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A DEVELOPMENT PROGRAM FOR

THE HIGH-TEMPERATURE NUCLEAR PROCESS HEAT SYSTEM

by

R. J. Jiacoletti

ABSTRACT

A comprehensive development program plan for a high-temperature nuclear
process heat system with a very high temperature gas-cooled reactor heat
source is presented. It is clearly in the national interest to develop
this high-temperature primary energy source and system since it is the
only alternative to fossil-fired systems that could supply high-tempera-
ture industrial process heat on the appropriate time scale. The system
would provide an interim substitute for fossil-fired sources and ultimately
the vehicle for the production of substitute and synthetic fuels to replace
petroleum and natural gas. The dwindling domestic reserves of petroleum
and natural gas dictate major increases in the utilization of coal and
nuclear sources to meet the national energy demand. The nuclear process
heat system has significant potential in a unique combination of the two
sources that is environmentally and economically attractive and technically
sound: the production of synthetic fuels from coal. In the longer term,
it could be the key component in hydrogen production from water processes
that offer a substitute fuel and chemical feedstock free of dependence
on fossil-fuel reserves.

The proposed development program is threefold: a process studies pro-
gram, a demonstration plant program, and a supportive research and develop-
ment program. Optional development scenarios are presented and evaluated,
and a selection is proposed and qualified. The Interdependence of the
three major program elements is examined, but particular emphasis is placed
on the supportive research and development activities. A detailed descrip-
tion of proposed activities in the supportive research and development
program with tentative costs and schedules is presented as an appendix
with an assessment of current status and planning.

I. INTRODUCTION

A. The Energy Future and Nuclear Process Heat

The national and world energy situation has

changed significantly as more and more nations have

developed energy-intensive economies. Many studies

of energy use and energy resources have been made

in response, and although the scenarios vary, there

is genertl agreement that major changes in energy

sources and their utilization must occur if the
1 2 3

national energy future is to be secure. ' Fore-

casts predict that by 1985 imports of crude

oil and natural gas would cause an unacceptable'

high deficit in the U.S. balance of payment? if

current demands for these fuels continue to increase

as in the past decade. Regardless of the rate of

increase assumed, the U.S. energy demand, based on

crude oil and natural gas, cannot be met ...nout

a major undesirable impact on the econom1 Under

these conditions, it is in the national interest

to develop domestic substitutes for petroleum and

natural gas and to evaluate and develop alternative

energy sources. Most of the energy studies conclude

that the use of coal reserves for the production

of synthetic liquid and gaseous fuels and of uran-

ium as energy sources can be expanded to meet the

deficit between the energy demand and the supply of

1
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petroleum and natural gas in the near term (the next
15 to 25 years). Beyond that point (the year 2000),
other primary energy sources such as solar, geother-
mal, the fission breeder,and fusion must be devel-
oped for an increased utilization.

A major fraction of the primary energy demand,
for industrial process heat and electric power gener-
ation, will require a high-temperature source, which
geothermal resources cannot provide and for which
solar energy is presently not economically feasible.
In this context, the only alternative to fossil fuels
as an energy source is nuclear energy from fission
or fusion reactions. The scientific feasibility of
fusion is yet to be demonstrated, and commercial
application as a source cannot be predicted or
planned even in the longer term. The remaining pri-
mary energy source is the nuclear fission reactor,
and the high-temperature gas-cooled reactor is the
only fission-energy source capable of producing
these high temperatures.

B. The Need for the Nuclear Process Heat System
Development Program
In 1974 an ERDA studies projram was initiated

to assess the incentives and needs for a national
program to develop a very high temperature gas-
cooled reactor (VHTR) for high-temperature process
heat, electric power generation,and other energy
applications. The study program has been directed
toward the evaluation of conceptual designs of
reactor sources and candidate process applications
and has involved reactor contractors, other govern-
ment agencies,and national laboratories. The high-
temperature industrial processes identified as
having the most promising near-term potential for
the application of nuclear process heat are those
for the production of synthetic liquid and gaseous
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fuels from coal, and for the production of
hydrogen by steam-methane reforming for use as a
chemical feedstock in iron ore reduction and
chemical production. In the longer term, the use
of nuclear process heat to produce hydrogen by
thermochemical dissociation of water processes
and for electric-power generation by direct-cycle
gas turbines has excellent development potential.

These identified process applications are
energy-intensive ana require a high-temperature
primary energy source and/or hydrogen or a hydrogen-
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rich reducing gas mixture (Hp and CO). The hydrogen
required is now produced by steam-methane reforming,
a highly endothernic process which is also fired by
a natural gas input. In conventional processes for
the production of synthetic fuels from coal, nearly
one-third of the total coal feed would be used as
fuel to supply the primary energy for the process.
Therefore, the development of the nuclear process
heat system would provide, as an interim measure,
more efficient, environmentally acceptable,and
conservative processes for the production of synthe-
tic fuels from coal and hydrogen from natural gas
by the substitution of nuclear for fossil energy.
In the longer term, the system could be the basis
for the production of hydrogen from water for use
as a substitute fuel and chemical feedstock and a
more efficient electric-power generation system.
It could be the key to true conservation of the
dwindling, nonreplenishable domestic fossil reserves.
A program to develop this system is in the national
interest since it could supply a singularly signifi-
cant part of the national energy demand on an
appropriate time scale.

II. THE HIGH-TEMPERATURE NUCLEAR PROCESS HEAT
SYSTEM DEVELOPMENT PROGRAM
A large, well-coordinated effort will be re-

quired to develop a nuclear process heat system and
bring it to commercial application. Three separate
but strongly interrelated programs are recommended:
a demonstration plant program, a high-temperature
industrial process studies program,and a supportive
research and development program. The demonstration
plant and the high-temperature industrial process
studies programs are more in the province of indus-
trial and other organizations; therefore, only
general recommendations are made for these programs,
and schedules and costs have not been attempted.
The recommendations for the demonstration plant
program concern only the starting point,and it is
subject to the selection of one of the four options
described in the following material. The recommended
high-temperature industrial process studies program
is a continuation of the type of program included
in the ERDA assessment studies which would define
more specifically the process requirements and



commercial application potential of candidate pro-

cesses. The results of these process studies will

provide guidance for the demonstration plant and

supportive research and development programs. De-

tailed recommendations for the supportive research

and development program with costs and schedules

are presented in Section III. It is noted that

Los Alamos .Scientific Laboratory has considerable ex-

perience and expertise in this area from past proj-

ects such as UHTREX, and from current projects in

high-temperature fuels, nuclear process heat systems

analysis, and thermochemical-hydrogen studies.

The planning of the development program must

consider several options:

1. A program leading to the construction of

a demonstration plant for a specific industrial

process.

2. A program leading to the construction of a

demonstration plant for an industrial process

identified and developed as a part of the program.

3. A program leading to a demonstration of

nuciear heated steam-methane reforming.

