear that the Europeans are quite serious
in relatively short term development of better
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methods for the production and utilization of hydro-
gen. The effort on thermochemical hydrogen re-
search and deveiopment in Europe is significantly
greater than the total of the U.S. programs. In iy
apinion, he short range objectives are overempha=
sized and not enough attention is given to the
conception and evaluation of alternative cycles,
Thus, attention is concentrated on only two or three
possibilities. In the past, this has resulted in a
great deal of development work on cycles that finally
had to be abandoned. At the present time, large
scale development efforts are directed toward

three cycles that were first identified in U.S.
programs. Nevertheless, it seems quite clear that
it will be advantageous for the United States to
participate in information exchange activities

under the I.E.A, and, indeed, in bi-lateral informa-
tion exchange on cycles not yet formalized in the
I1.E.A. Agreement,
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ABSTRACT

'

The long range objective of this work is to create a simple means of quantitatively dealing
with the physicochemical nature of the interaction of hydrogen (atomic or gaseous forms) and
other fluids with materials used in hydrogen production and/or storage enviromments, TIn the
following sections, definitions and related data will be presented as a starting point to
achieve the abave obJective. '
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The Solubilitv Parameter

The prime movers of the solubility parameter (&)
concept are Professors Joel H, Hilderbrand and
Robert L. Scott,{l) The solubility parameter of a
material is a measure of the intermolecular forces
in a given substance and is a fundamental property
of all matter, The basic assumption in the solu-
bility parameter is that there is a correlation
between the Cchesive~Energy Density (CED) that is
potential energy per unit volume and mutual solu-
bility of materials, (2}

The potential enefgy of a mole of material (E) is:

E Nv

(1)
when N is Avogadro's number and the potential enerpy
of a mo?e-ule or a single atom is v, The cohesive-
energy density is thus numerically equal to the
negative potential energy of one cubic centimeter

of the material:

ZE
v

CED
where V is the molar volume or atomic volume,

It is convenient when solute-solvent systems are to
be studied to define the square root of cohesive-
energy density as the solubdlity parameter (8).

2 _-E

v

-Nv
v

CED 5 (3)
The vaporization of a material can be imagined as a
process involving the transport of all molecules or
atoms from their equilibrium distance relative to
each other, so that the potential energy of each
molecule or atoms 1s reduced to zero.

\
In the case of wetals, ‘the heat of sublimination or
the heat of atomization is the thermodynamic term
used. The heat of vaporization or sublimination
per mole (E) is thus the term used to compensate
both fior the potential energy per mole (E) and for
the volume work, which for a vapor phase obeying
ideal gas laws is RT, where R is the molar gas cor-
stant and T is the absolute temperature {at 25°
this is 592 calories) then:

CAH =B + RT (4)

It follows that the CED cén
the heat -of vaporization or
the molar volume (V)

then be obtained from
sublimination (AHV) and

- RT
v

) AH
cEp- = &2 v

=

(5}

The units f?r the solubility parameter (8) are

call/ and is named a Hildebrand (Hb) in
honer of Professer Joel Hildebrand. (2) Most organic
‘materials have Hb values between 5 and 23.4 (water),
whereas most metals have values from 30 to 180 Hbs.

Hildebrand's Mixing Rule and Miscibility

The real usefulness of the solubility parameter is
that by the use of the Hildebrand iixing rule an
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miscibility will exist for a range of values in the

References:

estimation of the solubility parameter (8} of a
mixture of materials can be calculated. This
assumes that the materials are completely miscible
with each other and are somewhat chemically inert
to each other. The effective solubility parameters
(§y) of a mixtuyre of components 1 and 2 with §p 7
and ¢1 5 volume fraction is:

b = 9152t (6)
where
VI VZ H
$p, = ge——e——and (V = volume)
1V, +V, 2 v1 *V,
Equation 6 rearranged in terms of Volume is:
$ &
m 1
V = — - — (7)
2 62 - 51 62 61
VI = 1—V2

In general, solubility, or miscibiliey, of twe
substances is to be expected if there is a decrease

in the free energy of mixing, viz.,

AF = AB_. - TAS
m mix

i (8)
In as the entropy of mixing ASpjy 1s positive (i.e.,
-TASpix <0), the enthalpy of mixing AHpgy will
determine solubility. The latter terim (for non-
polar substances) is positive and its magnitude is
proportional to the differences of the respective
solubility parameters (&) {(i.e., square root of

the cohesdive energy density)

AH 2.

mi* "’(61 &2

52)
Plius, the closer the solubility parameter values,

the smaller the AMpjy will be and, consequently, the
greater the decrease in AFpq,. However, mutual

vicinity of the substance's solubility parameter.
This range will depend on where in the § con- !
tinuum, i.e., organies 5 to 23 Hb or the metals up !
to 180 Hb, the material falls. In the organic
tegion @ value of #2,3Hb is the generally used
value and at the higher 6 values it is 25 to 30 Hb
for metallic materials.

In Table I is given data for materials commonly

¢ tomteréed in some chermochemical cyeles for the

, - auction of hydrogen. 1In Table II is the § data
for the elements with atomfc numbers of one through
ninety two.

1. Hildebrand, J.H. and R.L. Scott, "The
Solubility of Nonelectrolytes" ACS Monograph

series #17 (1950).

Barton, Allan F.,M.

Chem Reviews 75 731-753
(1975), )



Table I

HMATERTALS THAT ARE ENCOUNTERED IN SOME THERMALCIIEMICAL CYCLES FOR HYDROGEN PRODUCTION

_ AH¥
Compound T(K°) VT (cin;) 7 (Kcalllmo.le) Gip (Hb)

cL, . 239 46 _ - 4.88 9.8

Brz

1, 298 59 173 14,1

HCI . 187 _ 36.5 4,58 ' 12.25

298 ' 51 7.34 115

HBr _ 85 19,2 . 5.0 , 13.14
ar 222 4dag S 5.9 11.06 *

5 298 135 21,77 12,7

8

P o s0, - 263 44 5.95 11.0

oS0, . 298 416 1.8 ' 16.84
: o B(£0,), ‘ 298,  S 8L3 ‘ o 12,8 ' S . 2,57
H,S0, : 2 T . 180 o 1839
0,01, Y T T j 7.8 9.80
o 298 . w0 100 0 23.83

iy

NOTE: The & will decrease as thé temperature is increased. For mére details sée Ref !, Ch XV.
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Table II

SOLUBILITY PARAMETERS AND ATOMIC VOLUMES OF THE ELEMENTS

Standard .

Atomic . - . Deviation . i
Atomic Volume Solubllity - of the }
Number cc/gram- Parameters Solubility Temperature ;
Element z atom [eal/ec 1/2 Parameter K° Symbol
Acttnium 39 22,56 67.9 3 208 o §
Aluminum 13 10.00 88.03 1,20 298 Al i
Autimony 51 18.21 58.26 4.69 208 $b )
Argon 18 23,86 7.93 (A 28 Ar :
Arsenic 33 13.10 72.79 (a) 298 ' As
Astatine 85 (D) At :
Barium 56 39.24 32,91 0,30 298 Ba §
Beryllium 4 4.38 126.00 0.60 298 Be %
Bismuth 83 21,33 48.40 0.20 298 B1 :
Boron 5 4,65 169, 10 1.20 . 298 B |
Bromine 3B (25.53) 32,37 0.02 258 . Be ;
Cadmium 48 13,00 45.37 0,02 ‘298 ¢d ;
Calcium 20 25,97 40,31 0.17 298 Ca §
Carbon 6 5.34 179.06 0,26 298 c i
Cerium - 58 20,70 6867 () : 298 - ce |
Cesium 55 70,05 16.40 0.8 298 cs §
Chlorine 17 (19.30) 38.5 (A) ' 298 c1 :
Ghromium 24 7.23 114.62 - 0.85 298 ‘Cr
Cobalt 27 6.67 123,66 0.86 - 298 co
Copper 29 7.11 106.8 . (&) 298 Cu
Dysprosium 66 1¢.00 59.17 3.00 288 . Dy
Erbium 68 18.27 62,04 ‘ 3.12 298 Er
Europium 63 : 28,98 38.34 ©0.32 - 298 Eu
Florine 9 (10,30) 42.82 1.60 208 F
Francium - .87 73.0 15,75 . 298 Fr
Gadolinium 64 20.01 64.21 0.27 298 cd
Gallium 3l 11.80 74,16 ) 298 ca
Germanium ¢ 32 13,64 81.,00: o (A) _ 298 . Ge . A
Gold 79 10.20 92,67 0.52 208 Au |
Hafniui 72 13.64 110.94 4.67 298 HE
Helium 2 19.53 ~ 1.06 ey 1 He
Holfiium - 67 18.75 61,19 0.37 298 Ho
Hydrogen 1 (6.70) 124.2 (A) 298 3 H
Indium 49 15,71 60,40 0.22 298 " In
Iodine 53 (25.68) 31.50 . (ay 298 1
Iridfum 77 8.54 136.47 - 0,51 . 298 Ir
Iron 26 7.10 118.68 0.84 298 Fa
Krypton 36 32,00 8,50 : (A) Co12r . Kr.
Lanthaaum 57 22,44 67.35 © 1.03 298 la
Lead 82 18,27 50,61 0476 298 Pb
‘Lithium 3 12.99 . 54.50 0,40 298 Li

| Latetigm - 71 77 74455 2.4 298 Lo
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Table TT

SOLUBILITY PARAMETERS AND ATOMIC VOLUMES OF TEL ELEMENTS {(Continuved)

E St:-and'a_rd

% Atomic Deviation

; : : ) Yolume Solubility “of the

: Atomic ce/gram= Parameters Solubility Temperature

L  “Element Namber - atom - [cal/ec]/2 - - Parameter ' Sge . Symbol -

i Magnesium 12 13,97 50.48 () 298 Mg
Manganese 25 7.39 95,58 0.69 298 Mn
Mercury © B0 14,82 . 31.45 : 0,01 _ . 298 o Hg -
Molybdenum 42 9,39 129,51 ) 298 Mo
Neodyhmium 60 20,61 60,56 0.34 298 Nd

: Neon 10 16.76 5.12 (a) 24 © Ne

- Nickel 28 6.59 124,59 0.54 298 Ni

f Nicbium AT 10.83 127.12° 1.28 298 Nb

: Nitrogen 7 (11.40) 99.1 (a) 298 N

? Cosmtws 76 843 . ClaSsd0 . 051 . 298 08

L Oxygen 8 (8.50) 8357 - 0.19 290 . 0

; Palladium 46 8.88 100.73 Coon - 298 - Ra

1 rhosphorus - 15 16,92 - S 67.70 139 o 298 P

E Platinum 78 9,08 121.86 0.12 - 208 e

§ Polonium 84 22,62 39.05 (&) 298 © T Pe

j Potassium 18 45,47 21,74 0.05. - . . . 298 o K.

f Praseodyudi 59 20.82 64.08 0.6k 298 Pr-

Piomethium 61 20.33 56,11 (B) 298 Pm

| Protactinium 91 15.00 93,81 (B) 298 Pa

; Radium 88 38.80 " 32,90 By - . 298 Ra

; Radon 86 50,45 29,19 (A) 208 "~ Bn

! Rhenium 73 8.85 145,13 0,33 298 Re

; Rhodium 45 8.29 - - 126,76 .67 . 298 . Eh

: " Rubidium s ss.er 18,78 . 0.45 208 . ®mb
Ruthenium b 8.29 136,38 - 0.4 ' 298 - Ra
Samarium 62 . 20.07 ~ 49.86 - - (&) .. . 298 Sm
Scandium 21 15.06 730320 o3 298 sc
Selenium : 34 16448 54.75 0.78 298 : Se
Silicon 14 12,06 94.80 1.85 298 si-
Silver CooaT 1027 BL.6L - - ) S 298 - bg
Sodium 11 23.67 33.10 0.13 298 ' Na
Strontium 38 33.70 34,08 0.03 298 Sr
Sulfur 16 15,49 65,46 . 1.39 298 s
Tantalun 73 10.90 130.59 - 0,45, 298  Ta
Technetium 43 8.63 133,37 _ 0.93 298 . Te

3 _ Tellurium - s2 2045 47.73 1,45 o 298 Te

! “Terbium 64 19.26 0 e8z20 0 119 298 0 b

: Thallium 81 17,25 50,07 . 0.20 298 f1
Thorium 90 19.90 . B2.85 W 298 . Th
Thulfem .69 - 1815 . 5653 . - olzs . . 288" . Tm

TIn 50 16,30 . 66.46 . BN (> N 298 sno

© ORIGINAL PAGE I8
OF POOR QUALITY
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- Table 11

SOLUBILITY PARAMETEBS'AND ﬂmonic,VOLUNES_oF THE ELENENTS»(thtinued)

" Atemic
. Number

Element

Atomic

Volime.
ce/gram~

. atom

Soiubility,,
Parameters

. Standard -

Deviation
of the -
Solubility

Paramater |

Temperature

Ticanium
Tuﬁgsten
Urarituii
Vanadium
Xenon
Ytterbium
Ytetrium
Zinc

Zirconium

22
R
e

23
54

70
39

30

40 .

10.63
9.53
13,48
B.35
36.81

24.87. -

19.88
9,17 -

14,06

fear/ee]t/2

102,96
144,87
100,07
121,22
9.43
| 40.10
70,14
58.51
101,90,

0.64
0.51
1.70
3.49
(A
)

ke

298
298
- 298’
298
166
298
298
©. 298
298

. Symbul

1L
W

@
@

(©
®)

-Gray form of tin.
No data available.

‘Estimated datay -+

A gingle value available in the literature.

‘The atomic volufies in brackets are thie single atom values.
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HYDROGEN PRODUCTION BY PHOTOELECTROLYTIC DEGOHFOSITIDN
QE WATER USING SOLAR ENERGY )

R. Pavid Rauh Terrence‘F. ‘Redse and- Saul Alkaitis
EIC Corporation : .
55 Chapel Street
Newton, Massachusetts “02158 ..
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:  Theé conveérsion of 1ight to chemical energy -can be .
" effected throtgh the photoelectrolysis of water’to
pxnduce,ﬂg and. 09+ The aim of this program is to
_discover semiconducting phutoelectrode,materials
shich have optimal band gaps, electron affinities
and stabilities for this application. SR
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1. INTRODUCTION

When a semiconductor and. redox electrolyte of
different work function are brought into contact,
their equilibration through electron exchange and
surface reactions results in the formation of a
rectifying barriér, . This effect has long been
known in connection with the study of electro-
chemistry at semiconductor electrodes (1). How-

" evér, it was tiot until the published experiments

of Fujishima and Honda (2) in 1972 that it was

" Yealized that irradiation of the semiconductor— -

aqueous electrolyte interface, in an electro-
chemical ceil, would result under gome conditions

" in the decomposition of H30 into Hp and O3. As in

photosynthesis, a method was provided for directly

- converting solar .energy -ifto -a storable fuel."

The purpose of -this program is tp demonstrate
materials which maximize the efficiency of photo-
electrolysis in inexpensive polycrystalline con-

'-figurations. The ideal electrode should have a

band gap with good solar collection efficiency.

As describad below, the bands must also be in the
proper orientation with respect to the H1/Hy redox
energy level of the electrolyte, and with respect

" 0 the vacuum. - In-addition; the water decomposi-

tion half reaction occurring on the photoelectrode
must be preferred over electrode decomposition,

on thermodynamic or kinétic grounds. Finally,

the quantum yleld for current production must be
high, i.e., the plotoreaction must compete ‘tavor-
ably with the recombination of excited minority
carriets produced under Illuminaticn. S

_II ' ENERGEI' 1c REQUIREMENTS OF PMTOELECTROLYSIS

"Figure 1A shows a- typical configutation for a
photoelectrolysis cell. The photosensitive elec~
trode consists of an n or p doped semiconductor
with an ohmic contact to its back surface. In_
this single photoéléctrode embodimenit, the couiter
electrode is a metallic conduc:or, such as Pt or
graphite.

Figure 2 illustrates the energetics of an ideal

-ﬁ—type electrode under short cireuit conditions of

Hg0 photuelectrolysis. The n-doping causes the

“work -function to be lower than that of the elec-

trolyte. Consequently, when the two are placed in
contact, the SC releases some of its electrons

to the-electrolyte. Unlike a metgl, & getiiconduc—
tor has a limited number of electrons par unit
volume - hence the depletion reglon extends well
ifito: the bulk of the electrode. . This is mandi-«
fested by a bending of the semicomductor valence-
and conduction bands over the depth required for
‘equalization &f the potentials of the two phases.

. Additional variations of the semiconductor potens -
- tial applied via tlie ohmic contact using an )

external bias will result in.an increased band

. 'bending for positive applied’ poténtisls and vice,

versa. The applied potential necessary to decrease

_the bending to: zero.is termed the flat band

potential, AEgy. Under mast conditions, AEfb for-
n~type electrodes is negative (as in Fig. 1), and
p-type materials. .

It should beknnted that the.energy of che con=

 duct1on band - at the interface is equal to the
&leetron affinity of the semiconductor, since very
Cldtrle depletion: -of-electrons can: oecur within

otily -a few angstroms of the ‘surface, ‘Thug, in

the absence of surface adsorbents or. ionizable

RECT

jpraetice, the use of lower: band ‘gap’

functional groups, the values of Ep and Ey are

locked into place by the physical propertiee of
the electrode material,.