4. A program leading to a decision on one of

the three options above.

The options successively place the cvta of a com-

mercial application further and farther ir.to the

future. In consideration cf i".s present state

of high-temperature tecr.'.c.'.zqy and of the importance

of a t'-nely deve'epnen;, 2;zJ.zr. 2 offers the most

acceptable overa'.; zz~?rc'a i3Z*eer. the earMsst

time for demonstration plant operatic, d.'.a aesign

sophistication by technological advances. The

demonstration plant program could begin with a

conservative design and provide for reasstfsment

and design options at appropriate points in the

program. Then, when technological advances have

been made, the design option that incorporates them

could be selected; if not, the original design

could be continued as scheduled. This procedjre,

shown in a simplified schematic form i,i Fibres 1

and 1A, combines all three recommended programs

into a coordinated development effort which allows

appropriate, timely design decisions on the process,

process interfaces, systems,and system components.

Option 1 requires the selection of specific

industrial process for demonstration and commercial

application of the nuclear process heat system when

the program is initiated. The design considerations

in the demonstration plant program would be more

specific at an earlier point and the operation of

the plant might be realized sooner. However, the

research and development program would not be mater-

ially changed nor accelerated, and the time limita-

tions imposed on the overall program by its progress

would remain. The high-temperature industrial pro-

cess scudies program would not be required as an

integral part of the development and decision process

as in Option 2, since a process woJd have been

selected. With this exception, the development pro-

gram could proceed as depicted in Figure 1.

Options 3 and 4 are the more conservative,

and the selection of either could delay the demon-

stration plant program and final commercial appli-

cation of the nuclear process system as much as

5 yrs. The supportive research and development

program would be required as well as thfi high-temp-

erature industrial process studies program. As

currently planned, the demonstration of nucKar

heated steam-methane reforming would be a part of

Option 1 regardless of the industrial process sel-

ected, and it is the most probable hydrogen produc-

tion process in Option ?. Therefore, the d"lay of

the demonstration plant program must be weighed

against the operational time requirement if these

options are selected.

In summary, Option 1 provides for reassessments

and design decisions on prrcess interfaces, system

and system components; Option 2 provides for reassess-

ments and design decisions on the process, process

interfaces, system,and system components. Both

produce the compromisf between plant delivery time

and design sophistication, but the approach ir

Option 2 is more consistent with the present ŝ tate

of the technology. Options i and 4 provide additional

time for the development of information for a .leci-

sion on the riemoistration plant program, and dtlay

the commercial application rf the system. In con-

sideration of the technical factors and the need

for a timely development of this system. Option 2

is recommended for selection.
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Fig. 1. The high-temperature nuclear process heat system development program.
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III. THE SUPPORTIVE RESEARCH AND DEVELOPMENT
PROGRAM

For these hi<;ri-tenperati.re industrial pro-

cesses and advancea energy applications, reactor

helium exit terperaures as Irlgh as l?00°C ;?200cF

may be required. The nearer term applications of

the nuclear process he.it system in the producfior

of synthetic fuels wll" probably require a reactcr

helium exit temperature of at 'east 950°C (1742''F)

*he known reqt:regents of Ce.'.cicate processes ir.a

those assumec for processes ye: to be developed

dictate tne development of systems and components

for operation at aj higli a temperature as practicable

for optimum jtilvation. These elevated temperatures

produce design and material requirements for the

system that are bevond those of current practice

and qualification.'*'15 The interfaces between the

reacto1" heat source and possible process epplications

are either significantly different tnan those pre-

sently employed or have never been designed; there

are unicjje cesign, environmental, and safety con-

siderations involved.

Therefore, the development of the high-tempera-

ture nuclear process heat system (depicted schematic-

ally in Figure 2) will require a major supportinq

research and development program. The fuel techno-

logy of gas-cooled reactors must be advanced to

achieve the higher reactor helium exit gas tempera-

tures. The design and fabrication of the high-

temperature systems and components will require the

development of a high-temperature materials techno-

logy. Technical and economic evaluations of nuclear

process heat system designs will be required to de-

fine design requirements for the systems, components,

and interfaces of the various applications. The

safety of the nuclear process heat system must be

assured by appropriate analysis before it can be

brought to commercialization. The following research

and experimental studies are recommended to generate

the required data base:

• SWTMETir FUELS
FROM COAL

• STEC'wMAKINC

• HYDROGEN
PRODUCTION

SECONDARY PROCESS
COUPLING

• SYNTHETIC FUEL
FROM COAL

• STEEL MAKING

• HYDROGEN
PRODUCTION

PRIMARY PROCESS COUPLING

COUPLING MODE A MAJOR PROGRAM DECISION

Fig. 2. Nuclear process heat system schematic.

• System and Component Analysis

- Heat exchanger systems and configurations

- Process systems and interfaces

- VHTR design

- Nuclear complexes

t High-Temperature Reactor Fuels Technology

- Design and development of improved fuel and

fuel matrices

- Testing of developed fuel and fuel matrices

• High-Temperature Materials Technology

- Materials for temperatures to 980°C (1800°F)

- Materials for temperatures above 980°C (1800"F)



• High.Temperature Helium Test Loops
- Process equipment development
- Large component

• Thermochemical Hydrogen Production
- Development of reaction cycles
- Development of production processes

• Safety Analysis
De'ailed descriptions of the elements of this re-
conaiended program are presented in the Appendix;
the systems and component analysis studies, high-
temperature fuels technology.and thermochemical
hydrogen studies are currently in progress at LASL.
The costs and schedule for the program are presented
in Figure 4.

The systems and component analysis studies
provide a focal point for the research and develop-
ment efforts and a means of communication between
the three recommended programs. Based on design
and process studies, and the input from the other
two programs, the systems analysis studies will gen-
erate general design and material requirements for
the system components and interfaces and provide
appropriate guidance for the other elements of the
research and development program. The results of
the efforts of these other program elements will be
appropriately integrated into the systems analysis
studies to generate improved design recommendations
for the demonstration plan* program. In this process,
the component calculational models developed are
combined into systems models for the technical and
economic evaluation of system concepts. The overall
objective, therefore, is to provide sound technical
and economic bases for design decisions in the devel-
opment of the nuclear process heat system. More
specifically, these studies provide the basis tor
the design decisions on the coupling mode for heat
transfer between the reactor helium and the process
fluids, heat exchanger configurations and systems
for the helium and process fluids., process interfaces
and processes, the nuclear heat source, and the total
system configuration. These studies are necessarily
iterative 1n nature and the results will be dependent
in part on the relative progress of the other proqram
elements.

For the higher operating temperatures of the
nuclear process heat system, the reactor fuel tech-
nology for the present gas-cooled reactors must be
improved. The proposed fuel technology studies

would involve the design and development of an
improved fuel and fuel matrices to decrease the
temperature difference between the fuel and the
coolant and tc increase the maximum fuel operating
temperature (Figure 3). The level of effort indi-
cated in Figure 4 covers the oreproduction develop-
ment of an improved fuel form; by the fifth year.
It should produce the appropriate technology advances
required to begin production and testing of an im-
proved fuel for,n for gas-cooled reactors that will
permit the higher operating temperatures. This level
of funding does not include all the required quality
assurance and irradiation testing, the capital equip-
ment fcr production,or modification of existing
fertile particles.

The development of a comprehensive high-tempera-
ture materials technology 1s clearly on the critical
path in the program to develop the nuclear process
heat system. The candidate processes for the near,
term applications will probably require a process
side temperature of 870°C (1600°F); those for the
lonyer term applications will probably require a pro-
cess side temperature of 980°C (1800°F). Therefore,
the development and qualification of suitable high-
temperature materials for the design and fabrication
of systems and components separates at 980°C (1800°F);
it is above the anticipated maximum temperature
(950°C) for the near-term application systems and
near the anticipated minimum temperature (950°C)
for the '.onger term application systems. The separa-
tion is also consistent with the present state of the
technology. The planned high-temperature materials
effort is accordingly directed toward the develop-
ment of materials and technology for use up to 980°C
(1800°F) intended specifically for the steam-methane
reforming application and for use at temperatures
above 980°C (1800^) in highly corrosive and erosive
environments.

There are many unique features in the process
applications of high-temperature nuclear heat that
arise because of the nuclear source; but in addition,
helium heating at the elevated temperatures produces
new or significantly different design restraints for
the process equipment. Studies at the LASL and

14 IS
elsewhere ' have determined that there ate
substantial uncertainties in the basic engineering
data required for the design of systems and com-
ponents for these applications; these can only be



resolved by experimental studies and testing in high-
temperature helium test loops under operating condi-
tions similar to those anticipated in the nuclear
process heat system The proposed experimental
studies separate into two related tasting efforts:
process equipment development and targe component.
The objective of the process equipment development
experimental efforts is to provide the required base
of engineering data for the design and evaluation of
process and helium components and systems for the
nuclear process heat system. These experimental
studies would utilize electrically heated, high-
temperature helium test loops to measure engineering
design data like heat transfer characteristics, pres-
sure drop, reaction rates, catalyst aging effects
and configuration, material performance, hydrogen
diffusion from the process side, and tritium diffu-
sion from the helium. As the thermochemical hydro-
gen studies progress to the proper stage, similar
experimental efforts will be required for this
process to generate the engineering data required
for design and evaluation of process equipment ano
systems. These experimental efforts will be closely
coordinated with the other research and development
program elements and the demonstration plant and
industrial process studies programs. The level of
funding showi in Figure 4 includes the preparation
of an existing LASL facility, the installation of
the test loop, the high-temperature heat exchange
experiments,and a very tentative estimate for the
thermochemical hydrogen process experiments.

As the overall program proceeds, and component
and system designs are finalized, large-scale tests
would be required for some components and subsystems
to verify that the designs are sound prior to con-
struction in the demonstration program. The costing
of this facility has not been attempted, but its
importance in the development program should not
be discounted. The exact time to begin these efforts
cannot be determined since the materials technology
and systems studies must progress to the appropriate
stage first.

The broad objective of the thermochemical hydro-
gen production studies is to identify and develop
thermochemical processes for the decomposition of
water that are optimized not only for the tempera-
tures available from the high-temperature heat source
but also for the practical requirements of the process

system. The proposed research and development may
be described as two complementary efforts: basic
research in thermochemistry and reaction kinetics,
and process engineering to develop an efficient,
practical,and economic process. The basic research
efforts are designed to provide the data base
for synthesis, theoretical evaluation,and preliminary
development of thermochemical cycles for hydrogen
production. This would include theoretical thermo-
dynamic analyses of reaction types and specific
reactions cycles that are potentially useful and an
experimental program to evaluate specific chemical
reactions, determine reaction rates and yields,
develop catalysts, and develop experimentally the
thermochemical data. The applied effort in process
engineering would, based on the results of the basic
research efforts, evaluate and test promising cycles,
develop appropriate computer codes for process eval-
uation, develop designs for pilot plants,and develop
methods to interact with commercial interests for
technology transfer. The level of funding for these
two programs shown in Figure 4 only covers the pro-
jected manpower requirements. A preliminary esti-
mate of experimental funding for the applied process
engineering effort is shown in the helium test loop
section. The basic research effort is currently in
progress at LASL.

In the development of nuclear reactors and sys-
tems, safety is a major consideration in design and
evaluation. For the nuclear process heat system,
the usual reactor safety issues are amplified and
new issues generated by the interactive coupling of
process equipment and fluids and by the anticipated
elevated operating temperatures in these applications.
Therefore, safety analysis studies are required as
an integral part of the establishment of the basis
for design decisions on systems and system components
and for the subsequent design optimizations in the
demonstration plant program. The proposed safety
analysis studies will identify safety issues arising
from the combustion-explosion potentials of process
fluids, corrosion-embrittlement of process equipment,
hydrogen and tritium diffusion across process-reactor
interfaces, high-temperature and high-pressure gas
valving and ducting, and the interactive effects of
malfunctions and failures in the process and reactor
systems. These studies will be closely coordinated
with the other elements of the supportive research



and development program; they will also interact

with an existing safety research effort for the

current HGTRs at LASL. The component and systems

calculational models developed in the system anal-

ysis element and the HTGR effort will be modified

for use in these studies.
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APPENDIX

DETAILED DESCRIPTIONS

SUPPORTIVE RESEARCH AND DEVELOPMENT PROGRAM ELEMENTS

I. SYSTEMS AND COMPONENT ANALYSIS
A, introduction

The systems and component analysis studies for
nuclear process heat serve as a focal point for re-
search and development activities in high-tempera-
ture reactor fuel technology, high-temperature mater-
ials,and processes. Based on design and processes
studies, the systems analysis studies will generate
general desig, and material requirements for system
components and process interfaces and develop cal-
culational models for these components. These gen-
eral design and material requirements will provide
appropriate guidance for the other research and
development activities. The results of the efforts
:n these elements will be appropriately integrated
into the systems analysis studies to generate im-
proved design recommendations for the demonstration
plant program. In this process, the component calcu-
lational models developed are combined into systems
models for the technical and economic evaluation of
various nuclear process heat application systems.
The overall objective, therefore, is to provide
design requirements on a sound technical and econ-
omic base for the development of the system.