The interface energetics in the dark are
determined by the presencé and concentrations of
redox species in solution, As pointed out by
Nozik (3), the "Fermi. level" of the ‘solution is
not very reproducible, being very sensitive to
solution composition. The revereible potentials
for B, and 0y ‘évolitioh are also shown ij- Figire 2,.
and ate a function of pH. The energy of the normal
hydrogen electrode (NHE), whose position is shown
in Figure 2, is -approximately 4.5 eV with respect =
to vacuum, The photoelectrode, solution and

- counter electrode are shown in-chemitel_Equilibr{pm.-'"

" On illumination of the semiconductor in Figure
2,.8lectrons are excited from the valence band ‘to
the conduction band. Electrons placed into the

. space charge region of the conduction band are
" swept into the interior by the buile~in field,

while the valence band holes migrate to- the surface.
‘The iricreased population of minority earriers in
the conduetion band results in a negative displace-
ient of the Fermi level, afid this, under short

‘eireuit conditions, in the potential of the counter

electrode, . In the absence of other more reducible
species, électrons will reduce HY* at the counter
electrode. At the semiconductor, holes will

. oxidize Hp0. The counter electrade in Figure 2

is assumed to Bé of high surfacé area and, under

~1llumination, to fix the equilibrium potentials

of the two electrodes at Eyt/H,.

. 'The positions of the redox levels relative to
the baiids are ideal in Figure 2. It is shown

that the band gap, AEg, must be at least 1.23 eV.
Howewer, the band ‘bending required for electron-

-hole separation (AEgp) and the overpotential for
~ Bz evolution {AEgVER) must also be considered.

In reality, then (4},
BEg ¥'1.23 eV + AFpp + AEgyER (1)
The actual requirements of AEg in this single-

photoelectrode cofiffguration is debatable. In our
opinion, there are insufficiernt experimental data

' to warrant a prajected lower limit to AEg for semi-

conducting electrodes used in the photoelectrolysis
of Hy0. However, band gaps larger .than dideal for °
solar energy power conversion (v1.5 &V) may ‘be
unavoidable.

Sevetal alternative configurations to that
shown in Figure 1A are possibie, Figure 1B shdws:
a gingle photoelecttode cell operacing in series

" with an external power supply. Operation of this
'nell would constitute the photoassisted electrolysis

of Hp0. The efficiency compared to a spontaneously
operating cell would be decreased by the energy -

" supplied by the external ‘source, However, accept—

ance of this configuration can extend the range

of possible materials fotf photoglectrodes, as the
energetic positions of the barnds with respeet to
the redox levels hecome less reetrictive._ In
erials may
become possible, offgetting through more efficient )

' solar. collection some of the losses due to the

power- supply

Figure 1c ill es ‘a cell in which both
electrodes are photoactive. In this configuration,
Ev on the n-side must lie déeper than E(02/H20),

»
Ih;‘;]‘ ]?f\f}]g
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while Ex on the puside must be higher than

) E(Ht/H2). Ideal energetics for such.a p-n cell
are illustrated in Figure 3. Clearly, it is
possible to obtain non-assisted photoelectrolysis
with electrodes having optimal band gaps for solar
conversion. L .

© TI1. MATERIALS CONSIDERATIONS

. In designing electrode materials for. photo-
electrolysis, it is evident from Figure 2 that we
must consider the band gap and electron affinity
‘of the semiconductor. Of equal importance, how-
ever, is stability under éperating conditions.
For the n~type semiconductor shown in Figure 2,
 the decomposition potential must be positive of
"the 02/H30 potential., Alternatively, decomposi-
tion may be very slow compared to electron
transfer,

. In general, the best materials Eor n-type oxygen
photoanodes are fully oxidized compounds. These
at least will not be susceptible to formation of
higher oxides under conditions of 02 evolution.
However, anodic dissolution reactions can occur.
At pH =0; the most negative standard decomposi~-
tion (Ep°) for TiOz is +1.18V, while E°(02/H20)
is 40,99V vs. SCE. The separation becoiiles greater
as the pH is increased (5). ~Thus, Ti0z shows
stability as an Oz-evolving photoanode over a wide
pH region. Zn0, on the other hand, is oxidized
to Znt2 and 02 at +0,65V, and undergoes some even
more negative decomposition reactions with OH .
Zn0 has been shown to decompose anodically under
illuminacion, rather than act passively in an
electron transtfer reactisn from H30 (6). Similar
arguments can be made for reductive decomposition
reactions vhich may occur on p-type photocathodes.

Another concern of stability involves the
doping of rhe semiconductor electrode. Oxide -
gsemiconductors doped by virtue of oxygen defi-
ciency (e.g., Ti@p-x} may not retain their doping
under conditions of Oz evolution. Wold and co-=
workers (7) have reported the stabilization of
W03y by adding F~ for vacancy compensation. It

is also possible, of course, to dope semiconductors

in other ways, e.g., by incorporating domnors as
acceptors in stoichiometric compounds, or by the
use of mixed otides.

IV, THE DESIGN OF PHOTOELECTRODES

It is clear that the materials chosen for Ha0
photoelectrolysis need not he selected from among
commonly Tesearched semiconductors.. For a single .
n-type photoanode (Cunfisutation 1A ot 1B), we
require :a material of low electron affinity. . For
a semiconductor MY, the electron affinity is
roughly manipulated by the more electropositive
element, ‘M, while the ‘electrons in the valence
band tend to be associated with the more electro-
negative component. Butler and Ginley (8) have

used electronegativities to predict the. proper-
ties of various metal titanates, but the principles
can be applied to any semlconductor. For example, -
we may write’ : I ’

EA = X, --mt*—f._z) B ¢))
- where XSC 1s the geometric mean of the eléctro~.

negativitlas of the constituent elements (9) The
individual alectronegarivities are given by

Mulliken (10) as (IP + EA)/2, and are about 2.8
times the Pauling electronegativities (11).

Using this tnodel, let us ¢ompare SnG3 with

8r1i03. For Sn0z, AEg = 3.5 eV, X(Sn) =4,8 eV and
X{0) = 7.55 eV. Hence,

EA(SnOp) = [(4.8)(7.55)2']_1'/3— 3.5/2 = 4.7 eV

Similarly, for 5rTi03, AEg = 3.2 &V, X(Sr) -2 7 eV,
X(Ti) = 3.7 eV, so that

5
EA(SrTi03) = L2 7)(3 73(7.55) ] L - 3,2/2 = 3,7 ev.

- The results agree remarkably well with the experi—
. mental vatue for Sn0s (12) and qualitatively with

the large difference in flat band putentials
between the two compounds (13). Since the energy
of the NHE is=4.5 eV, the model also predicts the .
observed contrast of these two materials for photo-
electrolysis of Hy0. SrTi03 will decompose Hg0
spontanecusly in the single photoelectrode config-
uration (14), while S5n02, because of its positive
flat band potential, always requires an external
bias (15). In designing an n~type oxide photo-
electrode, thén, it is important to have metals
with low electronegdativities, and to have fully
oxidized compounds preferably with 0:M ratios

- of £1.5; This will ensure a. small Xsc term, and
“hefice a low EA.

For the p-n configuration, the EA on rhe n-side
can be about 5 eV, and the band gap should be
=1.5 &V. This tends .overall. to allow for the use
of higher electronegdativity wetals in- forming
metal oxides. The p~electrode should have an
EA 24,5 eV, and Eg=1.5 eV. We need not use oxides,
although there is a danger of auto~decomposition
for materials whose anodic Ep° wvalues are too.
negative (5). Of course, the p-materials must
also exhibit good cathodic stability.

Our general approach involves the recognition
that a very large number of semiconductors can be
synthesized with control of the band gaps and of
the electron affinity. For example, it should be
possible to attain a variety of band gaps through
the synthesis of mixed valence oxides, or by making
solid solutions of large and small band gap semi-
conductors of similar cfystal structures {(16). As
a guide, we will employ theoretical considerations
(e.g.. equation (2}) to predict electron affini-
ties, and use free energiles of furmation to
predict ED -

-V, ELECTROCHB’HCAL EVALUATION OF PHOTOELECTRODES

Electrodes will be constructed using materials
5ynthesized according to the considerations of :the
previous section. .Polycrystailine electrodes will
be-used in most cases, in order to expedite the
evaluation of a large number of substances. These
will be constructed eilther by hot-pressing (17} or,

where appropriate, by chemical vapor deposition (18). .

Evaluation of electrodes willlinvolve'halfrcell

. studies of photocurrent guantum yield (¢) vs.

electrode polarization and of the fraction of the

photocurrent going into the apprcpriate.gas~Fcnming ’

teaction. The ideal current-voltage behavior for

. an n-type electrode is shown in Figure 4. Here .
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it is seen that overlap of Op evolution potential

. regicns on the photoelectrode and Hy evolution

potential regions on the counter electrude is the
major criterion for spoataneity. Of course, this
overiap will be enhanced by the use of a high
surface area counter electvode. Similarly, p and
n photoelectrodes can be compared which show high
overlap of their respective photocurrent-potential
curves. As can be seen from Flgure 4, maximum
full cell photocurrents can be predicted from
these half-cell studies, as can the ultimate
guantum yield for their operatdion.
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Flg. 4: Ideal curient voltage curves for half cells comprising a spon-
taneously operating photoelectrochemical ecell, utilizing one
n~type photoelectrode and an inert countér electrode. The
limiting photocurrent is a function of light intensity. Note
that AEgy corresponds to the ansét of photoéurrent, and is
well nepative of the HY/Hy (NHE) equilibrium potential.
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DEVELOPMENT OF A PRACTICA L PHOTOCHEMICAL :
ENERGY STORAGE SYSTEM !

Charles Kutal, Richard R. Hautelo
ond R. Bruce King.
" Department of Chemistry
iUniversity of Georgia ;
Athens, Georgio 30602 ) !

Abstract

A solar energy storage system based upon the
interconversion of notbornadiene and quadricyclene
possesses severol attractive features, including high
specific energy siorage copocity, kinefic stabilit:
of the energy rich photoproduct: in the obsence of
suitable catalysts, and relatively inexpensive réact-
ants, Two steps are required in this cycl?cgl- system:
(1) Energy storage through the sensitized photolysis
of norbornadiene to quadricyclene Tn ah endothermic
reaction; @) Energy release through the catalyzed
reconversion of quadricycléne to norbornadiene in
an exothemmic reaction. Introdiction of the sensi-
tizer ond. catalyst onto separate polymeric supports
factlitates the construction of ah actual device in.
which the energy storage and energy release steps
aie sequentially coupled. An energy storege system:
based on these principles could resu{r in the practi-
cal use of solar energy for hecting buildings and
related applications, o '

!
;
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I, INTROBUCTION

The use of sunlight induced photochemical reactions to
genemte storable products of higﬁ energy content which are
reconvertible at will to the original moterial offers an at-
tractive approach to the long term storage of solar energy.
The net effect of cycling the energy storage-energy release
steps is to convert sunlight to o more controlloble, and thus
vsable form without consuming any nonrenewdble resources.
Ideclly the recyclable storage meciium should possess the
following characteristics: _
(i) significant absorption of incident solar radiation
(1) high quantum efficiency of the photochemical en-
ergy storage step
{iii) higK specific energy storage capacity (heat stored
. per gram of photoproduct formed)
(iv) absence of destructive side reactidns
{v} ease of handling {con be recdily eycled in a stor-
age device)
{vi} synthesis from readily available and inexpensive
starting materials : :

Because of these stringent requirements the riumber of
currently known photochemical reactions which possess any
promise for use in @ cyclical energy storage system is under-
standably small, Among the most attractive candidates.is
the norbornadiene (NBDR)-quadrieyclene (@) interconver=
sion (Reaction 1), Both compounds are liquids with boiling

he _ ] o
sensitizer E ()
NBD Q
} catelyst |

release of ~240 cal/y

points and densities similar to water. Although NBD itself
ddes not dbsorb fight in the wovelength region of available
solar radiation (>300 nm), the photoreaction deas occur in
the presence of an appropriate spectral sensitizer with an
overall efficiency of @ production approaching 100+, in
optimol cases (1), The photoproduct, while containing
some 260 cal/g (1.1 X 106 joule/kg) excess energy over
NBD, is stable toward themal reversal because og’orbi?al
symmetry constraints, Exposure to ceftdin transition metal
catalysts, however, allows for the clean and rapid conver~
sion of Q) to NBD with the release of the excess energy 2).
NBD is an attractive storage medium from a cost standpoint,
since it is prepared from commonly available chemicals @~
cetylene and eyclopentadiene),

The characteristics of a NBD-Q based energy storage
system: recommend its5 use as @ source of low=grade (~100°
C) heat. Some recdily apparent applicotions clong this
line are the heating, cooling, ond Eot water production in
buildings. Roughly 200,0f 05“ energy (primorily from fossil
fuels) currently. consumed in the United States.is used for
these purposes. e :

The Solar Energy Storﬁgé Pragram at the University of
Georgia has been directed toward the evaluation and de-
velopment of this promising system, Seveéral related re-
secfch areas have been under investigation: - - .

A. Sensitizer Development '

At the outset of the project, there was limited infor=

mation available on the sensitized conversion of NBD to Q. -

The sensitizers that had been reported were generally weak
dbsorbers of solar radiction, inefficient, or prone Yo de~
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composition. Thus our efforts have concentrated on (i) sur-
veying o wide voriety of potential organic and inorganic
candidates and (i) studying the mechonism of sensitization
in order to intelligently design new candidotes offering im-
proved characteristics.

B, Catalyst Development

While several eatalysts for the reverse reaction are
known, it would be advantageous fo have ones which are
relatively inexpensive and which would offer a range of
catalytic activity i order to seléct the optimal rare for the
reconversion at ambient temperature, We have therefore
been searching for new structures of high catalytic activity,
high product specificity, and law cost,

C. Polymeric Anchoring of Sensitizers and Catalbysts

The need to physically constrain the catalyst for the
heat=releasing reoction to the catalytic chamber is cbvious.
Similar confinement of the photosensitizer to the irradiation
chomber reduces the required amount of this component.
Polymer immuobilization also preeludes undesirable interac-
tions between the catalyst and sensitizer, and facilitates
their replacement in an actual device.

D. Reeyeling Studies

The requirement that the NBD-Q éneigy storage system
can be repeatedly eycled without degradation of the key
components {ensitizer, catalyst, storage medium) is quite
stringent, For this reason the dbility of the system to be
recycled is being examined using a small scale laboratory
apparatus.

Qur initial efforts in each of these oreas have been
described previously 3). In the present article we focus
vpon cur most reczent results as well os our future plans.

1. SENSITIZER DEVELOPMENT
a. Orgonic Sensitizers

Qur recent activities in this area have been directed
toward (i}.evoluation of the sensitization pesformance of
various giaft capolymers of polystyrene relative to the ho-
mogenecus monomeric counterpartsy (ii) evalyation of the
performonce of polymeric sensitizers related to the fype of
polystyrene and to the method and extent of chemicd'l:
functionalization; (i) durability and performance of the
polymeric sensitizers which are subjected to repeated ¢y~ -
clings (iv} synthesis and evaluation of potentigl sepsitizers
with improved solor adbsorption cheracteristics, and (v) e~
vdluation of glass becds as an improved matrix for immobi-
lizing photosensitizers. :

A variety of organic sensitizers have been studied in
both monomeric and polymeric forms @), For certain sen=
sitizers, the polymeric forms hove been found to be decid-
edly inferior, Most notable umang these are the polymeric
counterparts of benzophenone -and acetophenone. The poor
performance of these polymers has been tentatively as-
cribed to competifive hydrogen abstraction {from the poly=
mer backbone). For other polymeric sensitizers, however,

efficient sensitization, equalling or exceeding that of the

monomeric counterparf, has bieen:uchieved. Most atten~

tion has been directed at the graft copolymer of N, N~

dimethylemincbenzophénone and polystyrene, For this pol-
er (Pofymer N} wé have examined the effects of cross-

mking, extent of functionalization, solvents, polymer

pore size; and dependerice on norbarnadiene concentration.

‘High quantum efficiencies have been observed for potymer

N over a wide range of experimental variobles.




We have chserved a gradual deterioration of Polymer
N in our recycling experiments, At present we do not have
sufficient information to speculate on the ndture of the de-
composition,

Qur recent investigation involving the discovery of
new classes of photosensitizers has been concentrated on
thiocarbonyl desivatives. Very inefficient sensitization
has been ogsarved for thiobenzophenione and di~t-butyl
thio ketone. We are currently involved in the syntheses of
a series of thio esters, the most promising candidate of
which is O-ethyl-1-thionaphthoate {4).

We have recently begun preliminary experiments in-
volving the functionalization of glass surfoces as a means
of immobilizing our sensitizers, The principal reasons for
expidrlng this apprboch involve an expected decrease in.
retlected light tor the glass surfaces (in contrast te poly-
meric surfaces) and o higher degree of stability of the sen=
sitizer,

- b.  Inorganic Sensitizers

We recently reported the first detailed studies of the
transition metal sensitized conversion of norbornadiene to
quadricyclene {(5<7), Thus simple CuX salts (X is Ci, Br,
|, or czl;xi,o ) and phosphine containing compounds such as
Cul P H; ﬁ28H4 and .gu[ PvcéHs')zcﬂngH‘ were found to
be quite effective sensitizers when excited with 313 nm
radiation. The lack of absorption of longer wavelength
light, however, severely Jimits the usefulness of these com-
pounds in o practical energy itorage system. For this rea-
son, our recent strategy in designing Cu{l) sensitizers has
centered upon the incorporation of a strongly dbsorbing
chromophore into the sensitizer molecule. Tetrameric
[CuXPRy ), clusters, fo. example, are cleaved by hetero-
cyclic nitrogen bages (o forn colored complexes of the
type CuXPRy(N-N)(tpically X is Cl, Br, 1; R is an alkyl
or-aryl group; N=-N:351,10-phenanthroline or 2, 2'<bipy=-
ridine). By employig bulky R substituents {e.g. n=butyl),
it should be pcssigre to Ia‘bi’riz'e PR, toward substitution by
other ligands presént in solution while refaining‘; the
Cu(N=N) chromophore. This raises the possibility of pro-
ducing an {N=-N)XCu=NBD complex which is strongly ab=
sorbing in the visible wcve‘lengfﬁ ragion. Absorption of a
photon by this complex-may then resutt in the conversion
of norbornadiene to quadricyclene, in analogy to the situ-
dtion which obtains for simple CuX sensitizers {6).