The systems analysis studies work is necessarily
iterative and depends on the generation of improved
information for more detailed and precise subsequent
analysis; the other program elements address the
development of such information. Therefore, the
development of improved systems and system component
designs and the technical and economic evaluation of
such designs will depend on the relative progress of
these other research and development efforts.
B. Objectives

The systems and component analysis studies pro-
posed are directed toward the establishment of the
appropriate design data base for specific design
decisions on

• the coupling mode for heat transfer between
the reactor helium and the process fluids.

c heat exchanger configurations and systems
for the helium and the process fluids,

• processes and process interfaces,
• the nuclear heat reactor source, and
• system configurations-

To accomplish these objectives the following
studies are proposed:

• Heat exchanger systems and exchangers
• Process systems and interfaces

- Steam methane reformer systems
- Program developed process application systems
- Thermochemical hydrogen system

• VHTR design
• Huclear complexes

Heat exchanger systems studies are required
because of the higher temperatures in the nuclear
process heat system applications and to establish
valid selection criteria for interfaces and heat
transfer equipment between the primary reactor cir-
cuit helium and the process fluids. Two general
coupling modes are possible: direct coupling of
the process heat exchanger with the primary reactor
circuit, and secondary coupling of the process heat
exchanger with an intermediate helium circuit re-
quiring an intermediate primary helium to secondary
helium heat exchanger (see Figure 2, main text).
There are obvious thermal and cost penalties involved
in the secondary coupling mode and potential advan-
ages in the isolation of the process fluid from the
reactor primary circuit. However, the higher reactor
primary circuit temperatures required for the same
process temperature produce the possibility of longer
development time due to increased materials develop-
ment requirements. Although the secondary coupling
mode provides isolation of the process fluid from the
reactor primary circuit, the high-temperature ducting
and isolation valvinq of the secondary helium circuit
produce safety questions in addition to significant
design ana development problems. When the nuclear
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process heat system is better defined and the appro-
priate technology is developed, this study will pro-
vide a realistic basis for the coupling mode decision
and the necessary design requirements for the heat
exchanger systems.

Process systems studies are required for steam-
methane reforming, thermochemical hydrogen,and other
process applications as they are identified and
developed. As the overall program proceeds, the
necessary information concerning process and design
requirements will become more precise and detailed,
and these process studies will produce the necessary
design definition of process systems for the techni-
cal and economic evaluations. This involves the
development of component calculational models for
process fluid and helium heat exchangers for the
various processes and their integration into a
selected system configuration model. When the steam-
methane reformer component model is fully developed,
the processes with a steam-methane reformer as a
component will be modeled for evaluation. In this
same manner ether processes and components can be
modeled a.ne evaluated as the program proceeds, but
the ŝ ei~-T.ethi;-.e reformer processes will receive
first priority consideration.

Reactor design studies for the VHTR are recom-
mended to insure that the final reactor selection
for the nuclear process heat system is based on
sound teenr.ica' sr.d economic evaluations. The gra-
phite moderated gas-cooled reactors presently being
developed are potentially capable of producing the
high temperatures required for nuclear process heat
applications. Two core configurations have evolved:
the prismatic block and the pebble bed. The pris-
matic block core is composed of fixed hexagonal cross-
section graphite blocks containing fuel bodies,
cylindrical matrices of dispersed coated fuel par-
ticles, with parallel coolant flow channels. The
pebble bed core is composed of a fluid volume of
spherical graphite elements with a central matrix of
dispersed coated fuel particles. The fuel particle
technology is common and improvements of it would
apply tc both concepts. It is not advisable or
necessary at this point to select a specific reactor
design for the systems analysis studies. The other
technologies involved in the very high temperature
program will require substantial research and develop-
ment effort which will allow adequate time for reactor

design studies. A detailed technical analysis of
the relative merits of the two developed core config-
urations can proceed in parallel with the balance of
the program efforts. It is also reasonable to assume
that the high-temperature fuel technology and these
studies will generate additional reactor design con-
siderations and perhaps even new designs that should
be included. These studies are necessary for a com-
plete analysis of the nuclear process heat system.

As the system and component analysis studies
proceed to the point where complete process systems
are modeled, the basic tools for extending the studies
to proposed commercial installations will bt in hand.
The processes under consideration for near-term appli-
cation involve fossil energy resources and their
conservation; therefore, the location of the nuclear
process heat plant becomes an issue worthy of compara-
tive analysis. This task is closely related with an
ongoing program at LASL studying regional anergy re-
source development problems and would be coordinated
with these activities. Systems analysis studies of
nuclear complexes for nuclear process heat plant con-
figurations will be initiated at the proper point of
development to provide technical, economic,and envir-
onmental data for the evaluation of this concent.
C. Status

The systems and component analysis studies at
LASL were started in 1974 as part of the ERDA (then
AEC) assessment program for nuclear process heat.
In FY 1974, the major task accomplished by the system
analysis studies was a parametric analysis of helium
heat exchanger systems to evaluate the implications
of using an intermediate heat exchange loop in the
nuclear process heat system. A preliminary calcula-
tional model was developed for two configurations of
intermediate helium to helium heat exchangers. The
present studies are directed toward accomplishment of
the followinq tasks: an assessment p* the temperature
limitations of gas-cooled reactor designs based on
prismatic core designs and present state-of-the-art
fissile and fertile particles and fuel bodies, an
assessment of the design requirements for helium
heated steam-methane reformers with respect to oper-
ating conditions and materials, a continuing assessment
of the implications of employing intermediate heat
exchange loops in nuclear process heat systems with
respect to safety, operational issues,and cost penal-
ties, and the development of specific conclusions
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and recommendations for the planning of a national
nuclear process heat system development program.

In the current fiscal year, the studies have
produced the assessment of the temperature limita-
tions^ for the present HTGR for five design modifi-
cations with a neutronic-heat transfer calculational
model developed for the 3000-MWt HTGR reactor core
(see Table A-I. The definition of the research and
development programs, costs,and schedules to develop
and demonstrate reactor fuel elements capable of
producing helium exit temperatures up to 1200°C
is in progress. The assessment of the design require-
ments for helium"heated steam-methane reformers has
resulted in the development of preliminary calcula-
tional component models for three configurations
and an appraisal of the limitations of the existing
technology for this application. The study of

II. HIGH-TEMPERATURE FUEL TECHNOLOGY FOR NUCLEAR
PROCESS HEAT

the intermediate heal, exchange loop has produced
improved calculational models for design and econo-
mic evaluations of helium to helium heat exchangers
in the two configurations studied in FY 1974 end
has defined the requirements for experimental and
materials research support. The developed component
models have been integrated into a systems model
framework, and preMminary technical and economic
evaluations are in progress.