We have recently discovered that certain tronsition
metdl compounds containing ligands with delocalized
systéms can function as very effective sensitizers. In par-
ticular, [ Irbipy) OH)bipy' ™ (Structure 1), whose

N
(N-.____.- l —_‘__"N

" absorption spectrum appreciobly overlaps the wavelength
region of available solor rodiation; sensitizes the conver=
ston-of NBD.to Q with a quantum efficiency of ~0..7 (70)
when irradiating with 366 nm light.* Another attractive
feature of this compound (or any charged sensitizer) Is the

- ease with which it can: be immobilized onto a palymeric

support. We have recently prepared-a sulfonated resin

using macroreticular 207, crosslinked) styrene~divinylben=-
zene copolymer beads. Immobilization is accomplished by

124

~ tivity. In the near future we plan to investigate:

equilibrating a solution of [ Ir bipy) (OH,) bipy')] ¥ with
the resin. Quantitative studies concerning the effects of
varfious parameters (such as NBD concentration, percent
loading of the sensitizer on the polymer, polymer poresity,
etc) on the quantum efficiency of iren polymer bound sen-
sitizer are underway. C :

lil. CATALYST DEVELOPMENT

At the present time the following five major types of
catalysts for the conversion of quadricyclene to nbrﬁorna-
diene are khown: () rhodium (I} complexes 8); (i) palla-
dium{l1) complexes 8,9); (it) metal oporphrrins of tron(ll),
cobalt(!l), and nickel (1} (10); Gv) triphenylcyclopropenyl-
nickel complexes (11); {v) molrbdanum dithiolates such as
[ {CFRRC,5: JaMo (11). Recently the latter two types of
catalysts, wﬁich were discovered during an earlier phase of
this research program, -have been studied in some detoil.,
In connection with the chemistry of tiiplienylcyclopropenyl=
nickel complexes a variety of new compounds of the stoi-
chi'ome'rri_es {C HQ:)JC._,;NHQCI anq (C6H5$,C3N|1CI h‘uvg been
prepared and thelr catelytic activities examined for the
conversion of quadricyclene to noibornddiene. The most
octive catalysts appear to ke the previously _re?oned (12)
carbonyl hotides r{\CéH;,)aCiNi@ZS)X la % =Cland Br}.
Substitution of the carbonyl gratips by trivalent phosphofus
figands appears to reduce or eliminate their .cm‘ultﬁc, ac~
y means

of phosphorus-31 n.m.r. spectroscopy the reactions of

(C,P LGy NI {CONCT]; with various trivalent phosphorus
ligands'in an attempt 16 choracterize better the resuiting
complexes.and uhderstand the reasons for their reduced
catalytic ackivity,

The trigonal prismatic molybdenum compound
[ CRLC,5, 1540 (13} is highly active as a catolyst for the
corniversion oi’ quadricyclene to norbomadiene provided non-
coordinating solvents such as benzene or dichloremethone
are used, However, the catalytic activity is lost if coordi=
nating solvents such as methanol or pyridine are employed.

" Studies of the electronic spectra of the resulting solutions

indicate that reduction of [ {CF,%,C,5 4Mo to the corre~
sponding monoariion occurs in fi\ese latter solvents. A pure
sample of the tetraphenylarsonium salt
[ CsHs)eAs]l (CFa')ZCZSz.I Mo of this monoanion (14) was

q

shown 1o be catalytically indctive in benzene solution. -

In connection with the development of riew catalysts
for the conversion of quodricyclene to norbomadiene we
plon to investigate new types of coordinately unsaturated
metal complexes, A particularly interesting recently re-
ported possibility is the five-coordinate molybdenuym @) com-
plei {diphoshMoCO- [diphos = (C;HshPCH;CHPEC H: ) ).

In o recyclable solar energy storage system it is neces-
sary to have the catalysts immaobilized onto polymers. We
have developed polystyrene-anchored cobalt (If) tetraaryl-
porphyrin complexes which show considerdble activity tor
the conversion of quadricyclene to noibornadiene (15).

Such polymer-onchored catalysts undergo o slow loss of
activity upon repedted recycling in open systems. ‘However,
such deactivated catalysts can be regeneroted with reducing
agents such. as titanium (IH) suggesting that this difficulty is
due to traces of oxygen. An actual solar energy sterage
devica would be closed and therefore after the polystyrene-
anchored:cobalt {11} catalyst removed the reqctive oxygen -
from the solition with some loss of the initial dctivity fur-
ther deactivation would ot be likely to be serious, Fur~
thermore, these polystyrehe-anchored cobalt{ll) catalysts
have suc‘l’1 a high activity that considerable loss of activity
could sccur before the activity became too small for the

catalyst to be yseful,

We are now interested in explorihg possible modifico="

JGINAL P -
‘o pooR QUALITY



tions of the cobalt tetraarylporphyrin catalyst to reduce
the susceptibility towards this troublesome deactivation
through oxidation. The first thing that we pldn to try is
the synthesis of palystyrene-anchored cdbaﬁ(ll) phthalo-
cyanine catalysts In order to compare the susceptibility of
the phthalocyanine and tetraarylporphyrin systems towards
loss of aetivity through oxidation. After we have funda-
mental information on the catalytic activity of the poly-
styrene-anchored cobalt{il) phthalocyanines os Welros the
polystyrene=anchored cobalt () tetroarylporphyrins dis-
cussed above, we can then decide which of the two types
of systems gre most suitable for further development.

V. RECYCLING STUDIES

Sensitizer and catalyst candidates which appeor to
function cleanly and efficiently on the basis of single runs
may prove to be unsatisfactory upon numerous repetitions
of the energy storage=energy. releasé steps. For this reason
it is of prime: importance to test the long. tarm stability of -
the chemical components of the system, Toward ihis end
we have constructed the small scale recycling apparatus
pictured in Figure 1, The unit operates in alternating
modes as follows: o

Energy Storage

NBD in the storage vessel is circulated by means of o
pump {Foreground, middle) to the photoreactar which
consists of g circular tube containing o ’polymer immo=
bilized sensitizer, Llight from a bark of lamps is ab=
sorbed by the sensitizer, which subsequently interacts
with NBD ond converts it to Q. The newly formed Q
is then returned to the storage vessel. .

Energy Release

By switching a valve, Q can be routed from the storage
vessel to the reversion reactor which contains g stain=
less steel {U=tube filled with o polymer immobilized
catalyst, Upon exposure to the catalyst, @ is rapidly
reconverted to NBD with the release of heat. (Since
the U-tuke is immersed in water, the amount of heat
releaséd is recdily detemmined by measuring the rise
in temperature of the water,) NBD is then returned to
the storage vessel where it can-be routed through an-

- other energy storage step,

The long=term pearforinance of promising sensitizer and
cotalyst candidates is currently being tested in this appara~
tus. The information oblainecr from these studies sho:.ncl_u be
valuable in suggesting imptovemenits in the design and func-
tioning of the energy storage system.
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Fig. 1. Recycling apparatus to test the NBD-Q energy storage system
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NASA EXPERTENCE WITH GASEOUS HYDROGEN

Ray Hagler, Jr.

Jet Propulsion Laboratory
California Instirute of Technology
Pasadena, Califopnia

ABSTRACT

A sutvey of NASA agencies and private companies whe have had
experience with gaseous hydrogen facilities was conducted by JPL during
FY'77. ‘This report ddentifies facility capability and attempts to assess
the current status of the equipment. The majority of the hydrogen
experience was found to £luster within the agencies. and companiés who
have beén active in the LH2/L0X Rocket Engine Programs (Apolle, Centaur,
and Space Shuttle). )
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I. Introduotion '

The Interagency Agreement batween ERDA and’ NASA
(EC-77<A-31-1035) requires NASA to document related
_téchnologies and identify existing facilitiés that

have been utilizZed during recent NASA Programs. for
the transmission and distribution of paséous hydro~
gen (GHp). A plan fot the accomplishment of this
data~gathering process was devised and executed as
follows: :

1. A list (Table 1) of NASA agencies and
private companies who have had experience
-with paseous hydrogen facilities was -
“established. Most of the expertise was
determined to be clustered within the
"LHy/LOX Rocket Engine Prograis (Apollo,
Centaur, and Space Shuttle) wherein GH2
waé used for propellent - (LHg) tank pres-
surization, manifold purging, ahd com=
porient: testing:. S -

2, A telephone contact was made with a knows
- ledgeable individual (Table 1) at each-

location A letter stating NASA goala and

indicating the desired information was-
sefnt to .each individual.

- 3.. When approptiate and possible, a. personal

© visit to each loecation (Table 1) was
arranged to perspnally review collected
data. and inspect existingtfacilitiés.

. The data-gathering ptacess took place during April,

May, and June of 1977.

II. Summary -

- NASA agencies and their predecessors have had a
.long association with hydrogen. - The unique pro-

perties of this lightest element have been’ exploited

in- a wide spéctrum of -igeés which range from-bubyangy.

for afrships to fuel for the large booster rockets

which launched the Apollo spacecraft. During these: -
" WAny programs, NASA has conclusively demonstrated
" that gaseous hydrogen (GHz) can be safely contained

and stored at predsures as high as 15,000 psig ‘and

- safely tranmsported by pipelines (manifolds) from

the storage sites to the areas where required for
use. Whefeas most .of the-GH2 manifolds are consi-
derably shorter and smaller than conventional,
natural gas pipeline lenyths and'diametets, the
results from the WASA GHz experience should be -

directly applicable to any storage and distribution“

nétwork. With the exception of conventional *K"
bottles and "tube" tanks, iost of the GHy storage

_and transmission systems ‘are pressurized 'to maxi-

mum operating ‘pressurés only during usage periods

_ which, generally, represent g small fractien of

the total time that these systems have been in

‘existénce. During standby periods between operd-
stlens, the systems.are dsually:maintained with--pad.
‘pressuree af only & few atmospheres. QControl com- -
Jponents tor GHy . systems with. operating préssures’
o/ 1édB ithan- 5000 psiy are regdily ‘available ‘but com~
‘ponents For ‘highér ‘pressure systems. must be gselectad
with care.to ensure satisfactory performanmce, ..
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I1T.. Discuaaion

Pzessure Vessels (Tanks)

A laminated-wall pressure vessel uaing a 1iner or
inner section of compatible, austenitic stainless

" -pteel- (CRES) or mild steel {(A.0, Smith Type 1146a)

can be considered the standard for the storage of
larger quantities of GHy. at high pressures. The

A.0. Sinith laminated tank design using Type 1l46a
steel for the inper lamina is in general usage by

" -NASA. and private companies at GHy preéssures below

5000 psig. One bank of six of the 15,000 psig- .
rated, A0, Smith-design tanks is in derated sepvica

Cat NASA—MSFC for GHy pressures as high as 10,000

psig. Another. -group: of five of these A.0. Snith

b desipn tanks was bujlt with 304L GRES Iiners by

Chicago Bridge and Iron, Co, for Pratt and Whitney L
and are ysed ‘at GH2 pressure as high as 10,000 psig,” -’
Rocketdyne has many. laminated, low-carbon steel

- tankg in service at pressures which Yange from 2000
" to 5000 psig, &nd, in addition, has installed 316L

CRES. lipers inside 4-foot diameter, 10,000 psig-
rated, . laminated tanks to upgrade GHy storage capa=-

: bility to 15,000 psig for their test Facility at

Santa Susanna.. Operating. pressure in these larger

“tanks is maintained only when needed fot testing of

focket engines and control conponents. Whereas the
tanks ave tepeatedly pressurized to the operating
pressure; the total time that this pressure 1sg
maintained is only a small portion of installed

-Iifétime.

Smaller quantitiee of GHy are conventionally stored
in banks of "K" bottles and "tube" tanks at pres-
suras as high as 6000 psig. These tanks utilize
seamless construction techniques and are made from
mild steel; usually Type 4130. The operating pres-
sures ave maintalned foi lengthy periods .of time

dnd the tanks ate periocdically tefilled, The levelg’
at which these seamless tanks are stresued during
operation dre well below the yield strength of

Type 4130 steel snd appear sufficiently low to pre-

elude problema from. interaction with ‘Ehe high pres—.

&iive Gl that they contdfn.”

-One group of ten Meube" taﬁﬁs (iS'inchee op) was.
“Built by U.S5, Steel for use at the National Space

Techhology Laboratory. in Bay :St. Louis, Mississippi"
for an operating pressure of 10,000 psipg. At this
time, the tanks have been tegted and used with

 heliym but havé not been used with Gy,

NASA routinely uses aystenitic stainless steels

(CRES) for. distribution manifolds at . pressure

levels below 10,000 psig, and mild steel. (4106B; Tl) L
at pressures below 5000: psig._ The .longest manifolds ..

- aps only several thousand. feet 4n length. “Highest..

pressure. (15, 000 psig) manifolds are made -from Type
21+6=9-CRES. .. Lidw—-catbon content CRES (304L; 316L)
is uged when menifolds are.jbined by welding., .

‘Post=weld heat—treatment of the welds:in’ ‘mild steel &

mariifolds is desirable to eliminate: weld-induced _
stresseg, Commerciaiﬂconnectors (Grayloc, Auto=

clave, Swagelok, and MS flared (37-1/2%) ‘type dre g
considered satisfactory for meehanical joints‘ ]

‘.- Copber;: aluminum, ‘and; nickel cone seala are used.:

with ‘the 37-1/2° flared comnectors.. ‘Teflon-coated
(TFE): sealing rings (Grayloc) and.-(RES/TFE. (Flaxl=

ftallic) spiral gaskets are’ usedim commercialflanges.
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10,000 psig systems.

- asSociated with any’ high—presgure . gas.
precaution. precludes direct venting of high-pressure

“edreuits,

Some manifold fabrication procedures prohilbit bend-
ing of the tubing to ensure that associated cold-
working and deformation do not affect material
propertias when containing GHp, Since most mani-
folds have some bends in the tubing, the "no=hend"
eriteria appears overly restrictive but it does
indicate the desirability for minimizing material
deformation during assembly of GH; systems.

Components

Commercial components have proven reliable either
"as designed” or with minor modifications for GHp
systems with pressures less than 5000 psig, TFE,
Kel-¥, Nylon, and Vespel have proven satisfactory
for seat seals with no more restraints than those

normally observed when designing for the seal load=-

ing inlerent with high pressure applications.
Metal-to-metal "hard" seats are gemerally used for
the higher pressure applications, TFE "chevron"
seals have been proven satisfactory for stem seals
and normal elastomers (Butyl, Neoprene, Viton, etc.)
have been used for "O" rings in the lower pressure
systems., Some problems have been experienced with
the shafts and shaft seals of commercial valves in
Rocketdyhe hds designed and
fabricated "ball" valves for minimum flow resistance
in the 15,000 psig System at Santa Susamna. A
routine practice involves the use of helium for the
pressurization of dome-loaded GH2 regulators. Gages
should incorporate. austenitic CRES Bourdon tubes. -
Pressure transducers should incorporate austenitic
CRES sensing membranes.

Compressors

The diaphragm—type compressor (Corblin} can be con-
sidered the standatd for compressing small quanti-
ties of GHy to pressutes as high as 10, 000 psig.
One campany, Rocketdyne, uses conventional {piston~

-type) compressors to stage. GHZ pressure from 80 to

15,000 psig. The more universal method for obtain--
ing pure GHz at high pressure 1s to pressurize
liquid hydrogen to sofme intermediate pressure and
gasify at that pressure to supply GH, to the suction
side of the high-pressure compressor, Facilities
which have no comprassors utilize banks of "K"
bottles or "tube" tanks, usually on trailers, to
supply high-pressure GHp to the test setups.

Safety

Safety precautions are necessary because of the-
flammability of hydrogen. ©Due to the low specific
gravity of GHg, air or GN, ventilation is usually
adequate to ensure thiat GHy concentraticons associ-
ated with small leaks or pertieation are kepi below
the ignition limit, Vent stacks are used for dig=
position of larger quantities of GHy associated with
manilfold purging or the relieving of system pressure.
Some vent stacks incorporake propane butneérs but’ -
burning is optional in open areas. Explesion-proof,
electrical wiring should. be utilized for facility
electrical distribution circults but this practice
1= not always compatible with instrumentation
Veptilation can be utilized to ensute
that instrumentation connainers do not accumulate
flammable concentrations of GHp. .

The major safety considerations for GHy are those
One further

GHy to ambient air., The hedt generated by the shock

pressures up te 10,000 psig,

feet of high-pressute CHz.

at large pressure differentials can ignite the
released hydrogen,

V. Facilities

Aerojet Liquid Rocket Company

The Aerojet Rocket Test Facility at Sacramento,
California, has had extensive experience with GHp
and has the capability to operate GCHp systems at
Two. GHa systems
utilize converntional CRES manifolds with welded or
mechanical joints, Carbon steel tanks with CRES
liners are used to- store-approximately 60 cubic

A high-pressure,
diaphragm—type compressor is used to increase the
GHp pressure from a storage trailer pressure

(2200 psig) to the desired test pressure (10,000
psigs maximum). Conventional control components
are used throughout the systems, Both systems are
operabile but neither is presently being used for
hydrogen service.