TABLE A-I

A. Introduction
The present HTGRs are designed for the rela-

tively low-temperature process of steam generation
in a Rankine cycle. Certain considerations to design
optimization have led to a core design which has a
high thermal resistance with respect to the flow of
heat from the fuel particles to the helium coolant
gas. This high thermal resistance manifests itself
as a temperature drop as high as 700°C (1260°F) be-
tween the maximum fuel temperature and that of the
coolant gas at the core exit. Modifications which
could decrease this temperature difference fall into
two general categories: modifications in the mater-
ials used in order to improve the heat transfer of
the existing core design, and actual changes in the
design of the reactor core. A combination of the
two approaches will, of ourse, offer the greatest
pay-off with respect to the increase in gas exit
temperature. Preliminary evaluations of such modi-
fications indicate that potential increases of 340
to < 700°C (612 to < 1260°F) are feasible without
actually increasing the maximum coated particle fuel
operating temperature. Improvements in fuel particle
operating temperatures are now in the developmental

Temperature

Process

Fuel Exit Gas

GAC*: Average
Hot Channel

OPTION: Average
Hot Channel

Peak Fuel
(average channel)
GAC*
0P1 ION

Peak Fuel
(hot channel)

GAC*
OPTION

Temperature Predictions VHTR for Nuclear Process
Temperature; Degrees Kelvin (°F)

Design I

922(1200)

1062
1228

1056
1220

1328
1334

1652
1651

Design II

1033(1400)

1178
1379

1173
1373

1324
1365

1631
1672

Design III

1144 (160C)

1291
1461

1284
1452

1433
1471

1679
1716

Heat

Design IV

1256(1800)

1406
1592

1397
1580

1545
1579

1807
1841

Design V

1367(2000)

1518
1715

1511
1705

1656
1686

1928
1963

*"High-Temperature Nuclear Heat Source Study," General Atomic Company report GA-A13158 (September 1974).
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stage and such improvements in the coated particles
alone could conceivably add as much as 100°C to the
gas exit temperature without changing the safety
margins under which the fuels are qualified to oper-
ate, viz., those concerning fission product release,
amoeba effects,and particle fracture due to irradi-
ation effects. It is not unreasonable to assume that
improvements in the fuel particle technology coupled
with core design modifications could result in an
HTGR design with helium coolant temperatures in the
vicinity of 1200°C (2200°F), the VHTR.
B. Program Description

Problem areas which must be solved or eliminated
in order to increase the gas exit temperature in the
HTGR can be identified as those which (a) are
associated with the transfer of energy from the fuel
particle to the coolant stream, (b) limit the life-
time of the coated particle, and (c) re safety
related. Item (a) includes the thermal resistances
of the fuel stick, the gap between the stick and the
moderator, the moderator itself,and the gas film in
the coolant channel. Item (b) includes lifetime
limits imposed on the particle due to core migra-
tion (amoeba effect), maximum temperatures that the
partirle coatings will stand, and the nature of the
core and coating materials. Fart (c) has to do with
the fission product release characteristics of the
particle and the mechanical integrity of the coated
particles. Since the various factors listed are not
mutually independent, it may not be possible to con-
sider them separately from one another.

For the HTGR, the coated particle ft;1 is em-
bedded in a carbon matrix in the form of cylindrical
fuel sticks. The fuel sticks are inserted into cav-
itie? in the graphite reactor core blocks and the
energy removed by gas flowing through adjacent coolant
channels in the blocks. The energy produced in the
coated particles traverses the carbon matrix, the
gaps between the fuel sticks and the graphite moder-
ator, and into the gas. The total thermal resistance
for this process is:

"total " "fuel stick + Rgap + "moderator + gas film

or since the temperature drop for each of these pro-
cesses in a measure of the thermal resistance,

ATt = ATfs(3(K) + ATg(157.) + ATm(13%) + ATgf(40%).

The percent of total AT is shown in parentheses
The mechanisms for increasing the exit gas

temperature by improving the heat transfer then can
be broken down into two segments: the overall con-
figuration can be changed to eliminate some of the
problems and/or the configuration can remain essen-
tially unchanged and the materials improved or
changed to minimize the thermal resistances. For
example, the reactor configuration could be changed
so that the moderator became the fuel-bearing com-
ponent; this would eliminate the gap and the fuel
stick resistances and could increase the exit gas
temperature by a corresponding amount. This is,
of course, an oversimplification, however, it does
serve to illustrate the point that it rav be possible
to eliminate some of the critical thermal resistances
in the HTGR in order to achieve a higher gas exit
temperature.

The problem of improving the thermal conducti-
vity (and thereby decreasing the temperature drop)
of the fuel stick materials is one which has received
some attention at Los Alamos Scientific Laboratory.
The thermal conductivity (A) of the fuel stick matrix
is low because the heat treatment temperature is
limited by the SiC layer of the HTGR TRISO fuel
particle. The low heat treatment does not allow the
graphite matrix of the fuel stick to graphitize
(become crystalline) to a high degree, as a result
X is low. In experiments performed at LASL, higher
heat treatment temperatures have been demonstrated
to be beneficial in increasing the crystallinity of
the graphite matrices and thus their thermal conduct-
ivities. The results of this work have ihown that
increasing the heat treatment temperature from 1800
to 2200°C increases the value of X at room temperature
by a factor of at least three. These heat treatment
temperatures may be accommodated by TRISO particles
wherein the SiC has been replaced by ZrC. These
experiments are directly related to the HTGR fuel
stick matrix since the matrix is made up almost
entirely of pitch binder which has been taken to
1800°C and whose X at room temperature is in the 10
W/m K range. A more effective manner of improving
ttie heat transfer within the fuel stick would be to
use a matrix with some fraction of fully graphitized
flour as a starting material. Past experience in
the Rover program indicates that improvement in the
value of X in such a fuel matrix could be as high as

13



a factor of 10 over that now used in the HTGR fuel
rods. This can be done by extruding the coated par-
ticles in graphite, a technique which was highly
developed at LASL during the course of the Rover
program.

Fuels such as those described here, in which
the SiC coat is replaced by a ZrC coat in the TRISO
fuel particles, offer the capability of having the
fuel matrix graphite processed at higher temperatures
with attendant improvements in properties, and also
have the rotential of having the fuel particles them-
selves operate at higher temperatures. In particu-
lar, these higher temperature fuels with improved
matrices will allow gas-cooled reactors to (a) oper-
ate at higher coolant temperatures or (b) operate
at current design coolant temperatures with a larger
operational safety factor.

The basic program for the high-temperature fuel
development includes:

a. Design, development, and fabrication of
improved fission-product retaining coated particle
fuels. These fuels will utili7e ZrC in the coats.
These coats will be made in the TRISO configuration
with ZrC replacing the SiC. Effects of stoichio-
metry in the ZrC coats themselves will be studied.
Coats will also be made using a codeposit of ZrC and
Carbon(sometimes called ZrC-carbon alloy or zirconium
carballoy); graded coats made using continuously
changing C-ZrC ratios for improvements in the mech-
anical behavior under transient temperature condi-
tions will also be studied.

b. Development of improved fuel bodies utiliz-
ing extrusion, and other techniques capable of yield-
ing high-density graphite fuel matrices, which can

be heat treated to temperatures in excess of those
now used for the HTGR fuels.

c. Evaluation of the mechanical integrity of
the particle designs described in part (a).

d. Evaluation of the fission product retention
capability of the ZrC coated particles.

e. The primary figure of merit to be used
throughout will be the irradiation behavior at high
temperature and high burnup.
C. Current Status of the Fuels Program

Efforts in the high-temperature fuels program
were nominally started under LASL sponsorship in
early 1973. Actually, there had been a very well
established technology in coated particle fuels, in

graphite fabrication, and in fabrication of extruded
fuels (i.e., coated particles in high-density graphite)
during the period of the Rover program, and this
placed the Laboratory in a relatively advanced posi-
tion at the onset of the now-ongoing High-Tempera-
ture Fuels Technology for Nuclear Process Heat pro-
gram. Progress sincj that time has been:

a. Stress 2 code (Dragon project particle
stress simulation) computer analysis has verified
the mechanical integrity of the TRISO-ZrC fissile
particle design. It appears that the ZrC particles
have much the same mechanical behavior as those con-
taining SiC.

b. High-temperature experiments on cesium diffu-
sion through ZrC and fission gas release tests on
fissile particles with ZrC coats have indicated that
ZrC will be a satisfactory fission product barrier.

c. Experiments verifying the improvements in
the graphite properties as Influenced by high-temp-
erature heat treatment have been completed.

d. The coating laboratory, including 25-mm
and 76-mm-diameter fluidized bed coaters, has been
made operational. In addition to establishing the
capability of making carbon coats in various forms,
a ZrCl. power feeder (patent application made) was
developed which has permitted the fabrication of ZrC
coats 1n a predictable, controllable,and reproducible
manner.

e. Fuel element extrusion development has pro-
ceeded using fertile and fissile coated particles of
current commerical design. The ability to extrude
coated particles with greater than 40 volume percent
loadings in graphite with a density greater than 1.5
g cm has been satisfactorily demonstrated.

f. An Irradiation testing program has been
initiated. Currently under test are ZrC coats in the
TRISO configuration, particles having substoichio-
metric ZrC coats (coats with different C/Zr values),
particles with graded C/ZrC coats, and fuel elements
made of high-density graphite containing LASL fissile
particles with graded C-ZrC coats and HTGR TRISO
fissile particles and BISO fertile particles.

P. Plan of Action
In general, the combination of kernel material,

coat design, ZrC characteristics, graphite matrix
formulation, extrusion process, and heat treatment
schedule that optimize the fuel high-temperature and
irradiation performance must be identified. In the

14



work to date, coated particles of different designs,
ZrC coats having various characteristics, and a
grapnite matrix into which the fuel particles have
been incorporated have been fabricated. These are
now being evaluated in long-term, high-temperature
irradiation experiments. Work will continue on pro-
cess parameters for the various ZrC coats (sub-
stoichiometric, graded,and composites) until suf-
ficient performance data are developed to allow a
decision on the most productive areas for the con-
centration of effort. The ZrC coated particles will
be prepared in quantities sufficient for graphite
fuel extrusion development. Processing temperatures
and schedules for the fueled graphite matrix will
be established. High-temperature, full-tern irradia-
tion tests will be performed on promising fuel par-
ticles and fueled graphite extrusions. The results
of these experiments will be used in the planning
of Vuture development work.

The high-temperature fuels technology program
is necessa.-y for the successful development of the
nuclear process heat system and will be coordinated
appropriately with the reactor design and systems
analysis studies.

III. HIGH-TEMPERATURE MATERIALS TECHNOLOGY
A. Introduction

The development of a comprehensive high-temper-
ature materials technology is clearly on the critical
path in the program to develop the nuclear process
heat system. The candidate processes for the near-
term applications will probably require a process
Side temperature of 870°C (1600°F); those for the
longer term applications will probably require a pro-
cess side temperature of 980°C (1800°F). Therefore,
the development and qualification of suitable high-
temperature materials for the design and fabrication
of system components state of the art separates at
980°C (1800°F), since it 1- above the anticipated
maximum temperature (950°i> for the near-term appli-
cation systems and near the anticipated minimum tem-
perature (950°C) for the longer term application sys-
tems. This separation is also consistent with the
present state of the technology. The planned high-
temperature materials effort is accordingly directed
toward the development of materials and technology
for use up to 980°C (1800°F) intended specifically
for the steam methane reforming applications {the

1600°F process systems) and for use at temperatures
above 980°C (1800°F) in highly corrosive and erosive
environments (the 1800°F process systems).
B. Materials for Temperatures up to 980°C (1800°F)

Several families of superal'.oys suitable for
use in the components at temperatures as high as
950°C (1742°F) have been established in the develop-
ment of aircraft gas turbines. Complementary coating
development work has also been accomplished. Three
existing types of superalloys have appropriate
developnent potential as candidates for these appli-
cations; the carbide strengthened, the gamma prime
(NijAl) strengthened, and the thormia dispersion
hardened.

The gamma prime type alloys have development
potential for use at temperatures above the 980°C
(1800°F) limit and should therefore be considered
as excellent candidates for this application. The
alloys have outstanding creep and corrosion resis-
tance but have been developed to meet different op-
erating requirements; shorter lifetimes and more
rigorous environments. Modifications for these appli-
cations would therefore be required but should be
readily accomplished. The alloys are essentially not
weldable, but can be joined by various solid-state
joining techniques wherein the matrix is maintained
below liquid state, such as resistance welding,
pressure bonding, furnace brazing,and activated dif-
fusion bonding (thin film brazing). The alloys can
be formed (hot worked) quite readily and are amenable
to extrusion, forging,and rolling. They are not
suitable for forming techniques like tube drawing
that require low-temperature ductility.

The carbide strengthened alloys are very well
developed, but would require some modification for
these applications. The probable upper temperature
limit for use is 1010"C (1850°F) which makes the al-
loys good development candidates for these applica-
tions. The carbon content of these alloys varies
significantly with resultant variations in high-tem-
perature strength and fabricability. For example,
Haynes 188 (.05 - .15C) is a typical low carbon con-
tent alloy. It is weldable by suitable techniques
(electron beam and TIG) and can be formed by techni-
ques such as tube drawing and room temperature rol-
ling; in general, it has the same characteristics as
the 300 series stainless steels. On the other hand,
MarM-509, a high carbon cobalt base alloy,is not
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weldable or room temperature formable and has char-
acteristics that approach those of the gamma prime
type alloys.

The thoria dispersion strengthened alloys have
a nickel matrix and a melting point of about 1425°C
(2600°F). Therefore, the upper temperature limit
for use could be as high as 1230°C (2250°F) and lit-
tle or no modifications would be required for these
applications. They are excellent candidates. The
alloys are not weldabTe but can be joined by solid-
state joining techniques. The alloys are made by
powder metallurgy techniques and are very difficult
to form; they are available in sheet and bar form.
C. Materials for Temperatures Above 980°C (1800°F)

Several classes of materials have suitable char-
acteristics for development for these high-tempera-
ture applications: refractory metals, ceramics,and
graphite based materials. They are not as well devel-
oped as the superalloys and several problem areas
exist in their application in these higher tempera-
ture systems that will require a somewhat longer
time period for development efforts to produce re-
sults. Since the potential application process sys-
tems are longer term, this is not considered a lim-
iting factor.