Boeing Company

" The Boeing Tulalip Test Faeility at Marysville,

Washington, has the capability to test materials in
a GHy environment at pressures up to 0,000 psig.
This facllity utilizes conventiornal smali-diametey
CRES manifolds and control components which are
joired by mechanical fittings. The system is
utilized intermittently and is disassembled and
stored when not in use,

General Dynamics/Convair

The 6D/Convair Sycamore Canyon test site at San
Diego, California, is used for component and sub-
system testing with LH; or GHp. Stored LHp is
compressed, pasified, and stored as GHz at 2000 psig,
in A,0, Smith type, laminated tanks., The manifelds

~and control components are conventional CRES with

both welded joints and mechanical fittings. The
GHy system 1s presently being operated as designed
and has ptovided satisfactory service for eight
years. ’

Lockheed Research Laboratory

‘The Lockheed Palo Alto Research Labofatorf opefafeé

LHz and GHp test facilities at Palo Alto, California,
for thermal properties evaluation and 4t Santa Cruz,
California, for hot-gas generation which is used in
ascentfre-entry simulation testing. The Palo Alto
GHp systems are used to control boil-off gases from
Lily containers under tast. .These systems use con-—

véntional CRES manifolds’ ‘and ‘contrel components

which ate joined by mechanical fittings. Onerating
pressures are only a few torr above local ambient,
The Santa Cruz'system ig used to feed GHy at 2300
psig and -320°F to a GH2/LF2 burner where hot gas is
generated and ditected at test materials to simulate
the heating ‘that the materials will experience dur-
Ing. the ascent or re—entry phase of missile flight.
This GiHlp system uses conventional CRES manifoelds and
control components which are assembled by welding or
Grayloc mechanicdl Fittings. The control compoients
are specially designed for capability to perform at
~320°F.. The system is presently operable,
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Martin Marietta/Denver Division _ )

The Martin Marietta Hazardous Test Facility at

Denver, Colorado, has operated GHp test systems at

pressures up to 3000 psig on an intefmittent basis

for testing rocket engines and control components,
-The systems were assembled from conventional CRES

manifolds and conitrol components using mechanical

fittings, The systems were assembled when needed
- For test and subsequently diamantled and stored

. NASA—Jchnson Space Center

The JSC Test Facility at Clearlake, ‘Pexas, is utili-

- . zed for fuel cell (GHp/GOz) operatioii, - Ultrapure
GHy is delivered fn “fube" tank trailers and repu~
lated to desired system pressure of approximately
.60 psig, The GHy system is assembled with conven-
tional CRES manifolds and control components using
mechanical (AN f£lared) fittings with- nickeél cone
seals, The system 18 operable and has been in

_ existence for approximately two years. JSC also;

" has thie capability for materials compatibility
studies in GH, environments as high as 1000 psig.
This test setup is used on an Intermittent basis
when needed for materials evaluation, GHy is fur-
nished from “K" bottles and regulated to desired
systef pressure. Constriction of the compatibility

test system is similar to the fuel cell test system.

NASA-‘J F, Kennedy Space (eniter

The KSC facility at Cocoa Beach, Florida, furdishes’

GHy at 6000 psig to the Shuttle launch pad where the
. pressure is regulated down to the desired pressure
for use In the GHp/G0p fuel cells, The GHp is
stored in seamleas U.5. Steel tanks until needed for
- eell operation. The GHp system 1s assembled with
conventional CRES manifolds and control components
using mechanical fittings. The JFK assembly pro-
cedute does not permit bending of the manifold
tubing, The manifold is constructed of 2 inch OD x

- 3716 inch wall Type 316 CRES tubing and is’ ‘approxi-
mately 1800 feet long. The systeém is operable and
will be used for Shuttle Ilaunches,

_ NASA —-Langley Research Center

LaRC has two GHyp facilities in Hampton, Virginia-"
one system is used for supersonic combustion studies

for ramjets; and the other dystem is used to feed an -

expansioh tube for hypervelocity testing., The GHj.
. for the ramjet combustion: reseatch system is §tored
in a 2400 psig "tube" tank trailer and regulated
down to 720 psig for burner operation, The main
manifold is conventional carbon~steel pipe (3 inch ~
0D; schedule 40) joined by welding and mechanical
Fitrdngs. Swaller manifolds and conttol compone“ts'

are. conventional CRES which are joined by mechanidal

" Eittiugss - The ramjet test facility is eperable and

-in daily use. The GH, for the expansion tube  Systém
was-stored In "K" bottles and fed to the. 5000 psig :
system, a5 needed. . The Systéfi- was dssembled with
conventional GRES manifolds and - control ‘componentd -

uging-superpiessure nechanical - firtings.' This,sys—:_

'tem was dismantled and stored in 1973

. InE : : ””L'RCf'rovided an
intetesting, “liistorical background Erom thé Netva ™ -

program which was. terminated in 1972.. - The Nerva. .

conéept used GHp td cool a nuclear reactor. . After:

- . cooling the reactor, the heated ‘GHy was expelled

though a nozZzle' to produce thrist. Mich.of tha’.

L data about materials and control components which

: prubably i
< (10,000 psig)’ systeli wag schéduled for' dismantlfng

wére used for the Nerva program are still applicable

to preaent day . techaology.

NASA —-Lewis Research Center ‘

The LeRC GHy facility at Cleveland Ohio, is used to

‘test rocket engines., Stored LHp is pressurized and

gacified to provide 4000 psig GHy which is stored ifi
a bank of low-carbon steel tanks. Approximately 50

. feet of low-carbon steel pipe (4 inch OD; schedule

XX) 18 used to manifold the tanks. The prifary
system manifold and the contrel componenis are
constructed from conventional CRES and the system
is assembled with welded and mechanical joints, The

- systein is operational-and is currently being used
© for testing rocket engines.--

NASA -Marsha11’Space Flight Center

MSFC hds a multipurpose test facility at Huntsville,
Alabama, which consists of over'2 miles of 1.5 to
3,0 inch OD carbonrsteel and ORES pipe and 40 pres»
3, 000 , 000 cubic feet of GH at operating presaures
ranging from 3100 psig. to 10 000 psig.- 'All GHp
storage tanks are -the 4.0, Smith design, laminated

__construetion. _The GHp facility vas developed to

test tocket. engines and . rocket ‘engine compouenta :
for thé Apollo boosters and the Shuttle main rocket
engine programs. The GHp is used to: purge the fuel
(LHy) tanks and manifolds prior to loading ‘and used
for tank pressurization after loading. MSFC uses
welding for’ joining ‘manifold pipes of similat -
materials and uses Grayloc fittings for the mechani-
cal joints between dissimilar materials and for
control -component imstallation, -All catrbon-steel -
manifolds have been derated from 5000 to 3100 psig
te ‘account for the effects of contained hydrogen. -
The 5000 psig—rated manifiolds are constructed from
Schedule 160; Type 304 CRES. The 10,000 psig-rated
manifolds are constructed from heavy-wall; Type 3041
CRES. The facility is fully operable and will be
uged for verificatiun of - Shuttle camponents.

Bratt and Whitney Aircraft, bovernment Eroducts-
Piwision - . .

" ihe’ Pratt and Whitney (P&W) Eacility dn West Ealm e

Beach, Florida, is utilized to test LHZILOK rockat
engines and components. Develdpment: of .this
facility was started during the late 50's and has
been expanded and used continuously since that time

_for the CGentaur RLIO engine program and for ¥esearch

and development of seéveral other rocket engines-
(inclioding Shuttle) arnd related components, The.
facility routinely compresseés LM to desired pres— -
sures and gasifies at that pressure for GHy in the
range Erom. 3000 ‘to 5000 paig,  Higher pressure GHj
(itp o 10,000 psig) is obtained- by‘compressing the -
5000 peig:- GHQ with a diaphragm—type COmpTessor.

“Lower pressure-GHy (less than 3000 psig). is obtained
‘ by regulating down Erom the 3000 to 5000 paig’

The Air. Force otiginally supplied

JLHZ to the" Faciility’ Erom ar on=site Tiquification

plant which is presently'inactive. TLHy is mow -

transported by truck; as needed, frum New Orleans,

Louigiana, = P&W stated that the haaic Eacility would
'main?inbact but the,high—pressu ;

because of thelr loss. of the Shuttle main rocket

»engine competition.“fj,;ﬂ‘

. The bagic facility capabiucy‘ outd be. availahle
'IEor any GHy testing includi' R

lcnmponent and
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materials evaluation, The P&W low-pressure GHp
facility utilizes laminated low-carbon steel tanks
for storage of 730,000 cubic feet at 3150 psig and
275,000 cubic feet at 5500 psig., The high-pressure
esystem uses CRES liners in A,0. Smith design, lami-~
nated tanks to store 1,200,000 cubic feet of GH; at
9300 psig. The manifolds for the low-pressure sys-
tem are low-carbon steel with welded and mechanical
(Grayloc) joints. Any branches from the basic mani-
folding are usually CRES tubing with mechanical
joints. The contiol components for the low-pressure
system are CRES with mechanical joints (Grayloc)

for installation. The ldgh-pressure manifold and
all control caomponents ate conventional CRES with
welded joints whenever possible.

Rockwel]l International e—gncketdfng Division

Two Rocketdyne Facilities were visited; the Madin
Propulsion Test facility (Santa Susanna) in Cali-
fornia aiid the Shuttle Rocket Engine Test facility
dt NSTL, Bay St. Louis, Mississippi.

‘The Santa Susanua Laboratory has the most extensive
GHg capability of any identified during the survey.
The facility has 124 tanks for GHp storage in the
pressure range from 3000 to 5000 peipg and 11 (7
active) tanks for GHy storage at pressures as high
as 15,000 psig, Three low-pressuie (approximately
80 psig) tanks with a combined volume of 258,000
cubic feet are used for recovery-of GHy after pass-=
ing through the test manifolds at thé various test
stands, Appropriate piston-type compressors are
used to stage the GHp from Btored pressure (80 psig)
to the desired test pressures (3000 to 15,000 psig).
The low-pressure tanks are fabricated from low=
carbon steel, Laminated tanks are used for the
5000 psig rated tanks and for some of the 3000 psig
rated tanks. The balance of the 3000 psig rated
tanks are welded, A2}2; grade B, low-carbon steel.
The manifolds for all systems with pressures less
than 5000 psig are low-carbon steel with welded
Jjoints for permanént connections and mechanical
fittings (Grayloe) for test branches. Most of the
test manifolds and all control components are cob-
© ventional CRES with mechanical joints for
inastallation,

The highest pressure (15,000 psig) system manifolds
and control components are fabricated from Type
21+6=9 CRES. The manifolds are from one to six
inches ID with appropriate wall thidkness to with-—
stand the 15,000 psig pressure, All manifold
joints are welded and Grayloc fittings are used for
installation of the contzol components. Rocketdyne
fabricated the ball-type valves which are used in
the two~ and six-inch ID manifolds to mindimize
pressure~drop during flow, The balance of the
valves aré commercially available with only the
necessary modlflcations for use in high-pressure
tiydrogen.. All valves are remotely operated by a
control gystem dsing 3000 psig, hydraulic-fluid -
actuazors. The GHp systems are all opérable at
this time but some uncertalnty as to future usage
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" may lead to dismantling and some of the capability

could be losc,

Rocketdyne is testing the Shuttle main engine (LHj/
LOX) at the A2 test stand at the National Space
Technology Laboratory in Bay 5t, Louis, Mississippi.
The GHp for this testing is furnished from a cen~
tral location where Ly 18 pressurized to 2500 psig
and gasified at that pressure and stored in tanks
until needed at the test stand, A 1.5 inch OD,
Type Tl steel manifold is used to transport the GHp
from the certral "tank farm" to the test stand.

The GHy is regulated down to desired pressure for
fuel (LHy) system purge (before f£illing) and tank
pressurization during the rocket engine firing. A
diaphragm-type compressor and ten 13-inch QD "tube"
tanks to provide GH2 at 10,000 psig are on-site if
needed for cooling instrumentation. To date, this
system has only been used for storing helium since
the requisite high-pressure GHy for tranaducer
cooling is being bled from the rocket engine mani-
fold during operation, - o

Rocketdynie International — Space Division

Two. gpace division GHy facilities were visited; the
Control Components Test laboratory in Downey,
California, and the Main Propulsion Test facility
at the National Space Technology Laboratory in Bay
3t. Louis, Miseissippi.

The test facility in Déwney has the capability to
operate with GHy at pressures up to 2500 psig and
at temperatures from <420 to +100°F. Manifolds
range from 0,25 to one inch OD and are constructed
from aluminum Sr conventional CRES using mechanical
fittings and flanges.

Space Divisfon has had significant experience with
conventional components in gaseous hydrogen service
which indicates that the major precautions neces-
sary with the use of serospace=quality components
involve safety considerations for the high-pressure
and the fldmability limits. Two secondary pre-
cautions require the use of austenitic CRES for

- highly-stressed membranes and bellows and the

minimum use of elastomers when permeability is a
concern. Acceptable elastomers for hydrogen ser—
vice in¢lude Buna "N", Neoprene, Viton, Teflon and
Vespel. The use of metal (copper, aluminum, CRES,
nickel, etec.) is preferred when possible.

Space Division GHp systems are assembled when
required for test and -ismantled and stotred between
periode of usage. The GHp for testing is contained
in "K" bottles until needed for testing. Afrer
testing, the GHp is burhed in vent stacks.

The NSTL facility is used to test the integrated
tanka and main rocket engines for thé shuttle.

The facility usea LHp for fuel to the rocket engine
but uses helium for purging and pressurizdcion.

The only GHy system is the vent system for disposal
of the vapors. . .




Table 1

GASEOUS HYDROGEN FACILITIES

Facilicy

Contact

Aerojet Liquid Rocket Co,
P.0. Box 13222
Sacramento, Calif., 95813

Boeing Company

Tulalip Test -Site -

3202 116 Street NE
Marysville, Washington 98270

General Dynamics

Convair Division

P.O. Box B80847. S
San Diego, Calif. 92138

Lockheed

Palo Alto Research LaboraCory
‘3251 Hanover Street ) .
Palo Alto, Calif. 94 30&

Martin Marietta Corporahion
Denver Division

P.0. Box 179 ,

Denver, Co, 80201

NASA
Johnson Space Center
Houston, Texas 77058

NASA
John F. Kennedy Space Center
Florida 32899

NASA
Langley RC
Hampton, VA 23665

NASA

Lewis RC

2100 Broolk Park Road
Cleveland, Ohio 44135

NASBA
Marshall Space Flight Center
Redstone,Arsendl, Ala 35812

- NASA

Jet Prdpulsion Laboranory
4800 Qak Grove Drive
Pasadena, Calif,  91.03

Pratt and Whitney Airecraft
Government Products Division
P.0, Box 2691

W. Palm Beach, Fla, 33402

Rockwell International
Rocketdyiie Division

6633 Canoga Ave

Canoga Park, Calif. 91304

Rockwell International .
Rocketdyne Divisicn' NSTL

. A2 Test Stand

Bay St, Louis, Miéév 39629'"

Rockwell International
Space Division :
. 12214 -Lakewood: Blvd
Downey, Calif, 902&1

- Rockwell International - -
Space Division; NSTL
‘Mississippt Main Propulsion: Test
Bay St,.Louis, Miss 39629

Richard Simonson (FTS) 454-2&08
Dept 1280

Bldg., 3308
Norman Wise (206) 342-2121

Site manager Ext. 261

"Bob" Tattobene (FTS) 8%1-8900
42-6611 Ext. 2276

_George Cunnington (FTS) 493-4411

5232 - Ext. 45136

Bldg. 205

Co A Hall (F78) 329-0111

0480 Ext, 4049

Clarence Propp (FTS)v525-4991
EP &

W. H, Boggs - (FTS) 823-3626
DE=A NASA

R. D. Witcofski (FTS) 928-3338

2494

J. W. Gregoty (FIS) 294-6644

- 500=-318

W. D. Powers (FTS) 872-2813

P503 892-~2817

Ray . Hagler (FTS) 792=3970

1257224 762-3941 -

3. A. Daley (305) 844-7311

. B 52 : Ext, 3613

"Bob" Davis (FTS) 984-2582

- EBOG_

‘Ro-3v Smutny (FTS) 494-3026

| "3im" Liston (FIS) 985-2653

CA 04

John Plowden (FTS) 494-3555 .
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STUDY OF THE BEHAVIOR
OF GAS DISTRIEUTION EQUIPMENT
IN HYDROGEN SERVICE

UPDATE - 1977

J. B. Pangborn, D. G. Johnaon and W. J. Jasionowski
Institute of Cas Tachnology
IIT Center, 3424 S. State Streat
Chicago, IL 60616

Abstract

The Institute of Gas Teclinology is conducting an
experimental program to fidentify problem areas that
could occur with the use of conventional natural gas
distribution equipment in hydrogen service. Funded
by DOE, there are 15 manufacturers and gas distribu-
tion companies which are participating by loaning or
donating equipment and services. Thres model test
loops have been constructed and are operational: a
Residential/Commercial loop with smaller sized com~
ponents, an Industrial loop with larger sized compo-
nents, and a small test loop for special (created)
leakage tests. We are measuring flow rates and en-
ergy delivery, and leskage rates, and we will note
apparent problems if materials compatibility. Base-
line data on natural gas operation are just becoming
available,

Intreduction

This program is part of a multi-year effort to
supply néeded information about hydrogen deldivery in
natural gas discribution equipment. The oversll pro-
gram will identify operating, safety, and materials
problems associated with the use of hydrogen in con-
ventional distribution systems. Oae of the major in-
centives behind (nonfossil-based) hydrogen as a future
supplement and eventual replacement for natural gas
is the expectation that the existing gas delivery sys-
tem can be used without major modifications. This is
primarily a financial incentive for the continued de-
livery of energy in the form of fusl pas. The em-
‘bédded capital investment in the gas discribution in-
dustry now exceeds 20 billion dollars, and this in-
cludes over 650,000 miles of distribution mains which
carry gas to about 43,000,000 customers. Further,
most equipment and lines now being installed are ex-
pected to last 50 years or longer.
to carry hydrogen safely in this existing gas distri~
bution equipment, then hydrogen is indead an attiac-
tive form for energy delivery in the future. If mod-
erate problems are identified, then we have suffi-
clent time now to define and develop "fixes" or al-
ternative operating procedures. If, however, serious
problems are found, then othar alternatives (besides
hydrogen) must be weighed against major system modi-
Fications.

Construction pf.lest:ibops

After site facility preparation, IGT proceeded
during 1977 to comstruct three model test loops using
equipment loaned or donated by 15 manufacturars and
gas utility companies. 'The 15 companies that are pro-
gram participants (aleng with the DOE) are listed in
the Appendix to this report. We estimate that these
organizations have donated collectively over $35,000
worth of equipment and services to this program.  The
tliree test loops have béen constructed in penetral ac-
cordance wich the (simplified) diapranms presented in
last year's report to this cenference. All construc-
tion was done If accordance with gas fndustyy prote-
dures and requirements, in fact, a field comstruction

If ft is practical
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welder from Northern Illineis Gas Co. welded the neces- .
sary steal joints with standard field equipmenc. All
subassemblies were leak tested prior to integration
into a total assembly or test loop, Each subloop and
loop were then further leak checked.

Residential/Commercial Test lLoop

The Residential/Commercial model loop consists
of four subloops and a bvpass. The pipeline materials
of construction are 1) ateel, 2} copper, 3) plastie
(high-molecular-weight, high-density polyethylene),
and 4) cast iron. This model contains compopentv and
equipment normally installed in typical rvesidential
and/or commercial service. Fipure 1 is a photograph
of the completed Residential/Commercial test loop.
In operation, a single-stape compressor feads 15 SCF/
min of natural gas or hydrogen to the model at a pres-
sure batween 60 and 65 psig. The compressed pases
pass through an aftercooler to reduce gas tempera-
ture to ambient and then through a surpe tank to dam-
pen pulsations. A repulator reduces pressure te about
50 to 60 psig, simulating pressures in the distribu-
tion mains and the service lines to commercial or
residential consumers. In the case of cast-irvon sub-
loop, :he pressure is reduced further by another pres-
sure regulator to 6 Inches water column. At the simu-—
lated buflding line (that is, the termination of the
service line), the distribution pressure (50 te 60
paig) is reduced further by a sefvice regulator to
6 inches water column. The gases then pass through
a gas meter to the inlet of the compressor and are
recompressed and recycled. Flow is coatrolled and
proportioned through the subloops with valves and
the bypass.

Industrial Test Loop

The Industrial model congists of one loop and
a bypass. The pipeline material is steel. This
model contains components and equipment normally in-
atalled in typiéal industrial sarvice. Fipurc 2 4s
'a photograph of the Industrial modsl. In operation,
a two-stage compressor Feeds 15 SCF/min of natural
gas or hydrogen to the model at a pressure between
170 and 175 psig. The compressed gapes pass through
an aftercooler to reduce gas temperatures to ambilent
and through a surge tank to dampen pulsations. A
Iine regulator installation raduces thae pressure to
60 peig, simulatinpg pressures im the distribution main.
Another regulator downstream, in series, reduces the
pressure further to 8 psig, simulating the operating
service pressures of industrial components. The gases
then pass through several industrial gas meters (for
example, diaphragm, rotary, or turbine) conmected in
series, to the inlet of che compressor, and are re-
compressed and recycled. Flow is controlled and pro-
portioned with valves and the bypass.

Safetx TastALpng

The Safety Test model consists of one loop with
a }leak zoneé and a bypass. The ledk zone provides a
space for teasting and defining problems associated .
with mechanical or ceorrosion leaks, leak clamps, and -
tuptures. -The pipeline material is steel except at :
the Jeak zone. Figure 3 is a photograph of the Safety [
Test model. In operation, a single-stage compressor
feeds 10 to 15 SCF/min of natural gas or hydrogen to
the Safety Tent o7 At a pressure between 50 and 60
psig: The compre == gases pass through an aftercooler
to raduce gas temperatures to ambient and through a
surge tank to dampen pulsations. The gases then pass :
through the experimental setup in the leak -zone to the : i
"inlet of the compressor and are recompressed and re~
cycled. If excess leakage is a problem, the gas flow
will terminate in the leak zone and the gases will be
vented to the outdoors.,
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Special Measuremant Proceduros

The three reciprocating piston compressors were
installed to recycle and compress natursl gas and/or
hydrogen to the operating désign conditions of the
model test loops. The Residential/Commercizl loop
and the Industrial loop have each been cperated for
about two weaks to gain baseline data on flow and
leakage with natural gas. Memsurements with hydro-
gen are now beginning For the Industrial loop.

As the gases pass through various regulators
or stations in the two major loops, the operating
pressuras are reduced from the fzeder main (150 to
200 psi), to the distribution main (50 to 60 psi),
and to the point of service (5 to 10 psi for Indus-
trial and 6 to 10 inches water column for Residential/
Commercial). Meters are installed either in series
ot in controlled subloops so that comparative flow
measurement data (on natural gas and hydropen) can be
taken. At 8 simulated building lina, the gases are
filtered, recompressed, and recycled to the loops.
The Residential/Commercial and the Industrial models
are designed to operate continususly, whereas the .
Safety Test model will operate intermittently. Using
local pressure and temperature measurements, all gas
Elows are reduced to gas industry standard cubic feet
{SCF, 60°F, 1 atm).

" Eleven t~omponents (couplings, unions, a préssure
regulator, a flow meter) were enclosed with shaet
metal or Plexiglas enclosures to monitor and compare
leakage of natural gas and hydrogen from thess speci=
fic components. Figure 4 is a photograph of a pres-
sure regulator sealed in a Plexiglas enclosure. Volu-
metric displacement and gas analysis (by pas chromas
tography or mass spectrograph) ware the methods se-
lected to measure the leak rates of these components.

Total system leakage 18 being determined by mea=-
suring makeup gas additions to the high~pressure side
of the test loops {after the compressor). The makeup
gas quantities are being determined by pressure decay
from calibrated cylinders.

A 40-hour shakedown test was performad with the
Residential/Commetcial and Industrial models at de-
sign conditlons using nitrogen gas. The systems op-
evated satisfactorily, and leak rates of the compo=-
nents and model were characterized. During this op-
eration it was again assured that the systems and the
individual components, fittings, and connections met

. Industry requirements for leak-tiglitmess, .

Prelininary Rggulcs and Cogciupions

Both the Residential/Commercial model loop and
the Industrial model loop have suffered excessive
compressor gas leakage problems. The compressors
are reciprocating piston machinis with Teflon rings
ard Teflon dynamic seals for oil-free operation in
natural gas and/or hydrogen sefvice. They were se-
lected over diaphragm modeis on the basis of costs
and delivery time. Both compreéssors hava baen ser-
viced by the supplier to replace the dynamic seals
(Residential/Commarcial loop) and the hedd pasket
(Industrial loop), Natural gas leakaga became quite

. large after.short cofpressor operating pariods; and

the relativély large voluse of lost gas obagured the.
test loop leskage, . In order. to determine the leakage.
of a test loop, the compressor ledkageé must be sub—
tracted from the cnmbined sya:am leakaga.

o Figura 5 presents simplified cumulativa 1aakage
data for the Indistrial loop ovar a 500-hour test with
circulating natural gas. - This basalina test ahows
thrée notable aspects of system {eakage — -

1. Compressor ledkage- apparantly decrsased with
timne (possihly ds rings and seals 'hmmt n")
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2. The model loop leakape rate is quite small,
- about 0.07 SCF/hr

3. Loop leakage 18 relatively constant and no
significant new leakage appears to be devel-
oping with time.

Figure 6 presents simplified cumulative laakage
data for the Residential/Commercial loop over a 150-
hour test that iz now in progress with circulating
natural gas. Although incomplete, this test irui-
cates some similarities to leakage in the Indusirial
loop, but the compressor is not behaving well.

1. Compressor leakage is continually woersening
(possibly the seals are failing; this gomprassor
will havée to undergo further servicing)

2. ‘The model loop leskage rate is quita small, about
0.12 SCF/hr

3. Loop leskage is rélatively constant and no signi-
ficant new leakage appears to be developing with
time.

The data for individual companent leakage are
currently being processed. Comparative flow meter
readings in the Industrial loop are prasanted below
(534=hour cumlative test on natural gas). All meters
are of a different brand (manufacturer); the mean value
of the average flow rates is 236.7 CF/hour.

Meter Typa, Cumulative Average Flow Z Deviation
VCaEacitx Regding,ﬂF Rate, CF/ht From Mean

Turbine, )

4000 CF/hr 124,718 233.5 —i.4

Diaphragm

1000 CE/hr 129,678 242 .8 +2.6

Diaphragm N

1000 CF/hr 115,250 233.7 =), 4

Diaphragm

1600 CF/hr 124,260 232.7 1.7

Rotary

3000 CF/hr 127,513 238.8 +0.9

* )
Not included in test for first 45 houry; cumula-
tive reading and rate for 489 hours of zervice.

" In the very fiear. future wa will be compieting-
the baseline natiral gas tests on the Residential/
Commercial test loop provided that the compressor
can be made to operate with satisfactorily small
leakage rates. This loop will then ba switched te
hydrogen for a G-month perdiod of operation, The
Industrial test loop 18 now undergoing the chanpe-
over to hydrogen. At the end of the 6-month operat-
ing peried, seleetcd parts and components will be
examined to identify any apparent materials problems
or effects from the hydrogen aexposure. It 48 hoped

- that the test facility will be further utilized, be-

yond the 6-month hydregen exposure test, to better
define problem aress and operating procedures for
natural gas equipment in hydrogen parvice.

Reference -

1. Pangborn, J. B. and. Jaainnuwuki W Foy "Study
of the Behavior of Gas Distribution Equipiment
in Hydrogen Service." 7Paper presented at the
Information Meeting for Contractors im the ERDA
Hydrogen. Energy- Pzng:am, Aitlio, Virginia, Novem~ .
ber. 8-9, 1976.
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APPENDIX

Companies Participating in the Experimental Stcudy
of Gas Distribution Equipment in Hydrogen Service at IGT

The Peoples Gas Light & Coke Company
Chicago, Illinois

Yorthern Illinois Gas Company
Aurora, Illinois

American Meter Division of Siuger
Philadelphia, Pennsylvania

Municipal and Utility Division of
Rockwell International
Pittsburgh, Pennsylvania

Kerotest Manufacturing Corporation
Pictsburgh, Pennsylvania

Mueller Company
Decatur, Illinois

The Sprague Meter Company
Bridgeport, Connecticut

Dresser Measurement Division of
Dresser Industries, Inc.
Houston, Texas

Phillips Products Company, Inc.
Dallas, Texas

Fisher Control Company
Marshalltown, Iowa

Dresser Manufacturing Division of
Dresser Industries, Inc.
Bradford, Pennsylvania

E.I. duPont de Nemours and Company
Wilmington, Delaware

Republic Steel Corporation
Cleveland, Ohio

Rego Company
Chicago, Illinois

Flow Control Division of
Rockwell International
Pittsburgh, Pennsylvania

Fig. 1. Residential/Commerical test loop
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HYDROGEN — METAL INTERACTIONS

'Huwﬁrd C. Nelénn.
. NASA-Ames Research Center
‘Moffett Field, CA 94035

Abstract

The NASA-Ames Research Center program con-
sists of three tasks: 1) ddentify the influence
of hydrogen/methane blend on the fracture be-

‘havior of carbon steel; 2) establish the Kinetic

of hydrogen entry into cairbon steel from the
dissociation of FeTiH,; and 3) establish the ki-

netics of hydrogen entry from a methane environ=. -

ment. In hyﬂrogen/methane blends, fatigue crack
growth rate. of the ferritic steel was found to
increase as a funcétion of the partial: pressure -
of hydrogen with the presence of methane having
no apparent influence. -At a hydrogen partial
pressure of MPa crack growth rate is ds much as
20 times more tapid than that observed in alr
and 100 times more rapid than obaserved in
vacuum, ' :
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I. INTRODUCTION

The NASA-Ames Research Center program in the
area of hydrogen containment materials is designed
to £111 some of the apparent gaps in the Hydrogen
Containment Materials Element of the DOE Hydrogen
Energy Storage Program. As such, it consists of
three separate tasks having the objectives:1l) to
define the influence of hydrogen/methane blends on
the fracture behavior ¢f a plain carbon, ferritic
steel, 2) to establish the influence of the dissoci-
aelori of FeTiH, on the kinetics of hydrogen entry
into a plain carbon steel, and 3) to establish the
kinetics of hydrogen entry into a plain carbon steel
from a methane environment over a broad range of
temperature.

II. HYDROGEN/METHANE BLENDS

Ae discussed at the previous review meetings,
an Ad Hoc committee has been in existence to study
the feasibility of hydrogen as a supplement to our
present natural gas supply [1]. Hydregen is an
atcractive supplement in that our present natural
gas distribution system could be adapted to dis~
tribute hydrogen/methane blends in the short term
and pure hydrogen in the long tetdi [2].

Very little information is availlable to
reliably establish the compatibility between low
strength carbon and low alloy pipeline steels and
methane blends containing hydrogen. Recent work
in high=<purity, high pressuré hydrogen environ-
ments suggest that hydrogen compatibility may not
exiat. Limited observations by Chandler and
Walter [3] indicate some degradation in unnotched
tensile ductility of SAE 1020 and 1042 carbon
steels tested in a 10,000 psi hydrogen environ-
thent at ambient temperature. Under conditions
of cyclic loading, Walter and Chandler [4] have
observed increases in crack growth rate greater
thafi an order of magnitude in ASME SA-105 Grade II
steel exposed to high pressure hydrogen. Likewise,
Nelgson [5] has dbserved a similar enhancement in
SAE 1020 plain carbon steel exposed to less than
one atmosphere of gaseous hydrogen with further
enhancefient cbserved at high pressures [6].
Additionally, in a hydrogen/methand blend con—
taining 15 volume percent methane, Nelson {5]
cbserveéd enhanced fatipgue crack growth equal to
that which would be anticipated for hydrogen
alone, thus suggesting that oethane may not have
an inhibiting effect on the degradation incurred
by the presence of hydrogen.

The present study was initiated to evaluate the
influence of hydrogen/methane blends containing 30%
or less hydrogen on the fatigue crack growth behav-
ior of SAE 1020 carbon steel (a steel similar in
microstructure to most mild steels used in trans-
mission service), Fig. 1 shows the logarithm of
fatigue crack growth rate (da/dN) as a function of
applied alternpating stress intensity (AK=Kpay—Kqin)
observed in vacuum; air, high purity hydrogen and
methane blends of 30 percent and 10 percent hydrogen.
Crack growth rates in the blends were observed to be
equal to those observed in 4 hydrogen environment
alone at equivalent hydrogen partial pressures, and
are as much as 20 times more rapid than that ob-
served in air and 100 times more rvapid than that
obgerved in vacuum. Fatigue fracture in air occur-
rted by a transgranular mode and was zssociated with
large amounts of plastic deformation. In hydrogen

and hydrogen/methane blends fracture was also trans-
granular but was associated with very lictle
deformation.

III. KINETICS OF HYDROGEN ENTRY FROM FeTiHx

The storage of hydrogen in the form of metal
hydrldes appears to be a viable process and re-
quires long-term containment over a very large num-
ber of hydriding/debydriding cycles., Evidence sug-
gests that for at least some metal hydrides hydro-
gen activity in material in intimate contact may be
significantly altered. The present study was
initiated to determine the influence of the dis-
sociation of FeTiHy in irtimate contact with

SAE 1020 steel on the kinetics of hydrogen uptake.

Fig. 2 is a plot of the logarithm hydrogen
permeation rate as a function of the reciprocal
of temperature gbserved using a gas-phase permea-
tion apparatus [7]. Hydrogen permeation from a
high purity hydrogen environment and from a hydro-
gen envirconment containing FeTiH,, during the dis-
sociation cycle, were observed to be essentially
identical. It appears then that the kinetics of
hydrogen entry into a carbon steel or hydrogen
activity at the steel surface is unaltered by the
simultaneous dissociation of FeTin.

IV, KINETICS OF HYDROGEN ENTRY FROM cH,

Many energy conversion systems invalve the
containment of methane rich environments over a
broad range of temperatures and pressures. The
dissociation of methine on a metallic surface may
release hydrogen which could enter the metal lat-—
tice and cause hydrogeén embrittlement at low tem—
peratures or hvdrogen attack at high temperatures.
The purpose of the present investigation was te
establish the rate of hydrogen uptake by SAE 1020
steel from a high purity methane environment over
a broad range of temperature.