Four refractory metals are identified that
could be used at temperatures as high as 1600°C
(2900°F). Tantalum and niobium may not be suit-
able for these applications because of their ex-
treme susceptibility to hydrogen corrosion. Moly-
bdenum and tungsten are more promising for develop-
ment for component detail; however, they must be
clad to protect them from oxygen and some other
elements that may be present in the process and
helium environments. The requisite protection can
only be provided by cladding; a diffusion barrier
between the clad and the refracting may also be
required. This presents some very difficult engi-
neering design problems since the clad and the re-
fractory will have very dissimilar thermal expansion
rates. Molybdenum is ductile down to room tempera-
tures and is readily fabricated. The LASL has unique
capabilities in the fabrication of molybdenum and
has developed, or improved, the following techniques:

t Lathe spinning

• TIG welding
t Electron beam welding
• High-temperature brazing (1400°C - 2250°F)

• Medium-temperature brazing
• Advanced machining and forming techniques
• Tube and pipe extrusion and drawing
• Alloying (Thoria, rhenium,and tungsten).

Thoria 1s considerably more difficult to fabricate
and is brittle up to a temperature of about 650°C
(1200°F). It is essentially nonweldable, however,
solid-state joining, forging.and extrusion are
considered routine. It is available in a variety
of sheet, bar.and plate forms.

Rapid advances are being made in the development
of ceramics like SiC and SiN. These materials are
probably sufficiently developed for application in
the system as nonstructural details like liners
and Inserts. Appropriate and continuing evaluation
of the state of the art would allow proper consider-
ation of these materials for maximum utilization in
the system design.

The graphites and graphite based materials have
the proper characteristics for potential application
as component details and are good candidates for
this development effort. The classic high-quality
and the recently developed family of graphite-gra-
phite composites a>t? representative of the types that
should be evaluated. The jraphite-graphite compos-
ites are produced from a matrix made by filament
winding or cloth layup which is densified by infil-
tration with pryolytic graphite (vaopr deposition).
The filament winding technique has excellent poten-
tial for these applications since this approach could
lead to the development of fabrication techniques
for long tubing lengths with features like integral
fins and flanges.
P. The Planned Approach

The development of the appropriate technology
and the qualified materials for the high-temperature
designs of these systems will be approached in the
same general manner for both temperature ranges
(^980°C and '980°C). The materials for use up to
980°C are more developed and candidates can be more
readily selected, however.

The development efforts for the lower temperature
range (<980°C) will concentrate on the superalloys.
The general types identified will be evaluated and
tested under appropriate conditions in a screening
process. The screening process will involve the
development of longer term stress rupture data per-
haps obtained commercially but interpreted and
evaluated within this effort. Further alloy testing
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will be required and is planned to include, but not
necessarily limited to, the following; creep and
stress rupture, low cycle and thermal fatigue, cum-
ulative damage, tensile and compression, fracture
toughness, and corrosion. This testing will also
be conducted under the appropriate conditions to sim-
ulate the helium and process environments. Whenever
possible.ATSM standard test methods will be used to
provide the necessary data for use in certifying the
materials for nuclear service. Fabrication is ex-
pected to be a major problem area, and it is, of
course, a significant factor in mechanical design.
Studies are planned to investigate parameters in fab-
ric t on and heat treatments for the selected alloys.
The required modifications and Improvement in the
superalloy properties to extend their service life
will be made in the course of these efforts. General
mechanical designs of components and details will be
developed as soon as practicable. Typical details
will then be fahn'cated fror. several selectee cartei-
date alloys for further testing and high-temperature
exposure in appropriate environments and under the
expected operating conditions. This testing, as
planned, will be accomplished in the high-tempera-
ture helium test loop. The development of joining
and coating techniques will proceed concurrently, but
it is anticipated that these techniques will be re-
latively routine development tasks in the overall ef-
fort. Appropriate contact with material manufacturers
and fabricators dealing with superalloys will be
maintained in these efforts and they -.'ill be coordi-
nated with the other elements of the supportive re-
search and development progr;n.

The development efforts for the higher tempera-
ture range will initially cor.ce .t.ace or. a.-, eva'. .3t"'or.
of tne state of the art for m e severs", canflioate T.a-
terials for these applications. There is a signifi-
cant base of development for the candidate materials
that should be applied as appropriate to these ef-
forts. Because of the lack of definite system infor-
mation, it is difficult to access the additional ma-
terials development requirements, but it is certain
that much more development will be required to bring
the information base to the level of that for the pre-
sent superalloys. The significant and difficult task
of cladding candidate materials should be startec!
early in these efforts. Once the most promising ma-
terials are identified, the development could proceed
as described for the lower temperature range.

IV. HIGH-TEMPERATURE HELIUM TEST LOOPS
A. Introduction

The commercial success of nuclear process heat
will depend on the development of both tne nuclear
heat source and the process technolny unique to
the utilization of nuclear process heat. System
studies conducted to date strongly indicate the
process advantage of extending the state of the art
in the area of reactor operating temperature. In
addition to requiring a higher reactor operating
temperature, the process equipment must be designed
for this temperature and optimized for the use of
high-temperature helium as the heat source. There
are many unique features in the process applications
of high-temperature nuclear heat that arise because
of the nuclear source; but in addition, helium heat-
ing at the elevated temperatures produces new or
significantly different design constraints for the
process equipment. The requirement to minimize space
needs in the process equipment design, the high pres-
sure.and the temperature of the heating fluid, and
the special needs for component integrity, long life,
and safety combine to add significantly to .he usual
design requirements o1 the chemical process industry.
The identified high-tenperature industrial processes
and advanced energy applications of the nuclear pro-
cess heat system may require reactor helium exit tem-
peratures as high as 1200°C (2200°F); nearor term
applications of the system in the production of syn-
thetic fuels from coal will probably require a reactor
helium exit temperature of at leas't 950°C (1742°F).
Design and material requirements of system components
are beyond those of current practice End qualifica-
tion. Studies st the LASL and elsewhere have deter-
mined that there are substantial uncertainties in the
basic engineering data required for the design of sys-
tems and components. These can only be resolved by
experimental studies and testing in high-temperature
helium test loops under operating conditions similar
to those anticipated in the nuclear process htat system.
The first phase of these studies would be dire'ted to-
ward process equipment development in the testing of
concepts and hardware using single elements of compon-
ents; the second phase would consider the testing of
larger subsystems such as modules or complete compon-
ents. These experimental studies roust be closely coor-
dinated with the other elements of the supportive re-
search and development and the demonstration plant
programs.
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B. Process Equipment Development
The objective of the process equipment develop-