Hydrogen permeation rates, as a function of
the reciprocal of absolute temperature cbserved
from a high purity hydrogen environment and from
hydrogen/methane blends of 33 percent and 20 per-
cent hydrogen, are shown in Fig. 3. As can be
seen, all data are identical, suggesting permeation
is controlled by the hydrogen partial pressure and
methane is inert to the process over the tempera-
ture range investigated (375°C to 100°C).

At temperatures above 400°C methane was

_ found to dissociate on the carbon steel membrane

releasing hydrogen. iydrogen permeation through
a fresh membrane at temperatures just above
400°C exhibited an energy of activation of ap-
proximately 164 KJ/mole and was approximately
difectly proportional to pressure to the first
power, as showa in Figs. 4 and 3. At some
methane pressure, decreasing with increasing
temperature, hydrogen permeation rate increased
rapidly to levels much greater than would be
expected from an extrapolation frdm the lower
methane pressures. These anomalously High per-—
meation rates remained so over all future tem-
perature (Fig. 4) and pressure variations until
the methane environment was removed from the mem-
brane surface and the surface was exposed,
briefly, to a vacuum.
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HYDROGEN COMPATEBILITY OF STRUCTURAL MATERTALS FOR ENERGY
STORAGE AND TRANSMISSION APPLICATIONS

‘Steven L. Robinson
Sandia‘ Laboratories
Livermore, California

Abstract .

The suitability of structural materials for service in hydrogen
energy storage and transmission applications is being investigated in

several ways. The geoal is to provide performahce data for cost effective

safe structures, and to improve the hydrogen environment performance of .
Structural steels, .

Material performance in hydride containment vessels has been
characterized by in-situ tests of tensile specimens, vessel bulging-
phenomena have been analyzed, and fatigue cracking hazards assessed.
The use of existing naturdl pas pipeline systems for hydrogen transmis-
siont is being explored through an experimental hydrogen pipeline, which
will be used to assess the sensitivity of pipeline materials to defects
and flaws, The performance of carbon-manganese mild steels have been.
improved by alteration of the metallurgiecal processing methods and by
minor alloying additions. In addition, the effects of mictostructural
modifications upon hydrogen compatibility of plpeline steels are

being assessed,
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Introduction

Sandia Livermore Lahoratory has an active role
in three areas of the study of structural materials
for hydrogen service. ‘These are: (1) hydride
storage support, {2) materials for hydrogen pipe-
lin: service (the experimental hydrogen pipeline),
and (3) advanced metallurgy of hydrogen compati-
bility in structural steels. The goals are: to
provide performance data so that designers may
choose cost effective and safe materials, to char-
acterize the performance of cxisting storage and
transmission systems, and to assist in developing
economical improved moterials for future hydrogen
energy systems.

Hydridévstbrggg Support -

Our principal activity in this area has been
to suppert Brookhaven National Laboratories' work
on iron-titanium hydride by characterizing the
behavior of steels in hydrogen/hydride environ-’
ments, Our support for BNL has consisted of three
phases: (a) postmortem of a stainless steel vessel
which has undergone 4254 cycles of hydride cycling;
() a test matrix of self-loaded tensile specimens,
subjected to hydriding cycles, was analyzed; and
(¢) fatigue flaw growth in structural steel vessels
was analyzed numerically.

A 304 stainless
cycles of hydriding.

steel was analyzed after 4254
Plastic deformation ef 0.4%
had been observed in one region of the vessel, a
1 inch diameter tube 12 inches long. This defor-
mation was due to the iron-titanium alloys' velume
swelling of 1%% upon hydriding, cracking of par-
ticles and a mechanical interlocking produeing a
‘wedging effect(1}, Fusion analysis of the
dissolved gases gave a figure of 11.8 w/o Hz, or
more than 50% higher than thermal diffusion of
hydrogen could account for alene. Analysis of the
internal surface by scafining electren microscepy
(SEM) showed longitudinal surfuce gouging and
striations as shown in Figure 1. Particles of 8i0;
and FeTi were found imbeddéd in the vessel wall,
along with unidentified particles bearing aluminum,
<hlorine and phosphorous, The transport of extra
hydrogen into the metal by plastic deformation and
the abrasion by the hydride present no significant
additional hasard in the case of 304 stainless
steel, but could be hazardous in ferritic struc-
tural steel hydride vessels.

, The self-loaded tensile specimens for exposure
to hydride cycling were of tlie configuration shown-
in Figure 2, The test matrix of 80 specimens is
given in Table I, These specimens were placed in
a hydride bed and exposed to 821 cycles of hydride
charging and discharging (2] cycles between
FeTiHy, ] and 'FeTiHy, 27, and 800 cytles between
FeTiHp.146 and FeTiHp yge). Following exposure,
the hydrogen was discharged, the specimens and
chamber were olutgassed for several days and the
specimens removed and tramsported from BNL- to
Sandia Livermoré. The lengths of the loaded
specimens were measured to determine the degree of
relaxation of the applied tensile load. Some

relaxation had occurred, but no pattern was evident.

The - specimens were then removed from the fixture
and ‘tensile tested to failure in-air. (Due to the
experimental limitations, it was not pessible to
test specimens with ‘the hydrogen still inm them.)
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Fracture surfaces were examined by SEM and compared
to tensile fractures of unexposed and H2 exposed
specimens. Tensile data was also compared to the
unexposed and H» exposed data.

During cycling, the specimens were exposed to
thermal cycling, abrasion by fine hard particles,
high purity dry hydrogen up tn.3.5-MPa (500 psi),
and possible atomic hydrogen charging during
hydride discharging and charging. No failures
occurred in ferritic alloy specimens while in

" reactor and no significast stress relaxation was
observed, One welded aluminum specimen failed at
a weld flaw, although this was probably not a
hydrogen-assisted failure. Post-reactor tests on
aluminum were hindered by the galling of thread
and fixture, with most specimens failimg due to
removal torque, although lubricants had been

- applied after removal from the hydride bed. No
difficulties were experienced in removing ferritic
specimens.

Tensile data of the outgassed material showed
ne degradation after the exposure to FeTiHy.
Fractographic examination also showed no signifi-
cant deviations from normal fracture appearances.
Small amounts of secondary microcracking were
observed on the fracture surfaces of the Cr-Mo
steel (Figure 3), but not in AS516 and Al06 steels.

The data may be interpreted in terms of
delayed fajlure phenomena with the use of a )
schematic diagram (Figure 4). The first curve, t,,
is an applied stress-damage time curve, at which
time irreversible damage has been done to a speci-
men, The second curve is the failure stress-time
curve. The time between the two curves is the time
in which flaws grow to critical size and cause
failure. Testing at two stresis levels and with :
smooth and notched specimens should put us at or :
above the threshold stvess, Tensile testing after :
hydride exposure should detect signifiecant irrevers-
ible damage as degraded properties, and altered
fracture surface appearance, The conclusion to bhe :
reaclied from the postriortem test results is that,
for the stated experimental conditions, the appliied
stress is either below the threshold stress, or
that more hydride cycles are necessary to produce :
irreversible damage that can be detected by tensile i
tests and/or fractegraphic analysis. Additionally,
we have gained confidence that ferritic structural
steels may be used for reasonable lifetimes in
hydride containment vessels.

The growth of fatigue cracks during service in
hydrogen is a potential hazard to the structural ;
integrity of a hydride vessel. Although previous ‘
work has cstablished that low strength ferritic
materials such as Al06-B and A516 grade 70 do not

" exhibit sustained load cracking in hydrogen(3;43,‘

they do exhibit accelerated fatigue crack growth
in gaseous hydrogen environments. Fatipue data for :
steels similar to these to be used in BNL's HYTACTS :
vessel is shown in Figure 5. A frequency effect is |
noted for SA<105 steél tested at 15,000 psi in which . :
fatigue cracks grow faster in low frequency fatigue

environments. For purposes of setting NDT accep-

tance standards and assessing the lifetime of ;
prototype hardware, a calculation was pade of }
expected fatipue cradk propagation rates using an !
extrapolation of the data in Figure 5 for low"
frequency conditions similar to service conditions,
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shown on the dotted line. In order to provide a
degree of consérvatism in the calculations, the
following conditions were assumed:

¢.001 HZ
(Very severe assumption.)

a. Extrapolation of da/dn vs. AK at £ =
to AK ~2 MPavm.

b. Use of an R ratio = 0.15 (R = Knin/Kpax» which
is more severe than the actual duty cycle,

¢, Use of data for Pyy = 15,000 psi, which may
raésult in overly pe551mlst1c growth rates
since Py, = 500 psi in the assumed duty cycle,

d. Flaw orientation of maximum severity.

-, Two flaw caleulations were considered:
1} a large sharp flaw in the bady of the vessel,
2) a small sharp flaw inh the body of the vessel

£. Failure was assumed to occur when flaw penetra-
tion reached 90% of the wall thickness.

g. - Approximations in the equations of fracture
mechanics were biased in the convervative
direction,

The large sharp flaw was calculated to have a life-
time of 2000 cycles while the small flaw had a
lifetime in excess of 14,000 cycles, following the
growth curve shown in Figure 6, Thus, even severe
flaws could last significant periods of time in
these steels. Note alse that approximation (a) is
very severe, assuming no threshold for fatigue
cracking when in fact a threshold might exist. It
is concluded that prototype hardware can be built
and safely operated for reasonable lifetimes.

A number of questions are left unanswered by
the experiments and calculations perfurmed The
effect of a discharging FeTiHy powder in contact
with sharp fatigue cracks and the potential effects
of atomic hydrogen charging were not completely
answered by the experiments in the hydride reactor.
The fatigue crack growth rates at low stress levels,
the presence of a threshold stress and its magni-
tude, and confirmation or denial of a frequency
effect for fatigue cracking, all nced to be
addressed in appropriate materials in the hydrogen
pressure regimes of interest. Sandia Laboratories
is currently initiating test programs to address
these issues.

Experimental Hydrogen Pipeline

) The experlmental hydropen plpellne began
operating September 15, 1977, The pipeline is
constructed of A106 grade B pipe steel except for
stainless steel flexhoses between "pump' chamber
and pipeline, which take up accumulated misfit.
The pipeline is a square 6 meters long per side,
with test modules .in which materials experlments
take place, The ‘schematic layouts of both pipe-
line and modules. are shown in Figures 7 and 8. . Two
modules, incorporating high stresses and both girth
and longitudinal welds with flaws, are in place
during the 4-month “shakedown' period. Operating
pressure is 6.9 MPa (1000 psi) of hydrogen gas.
Before introduction of hydrogen, evacuation to

<100mm Hg and backfilling with nitrogen to 0.69 MPa

(100 psi} is performed three times. Pressure is
provided by cascading 6-packs of hydregen into the
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pipeline until 6.9 MPa pressure is reached. The
gas is analyzed for oxygen by mass spectdscopy, and
the centrifugal blower is turned on to provide
circulation.

A linear gas velocity of 2.25-2.5 meters/
second is obtained by the blowér. Temperature and
pressure excursions of 55°C and 0.5 MPa have been
noted, as a consequence of direct solar heating of
the pipeline. Consequently, a sunshade has been
designed and is under construction to limit AT to
lower levels. ' Qther modifications under considera-
tion include addition of an oxygen analyzer to
assure that oxygen p01son1ng of embrittiement does
net occur,

Materials tests to. be performed in the experi-
mental modules include performatice of mechanical
flaws and weld defects. The first gineration of
tests, to go into test January 1978, -is internal
notches ranging from 10 to 25 em, in length and
at three stress levels approaching the gross
section yield stress of the AIO6-B test material,
Burst tests in both hydrogen and in inert environ-
ments will estabiish baseline properties of these
flawed pipe sections,

Future aspects of the program include the
characterization of common pipeline defects, and
assessment of their behavior in gaseous hydrogen
environments. Tests of state-of-the-art pipeline
materials are also anticipated, including APT |

specification steels in ssamless, spiral, and longi-

tudinal welded forms, up to grade API-5LX-65.

To support the experimental pipeline test
program and to enhance our understanding of the
behavior of welds in pipeline steels in a hydrogen
environment, a program has been initiated to
characterize the microstiuctures obtained when
these steels are welded under various conditions.
These microstructures will be evaluated for hydro-
gen compatibility to enable the determination of
the most desired microstructures for hydrogen
service.

Metallurgy Studies

Metallurgy studies include methods of improv-
ing the properties of structural. steels in hydro-
gen. These studies have included 1) thermo-
mechanical treatment and alloying of low cost
structural steels for hydroger. service, 2)
permeation barriers and permeation studies, and
3) studies of effects of gaseous inhibitors.

The thermomechanical treatment of the alloys

s the process known as warm working, which

involves mechanical deformation of iron alloys

above the y + o transformation temperature over a .

range of temperatures, followed By warking just
bel:w the transformation temperature, to produce
a- fine grain size, reduced carbide sizes and
produce a dislocation substructure. Alloying

-_con51derat10n5 aré two fold.  First, the Heavy -

reductions in these sulfur bearing steels tend to
produce elongated MnS inclusions whlch ire very -
detrimental to transverse properties. Secondly,
additions of precipitate forming elements tend to
refine the grain size and produce precipitation

strengthenlng while reducing the volume of pearl1te )

in the alloy matrix. Both of these factors are
copducive to improve hydrogen compatibility.
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Fortunately, both approaches can be applied
simultaneously by slight additions of Ce or Ti.

An experimental alloy of 0.1 w/o cerium added
to A516 grade 70 steel was cast and worked. After
forging to 2.5 cm thickness, it was held in air at
1100°C for 1 hour, reduced from 2.5 cm to 1.5 cm
in 0.25 cm passes while cooling to 600°C, held at
554°C for 3 minutcs and reduced teo 1 cm thickness
by 4 passes of 0.125 cm. The microstructure
produced is shown in Figure 9, Pearlite colonies
and cementite decorate the grain boundaries and
only a slight grain elongation occurred. The grain
size is about 25 microns. Globular eerium-sulfur
compounds {confirmed by x-ray analysis; oxygen not
detectable) are observed, rather than 30-50 micron
long stringers which would be expected if no Ce
addition had been made. Thus, the cerium addition
successfully controlled the shape of the sulfide
inclusions. ‘

Tensile testing results confirm the effective-
ness of the cerium/warm working combination. Table
IT summarizes the results, A small but definite
anisotropy exists, with the yield strength varying
9% between longitudinal and long transverse
orientations. The ductility properties in hydrogen
are epcouraging; for the transverse orientation,
no significant loss of % RA (reduction in artea)
occurred. The test data reparted are for single
specimens, since only a limited amount of material
was available f¥om the initial laboratory heats.

_ Equally significant is the fracture behavier
(Figure 10). Very little embrittlement appears to
have otcurred since the fracture was highly ductile
with dimpling and tear ridges. No significant
amount of cleavage was observed in the cerium-
modified steel, while some cleavage was found in
the unalloyed, warm-worked steel. These results,
if reproducible, represent a signifiecant improve-
ment in the hydrogen compatibility of mild steels,

Tensile test data for 0.3 w/o Ti and 0.1 w/o
Ti-modified and warm worked A516 are tabulated in
Table TII. Small titanium additions appear to have
significant petential as hydregen traps in carbon
steels, as shown by permeation studies(5) and ion
implantation and profile studies In addition,
vanadium has potential as a grain refiner in the
warn working process due to its low precipitation
temperature. ) '

The initial results from these small alloying
additions and the thermochemical processing have
been encouraging. Therefore, 20 lb. heats of 0.1
w/o Ce, 0.1 w/o Ti, and 0.1 w/o V aré being
preparcd. These Larger heats will provide
sufficient material to confirm the initial resnlts
and to optimize the thermal mechanical processing
schedule.

Ar alternative method of providing improved
performance of structural materials is to-occlude
hydrogen from contact with the steel. This may be
done by means eof either a) interposing a barrier
layer of low hydregen permesbility between the
metal and the gas, or b) an inhibitor which occludes
hydrogen from the surface. Extensive work has been
dene on brushplating or selective electroplating,
plasma spraying, and chemical pyrolysis for the
application of hydropen permeation resistant

coatings to susceptible substrates. These results
were reported in Junc to the American Electro-
platers Socicty conference and submitted for
publication. In summary, the concept was found
to be applicable to pressure vessels but probably
not applicable to large systems such as pipelines,
due to factors of the operating environment, the
economic factors and difficulties of quality
assurance. This work on permeation barriers have
been discontinued until such time that their
practical viability is evidenced.

The effect of potential gaseous inhibitors
of hydrogen embrittlement was briefly studied in
a4 series of notched bar tensile tests using
mixtures of SO2 and CO in hydrogen. The experi-
mental results are tabulated in Table IV. Small
percentages of S0, are effective at improving
ductility in hydrogen; larger amounts of CO are
required for equivalent effects, A more catailed
evaluation of this concept should be conducted.

Summary of Sandia Livermore's Progrum Status

L. Tests to evaluate the effects of hydride
discharging on the toughness and fatigue crack
growth tates at frequencies much less than
1 Hz have been initiated.

2. The Experimental Hydrogen Pipeline is opera-
tional and the first internally flawed test
sections will begin test in January, 1978.

Led

Effores to improve the hydrogen compatibility
of pipeline steels through minor alloying
additions and thermochemical processing will
be expanded.

1. Personal communication, G. Strickland,
Brookhaven National Laborateries.

2. Bernstein, 1. M., Garber, R., Pressouyre, G.M.,
p. 37 in “Effeet of Hydrogen on Behavior of
Metals," Thompson, A. W., Bernstein, 1. M.,
Eds., AIME 1976,

3. SAND76-8255, Sandia Laborateries Energy Report,
"Hydrogen Compatibility of Structural Materials
for Energy Storage and Transmission Applica-
tions,' Robinson, $. L., December 1976.

4. Loginow, A. W., Phelps, E. H., Corroston - NACE,
31, (1975), 404.

§. Pressouyre, G. M., Doctoral Dissertation, “The
Role of Trapping on Hydrogen Transport and
Embrittlement' Carnegie-Mellon University,
June 1977.

6. Myers, S. M,, Robinson, S. L., Steltz, R. E.,
Sandia Laberatories, work in progress.
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TABLE I - Test Matrix for long-Term In-Situ Self-loaded Tensile Specimens

A1 data are single specimen.

Condition _ __ vamemial — __
foe | pessen | Pt | Desiam | proof | Proof | proot
Stress Stress Stress | Stress | Stress Stress Stress
‘Snooth Matrix 2 2 2 2 2 2 2
Notch Matrix 2 | 2 P! 2 2 2 2
| smooth Weld 2 .3 2 | 2 ) 2
_ 7 Notched Weld |
| Heat Affected Zone 2 2 2 2 1 2 2
‘Fusion Zane 2 2 2 2 2 2 2
Coated (Sn-Pb)
Smooth Weld 2 1 2 1 2
Notched Weld 2 1 2 1 2
TABLE I1  preliminary Tensile Results on Cerium Modified
warmWorked A516 Steel, Heat Mo, 102776
Specimen Orientation . Test 0.2% vield U¥timate % Reduction
Condition Strength (MPa)  Strength (MPa) of Area
7777 Lo'ng'i tudina)  Uncha rged/ . 5g6 6y ' 57.9
Air Te'st | _
B Transverse . Uncharged/ 546" 611 56.6
o Air Test R
1 1_  Transverse  Uncharged/ - 550 - 603 - - 56.5
| 4..2-&Pa_ W
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Table III Preliminary Tensile Results on Titanium
) . Modified Warin-Worked A516 Steel

Heat #011077 0.1 w/o. Titanium

N . Test 0.2% Yiedd - \ltimate: % Reduction:
; Specimen - Orientation - Conditfon' ~ Strength (MPa)  Strength (MPd)  of Area

19 Loudifudinal - Uncharged/ = ‘715 759 - 60.1
i Air Test _
21 longitudinal  Charged/ - - 742 . 768 51,8
% 22 L. Transverse Uncharged/ 708 722 57.4
: o Air Test . oL _
A 23 L. Transverse Charged/ 727 766 53.3
4.2 WPa W, :

Heat #011477. 0.3 w/o Titanium

M Test 0.2% Yield Ultimate % Reduction
‘ Specimen Orientation Condition Strength (MPa)  Strength (MPz2) of Area

o 13 Longitddiné1 '-Unéhérésdl - 708 ‘ ' 738 o '59;9
! o Air Test ' L

156 Longitudinal  Charged/ 678 701 60.6

: 4.2 K% H,
; 16 L. Transverse Uﬁcharged/ 680 694 61.9
i Air Test .

! 18 L. Transverse Charged/ - 695 733 . 585.8
- : L A2 MPad; - e '

i N : : .
: _ TABLE IV Notched A516 Tensile Bar Tests in Mixtures
S o . of Inhibitor Gas and Hydrogen -

Test = . 0.2% I A T
; : - o T Yield Strength Ultimate Strength . 2RA
! V . “{Notched Bar) e L ' '
o : , L - HPa “MPa-

o _ : : _l 4.2 MP&'HZ | 667 3;’ o808 & C20.5
: + 28300 T

] _ _ +0.28850, 675 o mer e
R o +0.5350, 700 - - g5 a0
- 4 L0380, e Bl 250 -

PV e e
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Figure 1 Surface damage in a 304 stainless steel vessel
which had undergone 4254 hydride cycles. The
particle at left is an FeTi particle from the
hydride bed, which has become imbedded in the
vessel wall.
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Figure 3. Fracture Surface of Specimen B-11, 2%, Cr - 1 Mo Steel
Exposed to hﬂmi Environment.,
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Figure 6 Thumbnail Crack Growth Curve
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Figuré 7 Experimental Hydrogen Pipeline Facility
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*

INSTRUMENTATION PORT
CONTAINMENT JACKET
16.5 cm (6.5") \ STANDARD MILD STEEL WELDS
w'", /”' ?

\

—STANDARD MILD STEEL PIPE

o N 26 TEST SECTION
4cm (4. .D.x0. |
i (So0D 2004 cn 0258 WALL FOR DEFECT SENSITIVITY AND

PERMEATION MEASUREMENTS

DESIGN INFORMATION

*HYDROGEN GAS PRESSURE = 6.9 MPa (1000 psi)
*ALL MILD STEEL CONSTRUCTION

*MATERIAL STRESS LEVELS x25% of YIELD STRENGTH
(EXCEPT TEST SECTION = 75%)

Figure 8 Modular Section of Pipeline

400X

Figure 9 Optical Microstructure or the 0.1 w/o cerium modified
and warm worked A516 steel, heat £102776.
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Figure 10. Fracture surfaces of long transverse smooth tensile bars of
the cerium modified warm worked A516 steel. (A) is the
air test, (B) is a 4.2 MPa (600 psi) Hp gas test.



EFFECT OF STRESS STATE
ON
HYDROGEN EMBRITTLEMENT PROCESSES

M. R. Louthan, Jr. and R. P. MeXNitt
Virginia Polytechnic Institute
Blacksburg, Virginia 2404l

Abstract

Delayed failure hydrogen embrittlement
studies in high pressure gaseous hydrogen show
that the suseeptibility to embrittlement. . '
progreassively increéases as the stress state
changes from uniaxial to biaxial to triaxial..
This contrasts the results of dynamic tests in
similar atmospheres where embrittlement is favared
. by uniaxdial stress states. These results show .-
that design considerations of material compat-
ibility in hydrogen environments must include
analysis of the sttess-state and loading-rateé
during exposure, Such considerations are
difficult, at present, becaise of (1) difficulties
in extrapolating data from short-time dynamic
tests to predict long time compatibility under
static loads, and (2) very little definitive work
on the role of macroscoplc stress state in
hydrogen embrittlement processes has been reported:

Introduction

Hydrogen compatibility may be a critical
criteria in evaluating structural matetials for
use in energy storage &nd transmissdon.
Correspondingly the tensile properties and fracture
chatacteristics of many candidate materials have
been studied before, during, and after. exposure to
various hydrogen environments. -Sucl studieés have';
stimulated a tabulation of metals and =lloys as -
elther susceptible, mildly susceptible or immune
to hydrogen embrittlement. This type of categor-
ization is fraught with difficulties becanse all
too often alloys found to be relatively immune to
embrittlement In one type of test are found to be
highly susceptible to embrittlement in other tests.
Furthermeore, whenever a single test shows that a
material displays a "high degree of ‘susceptibility’
that particular test can effectively eliminate the
potential for using that material in hydrogen
service even though different testing modes have
-indicated that the alley has a reasonabla :
hydrogen compatibility.

Delayed failure hydrogen embrittlement has
received increasing attention in receht years
-primarily because of the accelerating usage of -
high stréngth components in aggressive environ-
ments., The concept that "maximum triaxiality"
plays a vital role in the embrittlement process is
primarily based on the interpretation of Hgtatic
fatigue” or delayed failure tests. This coneept
assumes that hydrogen is localized at or near
crack tips or other regions of maxdmum hydrostatic
(or triaxial) stress, Host Investigators agree
that some minimum local hydrogen concentration is
. required to cause enbrittlement ((1-5). Under
static leading conditions localization fsg
diffusion controlled and the steady-state hydrogen
content, €, in a region of hydrostatic stress,

Oy at equilibrium is given by

G="C, éxp(Vaﬂ/RT)
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‘with the attendant

"VPI.

where C = bulk hydrogen content, V = partial molar
volume, and T = temperature, Whenever C is greater
than the critical concentration required¢ for
embrittlement, delayed failure may occur., However,
because hydrogen diffusion is slow at or near room
temperature, delayed failure tests often require
lengthy tieups of experimental equipment. Conse-
quently when investigations of "unexposed' samples
tested under dynamic conditicns seemed to show
results similar to the lengthy delayed failure
studies, the use of such short time tests began to
increase. Justification for the use of dynamic
tests was enhanced by mechanistic studies which
suggested that: the embrittlement mechanism
responsible for hydrogen induced degradation was
the same in Both delayed failure and dynamic
studies. However, careful analysis indicates that,
even if the "same mechanism" hypothesis is correct,
test techhique and stress state p'° ', ecritical roles
in determining whether embrittlement is observed.

Hydrogen localization by classical diffusion
through significant diffusion distances cannot
ocecur during dynaniic testing because of insufficdent
time. Under such dynamic test conditions hydrogen
localization has been attributed te transport by
motiile dislocations. Dislocation motion requires
localized shear, not hydrostatic, stresses; there-—
fore test conditions which favor embrittlement
under static {and hence many real 1life) exposures
are not necessarily thuse conditions which favor
.embrittlement under dyndmic testing (or applica-
tion). Analysis of the two methods for localizing
the hydrogen indicates that a unlaxial stress state,
shear stress = % tensile stress,
should maximize embiittlement under dynamic
conditions while; as previously shown, tiiaxial
stresses should maximize embrittlement under static

.'conditions. -

ggperimental Techniques and Results

Selection of AIST 4340 steel and A-106 steel as
the materials to be studied Iin the program was based
on discussions with staff members of DOE, SLL and
The AIST 4340 steel represented an alloy
known to be highly -susceptible to hydrogen induced’
delayed fallure while the A-106 represented a
candidate pipeline material and was not regarded as
eagily embrittled. The A-106 steel {available only
in tubular stock) beinpg tested was supplied by

‘Sandia Lakdratories-liveriiore and is from the stock

they are testing in. thedir hydrogen pipeline. The
AIST 4340 was purchased in both tubular and plate
fofm.

Static Tests |

Right ecircular cylinders were fabricated from

- both- types of steels and have been tested under

various stress states. The basic design requires

- . that the 1.27 em wall of ‘the 7.62 cm outside

diameter pipe be reduced to 0.075 cm in the gage
section. Thé test specimen is sealed to end caps
by erushing an O-ring between-the end of the
specimen and the back surface of the cap. : The

‘dinterior cavity of ‘the specimen is £illed with an .

aluminum dummy block (Figure 1) to minimize the
energy stored in the specimen during test. The

end caps ate machined to accept standard high
pressure fittings and the specimen is f£illed to the -

" .desired hydrogen pressute (35 MPa maximum) through

a valve controlled connéccor. Each apecimén'under
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test is also equipped with a standard 35 MPa
rupture disk on a safety head and a 35 MPa gage
{Figure 2). The stress state is controlled by
axial loads applied to the test specimen by means
of a universal tensile machine or a creep {rame
when sustained, long time loading is required.
Failure data to date (Figure 3) indlcate that
none of the standard failure theories explain the
hydrogen embrittlement process.

The susceptibility of notched precharged AIST

4340 -samples heat-treated .to approximately 1400
MPa. yield to hydfogen enbrittlement was studied in
delayed failure tests. The tests showed that the
susceptibility to embrittlement was reduced as the
constraint (and hence triaxdiality) at the crack
tip was reduced. The speeimens contained a 60%v
notch in 1.27 cm diameter rods, ‘The notch reduced
the throat diameter to 0.90 cm. The root vadius
of the notch was 0,005 ém. Constraint at the
crack tip was controlled by drilling axial holes
with a gun bore drill; inereasing the hole
diametar decreased the constraint and increased
the resistance to delayed failure. These effects
weére apparent in macruscopic .obgervations which.
showed the effect of both constraint and hydrogen
on the shear lip which developed in delayed
" failute tests (Figure 4). Fractographie studies °
showed that aven in the flat fracture region of
- the hydfogen charged samples, failure was’ eccurring
by both microvoid coalescence and intergranular
rupture: Assuming that the intergranular rupture
represents embrittlement (5). the scanndng: electron
. microscopy supports the conclusion that embrittle-
ment is caused by hydrogen diffusion to poimts-
of maximum hydvostatic stress. In .all cases,

. -éxamination of mear crack tip area showed a

region 6f microvoid coalescence near tlie.statrter
crack and intergranular fracture deeper in the
sample, In- several cases areas of intergranular
fracture completely surrounded by microveid

" coalegcence were observed (Figure 5). These
Gbservations are in agreement with diffusion -
controlled, stress induced development of
hydrogen concentration profiles such as .shown in
figure 6 and support the argument that stress
induced hydrogen transport is the major factor
causing hydrogen localization during delayed.
_Eailure

; The importance of stress state in controlllng
delayed Fatlure hydrogen embrittlement during )
‘exposure to lidgh pressure gaseous hyd:ogen was
also ‘evaluated by testing smooth plate specimens.
Thesa samples were stressed in either a. four
point 1oading apparatus (Figure 7) which simulated
‘unzaxial loading, ot in' an in-house designed
clamped plate assembly (Figure 8) to similate
‘biaxial loading, The stréssed specimens were
placed in a-high pressure autoclave (Figure 9);
the autoclave was ‘cyeléd  through a series of -
evacuyations .and back filling with hydrogen
‘before being -pressirized.. The susceptibhility of
these Flat plate samples to delayed failure
. depended on lieat—tfeatment, stress~level and
stress state. No fallures were observed i 200
‘hours'ekposure of .any low sttength steel sample
regardless of ‘stress State’ during exposure..-
However, delayed failure in less than 90 hours
" was obsérved in the. 4340 samples heat treated
" to 1750 MPa yield and stressed biaiially, to a -
~cdlculated maximum stress of 1400 MPa (Figure 10).
“The cdmpsﬁidh?sampies“strgsssd~tg11600'Mra'iﬁ‘_‘;j

uniaxial tension did not fail. Microscopy and
fractographic studies of these samples showed both
microvoid coalescence and intergranular fracture.

‘The complex nature of the crack pattern shown
in Figure 10.indicates the difficulty .in determin-
ing the stress state during crack propagation in -
the biaxially stressed samples. Analytical
techniques to improve ouf ability td determine the
stress state-crack path interactions nieed to be
developed so.that the role of stress state can be
better assessed.

The cofmon asSumptiuh that intergranular
fracture represents the surface topography formed
by delayed failure hydrogen embrittlément in 4340 .
steel may be true; however, exanmination of the
noteched hollow round samples which had the least
constraint at the crack tip and failed in delayed
failure tests showed almost no evidence of inter-—
granular fracture. This result indicated that
hydrogen induced microplasticity could be involved
in the fracture process. Such plasticity arguments
have previously been advanced but chis model For
embrittlement has received very little support.
Because of this "new'.evidence (lack of inter-
granular fracture on the low constraint samples),.

-and- earlier arguments based on the Onsager
-principle, tests were conducted to determine the

effect of liydrogen uptake on yielding in high
strength steel samples. These tests were made by
inecreasing the dead weight loading of a 4340 steel
sample in a creep frame until plastic deformation
was Initiated. The sample was then held under load
for times suffjcient to insure that no further
deformation was occurring. The sample was then
exposed to high hydrogen fugdeity. The hydrogen
exposure caused plastic deformation to resume.
Results which looked similar to the hydrogen
induced crack growth curves of Johmson were
obtained (Figure 11). Careful examination of the
exposed samples did not reveal any evidence of
cracking. This result indicates that one
niechanism of delayed failure may be hydrogen
diffusing to a region of high stress (in the
notched round samples these regilons were. generally
high triaxial stresses) ahd lowering the- yield
strength in that region. Fracture mechanics
considerations show that the critical plastic

zone size at the omset of failure depends on the
yield strength. The size of the plastic zone is
dependent on the applied stress intensity at the
exaek tip; thus lowering the yield stress lowers
the required stress intensity Eor fractute and
hydrogen diffusion te a crack tip could induce
failuyre. . The mode of failure 15 not defined by
this niodel and could be either intergranular
rupture .(high triaxial stfessés) or microvoid |

. éoalescence: (Mindmal triaxdial stresses). However;

in either event failure is initlatéd because of
hydrogen diffusion to regions.of high lattice-
dilation. The teiidency for such diffusipn i

. clearly ‘enhanced by triaxial stresses and thus
“such stresses enhance delayed failure hydrogen
, embrittlement. ) .

Dznamic Tests*

The effect of stress—state on'the 5usceptihil-

ity oE steels to hydrogen embrittlenient under

e dynamic test -conditions was examined'vda a disk

rupture system designed and fabricated fob that

. -purpose.. By cqpttolling the radius around which

. u—iggis;
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the edge of the pressurized clamped plate was
allowed to bend, the location of failure initiation
can be controlled. A large radius at the clamped
surface caused failure to initiate under almost
biaxial stress conditions (Figure 12a) in the
center of the plate while a sharp radius caused
failure to initiate in regions tending towards
"uniaxial" tension conditions (Figure 12b). The
exact stress states in the disk rupture samples
have not been determined because the required
elastic-plastic analysis of such a clamped plate
has not been made. However, both elastic analysis
and intuition indicate a large difference in stress
states under the two burst conditions. The effect
of stress state on the susceptibility to dynamic
hydrogen embrittlement was then determined by
comparing the burst pressures of nearly identical
samples in oxygen and hydrogen. The pressure

ratio pg,/PH, is then used as a measure of
embrittlement,

The results of the burst tests indicate that
under dynamic rather than static loading con-
ditions, hydrogen embrittlement is enhanced by
uniaxial rather than biaxial (or triaxial)
loadings. Burst tests in the disk rupture system
demonstrated that when samples were ruptured in
biaxial tension the burst pressure was not
significantly affected by the test gas. Tests
of similar samples under more uniaxial conditions,
however, showed that when hydrogen was used as a
burst gas, the burst strength was reduced by 20%.
This result was expected because, as described in
the introduction, dynamic tests were thought to
require dislocation transport and hence high
shear stresses to localize hydrogen.

Conclusions

The most significant conclusion of these tests
15 the obvious difficulty in using short time
dynamic tests to predict the effects of hydrogen
on long time behavior under static loads. Clearly
different variables control the hydrogen local-
ization mechanism in the two types of tests and
extrapolation of data obtained under one set of
test exposure conditions to any other set of
service (or potential service) conditions should
be made carefully. These results also point out
the need for continuing (and increased) effort
to determine the role of stress state in hydrogen
embrittlement process so that data and models can
be developed to permit the maximum use of the
large body of hydrogen embrittlement information
in design considerations.
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?igure 1. Cylindrical test specimen for
evaluation of the effects of stress state on
susceptibility to hydrogen embrittlement.

Figure 2.
machine.

Cylindrical specimen in instron tensile
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Figure 5. Interpranular fracture and microvoid
coalescence on fracture surface of sample failed

O Did not Fail in Hydrogen
8 Did not Fail in Oxygen
® Failed in Hydrogen

in delayed failure test.

Figure 3. Delayed failure data for specimens
tested under biaxial, oy = o, and standard
cylinder, oy = 20y, states of stress, !
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0 1 L 1 profiles at crack tip.
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Figure 4. Effect of constraint and hydrogen on
shear lip in notched hollow round samples.
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Figure 7. Four point loaded sample and test Figure 9. High pressure hydrogen autociave for
apparatus. exposing delayed failure samples.

Figure 8. Clamped plate assembly for testing Figure 10. Failed biaxially loaded sample.
sheet specimens in biaxial tension.
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Figure %1. Effect of hydrogen charging on tensile
strain in smooth bar tensile sample.

Figure 12. Disk rupture test specimens from
biaxial and "uniaxial" loadings.
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EVALUATION OF LASER WELDING
TECHNIQUES FCR HYDROGEN TRANSMISSION

J. A, Harris Jr. and J. Mucci
Pratt & Whitney Aircraft Group
Government Products Division
West Palm Beach, Florida

Abstract

This program will evaluate the afmooth and notched
tensile, low-cycle-fatigue and fracture toughnesa.properties
of two pipeline materials, ASTM A312 Grade AISI 3041,
and ASTM A106 Grade B in parent and welded (Laser,
Electron Beam and GTA) conditions, Testing in air and
13.8:MPa (2000 piig) gdseous hydrogen will establish the
susceptibility of the materials to hydrogen enviranment
effects. Metallurgical analysis of the weldments and fracto-
graphic evaluations of failed test specimens will be con-
ducted to eupplement the mechanical property character-

izations dand aid in datermining if iaser welding is feasible-

for hiydrogen transmission pipeline application. The pro-
gram atarted on 30 September 1977. This paper discusses
the program ohjectives, approach and status to date.

. Introduction

The evolution of a hydrogen energy system will require
major technology development programs. Regardless of the-
means of production, tranarission and storage of hydrogen
will be required. Cufrent gas transmission-pipeline technoi-
ogy will form the base from which hydrogen transmission
will grow. However, unlike natural or hydrocarbon geses,
hydrogen has a unique effect upon moat metals in that it
embrittles or degrades properties. Thia effect upon material
properties has been studied most extensively in the
development of hydrogen-fueled rocket engines. For space
applications, use of expensive, highly alloyed materidls is
juatified. The economics of gas transmission syatems,
however, require the use of lowet cost, more plentiful
structural materials.

Mild and:low alloy steels are being considered because of
the economic factor. A problem exists, however, in that
most ferritic steels are susceptible to degradstion of
structural properties resulting frem hydrogen exposure over
a wide range of conditions. Sinecs numerous welded joints
are required in the fabrication of transmission pipelines
and . storage eystems, an additional problem . existe:

weldments appear mote suscaptible to hydtogen degrada--

tion (émbrittlement) than the parent alloys. Moreover,
varidus welding processes may vield different degrees of
susceptibility. In general, welding proceases that minimize
fusion and heat-affécted zohes tend to produce high
integrity welda that are less suscepitible to hydrogen
degradation snd dlso produce joints that meintain many of
the characteristica of the parent material,

Research at the United Technologies Research Center
(UTRC) indicdtes thit. lasér weldments possess these
desired qualities. ‘The Pratt & Whithey Aircraft Govern-
ment Products Division has conducted extensive parent
and welded materidl evaluationis in gaseous hydrogen
environments. These divizions of the United Technologies
Corpatation. will determine the t'eamb:hty of laser welding
a8 a viable means of fabicating and/or joining hydregen

tranamission piping. The proceaa for obtaining results and

conclusmns from this- atudy in disgramed in-Fig. I-1.
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il Program Approach

This program consisis of smooth and notched tensile,
lowscycle-fatigue (LLCF) and fracture toughness tests of two
pipeline materials in the parent and welded (laser, electron
heam and gan tungaten atc) conditions. Comparison of test
results in air and 13.8 MPa (2000 psig} gaseous hydrogen
will establish the susceptibility of the materials to
hydrogen environment effects. The program is diagtamed
in Fig. II-1. The tests to be:conducted and the environmen-
tdl conditions are listed in Table H-1,

A, Materials.and Welding

The test materiils, ASTM A312 Grade 304L steinless
steel and ASTM A108 Grade B carbon stxel, to be
evaluated have been procured in the form of No, 5 Schedule
160 Seamless Pipe [141.3-mm (5.562.in.) outside diameter,
15.9-mm {0.625-in.} wall thickness]. Weldraents will be
produced by the Automatic Gas Tungsten Arc (GTA),
electron beam and laser proceases by joining two 50.8-mm
{2.0-in.) lengths of pipe (Fig. H-2).

Gas tungsten arc and electron beam welding will be
performed using current process schedules and specif-
ications, Calibration welds will be made to verify and/or
select process parameters and then the pipe samples will be
welded, Visua), radiographic, and flucrescent penetrant
inspection will be performed to ensure soundnesa.

Laser welding will be performed by the UTRC. Since
laser welding is.a relatively new process, weld schedules.for
specific maberialu and thlcknesaes have nnt. bheen de-

- will be determmed for- the ASTM A106B and AISI 304L-

ateals that are to be used in this program. Initial pararme-
ters will be sslected on the basie of general penetration-
speed-power information, which has been established for
laser welding. It is anticipated that a laser power level of

‘approximately 12 to 14 kW will be required; welding speed.

at this power leve] will be veried from abmit 63.5 to 127.0
em/m (25 to 50 in./m). Bead-on-plate penetrations will be
formed s the materials and subjected to visual inspection.

“The conditions at which optimum bead-on-plate pene-
trations are formed will be used to form direct butt welds
between. pipe sections. These welds will be subjected to
visual, radiographic, and selected metallographic inspec-
tion. The latter in important for selection of weld parame-
ters since the nature of the weld bead shape and grain.
structiire Liave been related to the mechanical properties.

-Attempts will be made to generate a weld bead exhibiting

a uniformly-tapering crosa section from top io bottom. This
weld bead shape, which would be expected to promate

_ progressive solidificatinn from-bottom totop; also would be

expected to promote expulsion of gases from the weéld zone.

A weld shape that exhibits a narrow waist, on the other

hand, oftsn leads to trapped ‘gases in the lower weld zone




regions, as well as to the generation of shrinkage cracks,
Within the limitations imposed by bead requirements weld
parameters will be selected at the highest corresponding
speed {i.e., with the lowest specific energy input) to attain
the smallest possible grain size.

Sample weldments will be formed in the subject materi-
als using the selected parameters. Direct butt welds will be
made between 50.8-mm (2.0-in,) pipeline sections icing
inert gas shielding provisions to prevent atmespheric
contamination of the welds, Slope-out procedures will be
employed at the end of the weld to eliminate the termi-
nation defect that occurs in deep-penetration welds
without this procedure. Welds will be inspected visually
and radiographically, and then forwarded to the Govern-
ment Products Division for evaluation of mechanical
properties in a hydrogen environment.

‘B. Specimans

Solid, externally pressurized specimens- will be used for
ench test. These specimens will be machined from the pipe
sectiona illustrated in Fig, II-2. Test specimens are shown
in Fig. H-3 and described briefly in the following para-
graphs,

1. Tensile Specimens

Smooth and fotched specimens will be used for this
testing, Smooth specimens will k:: 6.40-mm (0.252-in.)
gage diameter and a reduced suc:.on length of 27.0-mm
{1.062-in.). Notch specimens (K,=8.0) have a larger
diameter of 9.5-thm (0.375-in.) and a niotch diameter of 5.9-
mm (0,234:in.}) machined in the center of the specimen
reduced section at & 60-deg angle, with a0.038-mm (0.0015-
in.} radius at the apex of the notch, The welded materials
specimen blanks will be given & light etch and the gnge
section ofiented such thit the notch will be positiohed in
the center of the fusion or Heat Affécted Zone (HAZ) areas.

-

2. Fracture Toughness Specimeén

A lw, 12.7-mm (0. 50-111) thick, comqiant tendile spec-
imen, conifotming to ASTM E-399.74 specifications, will be
used for the fracture toughness tests. The welded specimen
starter notch will be oriented 50 that the fatigue precrack
will be located -in the fusion or HAZ areas.

3. LCF Specimen

The LCF spectiien incorporatés integral machined
extensometer collurs. A calibration procedure has been
eatablished tu relate the maximum strain-to-collar de-
flection during both the elastic and plastic portion of the
strain cycle. The specimen design and calibration pro-
cedure were verified both experimenteily and analytically.

All specimens will be cleaned and packaged prior to
testing to protect them from surface contamination,

€. Testing.and Evaluation

The test effort for this prografﬂ.consista of the mechani-
cal properties tests listed in Table II-1 and deacribed below:

I. Smooth teriile tests will be condiicted
inairand. gaseous- hydrogen at ambient
témperature using applicable ASTM
E-8 procedures.

2. Notch tensile tests will be conduéted'in
air and gaseous hydrogen at ambient
temperatire using applicable ASTM
procedures, The notch will have a
stress concentration factor (K.) of 8.

165.

3. Low-cycle fatigue tests (completely
reversed-mean strain of zero, -axial
strain controlled) will be conducted in
air and gaseous hydrogen.

4. Fracture toughness tests will be con-
ducted at ambient presaure in. air at
ambient temperature using ASTM
E398 procedures where applicable; In
the event valid K;¢ conditions are not
met, J integral methods will be used to
obtain fracture toughness values.

All of the hydrogen testing will be conducted in 13:8
MPa (2000 psig) gaseous hydrogen. Tlhis is the pressure
projected for economical transmission of hydrogen (Rsf. 1).
in this program, it is proposed to go directly to the
anticipated operating pressure and establish fedsiblity
based upon performance in that environment. The effects
of potential hydrogen pickup during welding, or thermally
charged specimens will not be investigatéed as they appear
more academic in liglit of the anticipated operating
environment and scope of this program.

Metallurgical evaluation will be ¢énducted to character-
ize the parent material and welds. This evaluation will
include macroetch, microhardiess profiles, and phase
identification. In addition, metallographic and fracto.
graphic evaluation will be conducted on representative
samples of failed test specimens to aid in explaining test
results,

tIt. . Test Facilities

The Government Producis Division of Pratt & Whitney
Aircraft maintains a dedicated facility for conducting
materials property evaluations in high pressure gaseous
envitonments. The facility waa originally established to
perform  materials properties tests for space propulsion
systems with various gaseous environments at pressures to
345 MPa (5020 psig) and temperatures to 1144°K
{1600°F). The testing equipment includes machines for
performance of tensiit;, fracture toughness, fracture me-
chanies, high and low cytle (strain controlled) fatigue-and
eréepfstress rupture tects Bosically the machines are
closed loop sefvo-controlled systems with programable
controllers, located in isolated test cells wnth the associated
gas handling systems.

The test facilities have been described in detail in
previously publishied works (Ref. 2:8), and will not be
described in this paper.

IV. Status

We are curreiitly in the first month of this eight (8)
month program. The AISI 304L and ASTM A106B materi-
als in the form of seamless pipe hiave been procured, and..
test facilities are being prepared.
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Table II-1. Experimental Test Qutline to Detérmine the Susceptibility of Welded Pipeline

Materials to Hydrogen Degradat:on

Mechamcut Prggert:es Tests

Sinouth  Notch Low-Cycle Fracture
Tensile_ Tensilé®  Fatigue  Toughriess

Material Weld Type  _Environinent:
AIST 3041 Parent Material Air
o : Hydrogen

GTA Air
Hydrogen

GTA (HAZ) Air
o Hydrogen

EB Air
Hydrogen

EB (HAZ) Air
Hydrogen

Laser Air
Hydrogen

Laser (HAZ) Air
Hydrogen

AISI0ML. - Total - Air

o Hydrogen
ASTM A106B - Tatal . Air

Hydrogen

'I‘otal Specimen Teata 136

Air Tests ac 207°K (75°F), 1 atmosphere

2

2
2
2

Hydrogen Tests at 207°K (76°F); 13:8 MPa (2000 psig)

1Stress _G_qncentratior_l Factot, K, = 8.0 _

2 2 2
‘2 2 .
2 2
2 2
2 2
2
2 2
2 2
2 2
2
T 2
2 2
2 2
2 —_— _
14 2 14
14 8
14 2 14
14 8
56 20 28
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Abstract

This program is in the nature of a progress
report through the period Septesber 30, 1976 to
Septembar 30, 1977. The following subjects will
be discussed: the influence of the free energy
change and the metal atom mobility upon the re-
action of intermetallic compounds with hydrogen;
the properties of a ferro-titaniuni alley hydrides
formulated for a specific application (Hp~Cla dual
mode cell); the effect of cyclic hydriding and de-
hydriding on-FeTi; the TiCr,-H systém and its
properties. .

I, Introduction

Over the past year our metal hydride develop~
ment program has focused on the following areas:
(I} a general consideration of the reaction of inter=
metallic compounds and alloys with hydrogen:; (2)
thé properties of fertp-titanium alloy hydrides;
(3) a definitich of the TiCrz-H system; (4} prop-
erties of substituted TiCr, M, alloy hydrides; {5)
management: responéibilities 2or several DOE con-+
tracts in this area. This report will be con-
cetned with items 1<4. It should also be noted
that items 1, 2 and 3 are areas whiéh also re=
ceived support from the Division of Basic Energy
Sciences which has contributéd im part to the re~

sults presented herein.

. 1.  On the Réaction of Interietillic Compounds

with Hydrogen

It is rather difficult to predict a priori
whether an intermetallic ¢ompound will react with-
hydrogen or which reaction path will be Followed
and what products will form. However, some empir-
ical predictive tlidories have been developed, of
which the most notable is the theory of Reversed
Stability as proposed by Miedema et al., [1]. This
theory has béen guite useful in systems. Involving
ABs alloys, but it has enjoyed only limited suc-
cess in those involving first row transition
intermetallic compounds {e.g., FeTi, TiCrp)}. We
have found, however, that intermetalllc—hydragen
systems, without exception, will cbey thL ap rather
simple rules. They are as follows: S ) -

1, In order for ah intermetallicrcompound to

‘ react directly and reversibly with hydregen to

form a distinct hydrlde phase, it Is necessary that
at least one of the metal componenti be capable of
reacting directly and .reversibly with hy&@rogén to
forii a stable binary hydride.

2. If a zeactlon takes place at a tempera—

system will assume its most favored thermodynamzc

" configuration.
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3. If the metal atoms are not mobile (as is
the case in low temperature reactions), only hydride
phases can result,which are structurally very simi-
lar to the starting intermetallzc cnmpound.

Ritle 1 is puxely-empirical. It is hased aii our
own and other's experimental observations [2]. The
latter two rnles are firmly based on established
thermodynamic and structural principles.  They are,
cbviously, not new concepts. They refer to two-
temperature dependent vatriables, the free enefdy
and the metal atom diffusion rate, either one of
which may be the dominant'factor in system behavior.
We have found their explicit statément to ba quite
useful and have altered both our experimental pro=-
dedures and program diréection substantially.

IIX, Ferro=Titanium Alloy Hydrides

In this.area we have focused primarily on syn~
thesizing a hydrlde of the type T;Feansz which
would have optimized properties in relation to the
Hp=Cly dual mode electrolytic cell [3]. The target
reguirements for this material are as follows:

Effective H storage capatity = 1.5 wt %
Maximum activation temperdture = <100°C
Minimum discharge press @ 609C 3 atm
Maximin charging press @ 40°C 34 atm
(for stated storage capacity). '

A number of alloys were formulated which satisfy
the above criteria; their coiposition and pertinent
properties are given in Table 1. At thisg time we
consider the alloy having the composition

TiFeg gsMng. 15 te be optimin for the. Hy=Clsy unit.
Its pressure-temperaLure-composltlon relationships
are summarized in Figure 1. It is worth noting
that hysteresis in this system is considerahly re-
duced compared to that of the TiFe=H system as
shown in Figure 2.

We have previously reported that the activity
of Feli towards hydrogen is a sensitive function of
the concentration of oxygen in the gas phase and
as little as 10 ppm Oy in Hp hag a detectable .
effect {4)}. Durin