ment efforts is to provide that part of the required
engineering data base for component and system design
that must be determined experimentally. The first
goal would be the design and installation of an
electrically heated, high-temperature helium test
loop facility and the training of an operating crew.
The test loop design will be determined by the scope
of the experimental efforts and the equipment sized
accordingly; this experimental planning for the
facility is now in progress at the LASL. The de-
tailed planning of experiments can be accomplished
in parallel with the design and installation of the
test loop facility. The initial experiments and
testing will concentrate in high-temperature heat
exchange equipment development. The supportive
experimental studies for the steam-methane reformer
and thermochemical hydrogen production processes will
be conducted in the loop when their development
reaches the appropriate stage. A follow-on phase of
the experimental efforts will support studies of
advanced high-temperature energy concepts like direct
closed-cycle gas turbine systems. These efforts
will be coordinated with the other elements of the
supportive research and development program and
those commercial interests involved to insure that
the work will be appropriate for the commercial de-
sign of components.

1. High-Temperature Heat Exchangers. The ex-
perimental studies of high-temperature helium to
helium and helium to process heat exchange will pro-
duce the necessary engineering data on material
selection and performance, heat transfer character-
istics, pressure drop, hydrogen tritium diffusion,
and catalyst performance and configuration. This
work will provide the requisite verification of
solution of some of the engineering problems And
the necessary additions to the design data base for
evaluation and preliminary design of system compon-
ents. Two heat exchange coupling modes are under
consideration: di.oct coupling of the process heat
exchanger with the primary reactor circuit helium,
and secondary coupling of the process heat exchanger
with an intermediate helium circuit which would re-
quire an intermediate primary heliura to secondary
helium heat exchanger. The secondary coupling
node involves considerable losses in thermal effi-

ciency and increases in cost, and in addition, the
higher temperatures required in the primary helium
circuit to achieve a given process temperature in-
volve design technology for the intermediate heat
exchanger and loop that is essentially nonexistant.
The direct coupling mode eases the temperature/mater-
ials problems somewhat, but there are serious ques-
tions raised by the interface of reactor primary cir-
culation with the process fluids. At the present
state of the technology, these experimental studies
are required before adequate systems analysis lead-
ing to a design decision on the coupling mode can
be made. The technology developed 1o these experi-
mental efforts will be directly applicable in the
follow-on studies of advanced high-temperature energy
concepts.

The high-temperature industrial processes having
the greatest potential for application of nuclear
process heat in the near term are energy intensive
and require a high-temperature primary energy source
and/or hydrogen enriched gas mixture. Hydrogen for
such applications is now produced by steam-methane
reforming, a highly endothermic process which is also
fired by natural gas. The substitution of nuclear
heat in this process would result in major savings
in the natural gas input and is considered a signifi-
cant interim conservative measure. The conceptual
designs of nuclear process heat systems contain a
reformer unit when hydrogen 1s in the process. The
testing of a single tube reformer convectively heated
with helium in Germany has established that the
nuclear heat substitution is technically and very
probably economically feisible. The results of the
German test are significant, but considerable exper-
imental work remains for design and optimization of
the nuclear heated steam-methane reformer for these
applications.

The design limitations of helium heated reformers
are quite different from those for conventional units.
In addition to the convective heating, higher pres-
sures and more compact designs with longer lifetimes
and more exacting standards are required for nuclear
se.-vice, regardless of the coupling mode. To meet
these design requirements, the experimental testing
of new catalyst and tube configurations will be
required. The German test employed a standard com-
mercial reformer tube with commercial catalyst; the
present commercial catalyst and tube configurations
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will not be adequate for the nuclear heated reformer.
Any significant changes in the geometry of the re-
former tube or tube bundle are anticipated to add
to i.ie present uncertainties in the available engine-
ering data. Experimental studies will therefore be
required to determine heat transfer characteristics,
optimum catalyst configurations! catalyst aging
effects,and tube material performance. The diffu-
sion of hydrogen from the process fluids to the
helium and the diffusion of the tritium present in
the primary helium to the components of the system
must also be characterized experimentally under unap-
propriate conditions for analysis and design.

2. Therroochemical Hydrogen Production. The
broad objective of the thermochemical hydrogen studies
element is to identify and develop thermochemical pro-
cesses for the decomposition of water that are opti-
mized not only for the temperatures available from
the high-temperature heat source but also for the
engineering requirements of the system. As these
studies progress, experimental support will be re-
quired to determine reaction rates and yields,
develop catalysts, and determine thermochemical data.
The proposed high-temperature helium test loop would
be utilized to obtain the appropriate engineering
data for these thermochemical cycles and perhaps
study the cycles in the pilot scale.
C. Large Component Test Facilities

As the planned development program for tf.e ruc-
lear process heat system proceeds, large-scale tests
of components and subsystems would be required for
demonstration plant construction and ultimate com-
mercialization. These tests are believed to be the
only valid demonstration that the technical design
and fabrication problems have been adequately resolved
and that commercial application is justified. At
this time, it is not possible to define the exact
nature of the facilities required; but the importance
of the testing and the development of large-scale
testing facilities in the overall program should not
be discounted. The nature and extent of the facili-
ties will be determined to a large measure by the
design decisions for the demonstration plant program.

If the process heat reactor source is an exten-
sion of the present version of the HTGR, for example,
the la-ge component testing of reactor systems could
be less extensive than that required for a new reactor
design. Considering the required temperature levels.

large-scale testing of heat exchangers and heat
exchange systems will be required regardless of
the design decisions on the intermediate heat
exchange circuit. Thermal insulation for the PCRV
and the exchanges systems, valves, control systems,
the purification system, core support columns,and
steam generators may also require this type of
testing. As a general recommendation, large-scale
testing facilities should be considered in the plan-
ning of the overall program since this type of
testing is frequently the only means of verification
of full-sized component function and safety.

V. THERMOCHEMICAL HYDROGEN PRODUCTION FROM WATER
A. Introduction

It is clearly apparent that hydrogen will become
increasingly important as a medium for energy stor-
age, energy transinissiomand indeed for actual use
as a nonpolluting fuel. In the relatively near
future, it will be used as a fuel for aircraft
(indeed, it is the fuel for the space shuttle), and
in the long term it may be used for the generation
of electricity, as a fuel for residential and com-
mercial heating,and perhaps it will be used exten-
sively in select situations as a fuel for surface
vehicles. However, in addition to these aspects of
the so-called hydrogen economy, it is used in large
volume as a very valuable chemical commodity at the
present time and jquirements for such applications
are increasing rapidly. Large quantities ot hydro-
gen are now being used for the production of ammonia.
In the future it will also be used in large quanti-
ties in the iron and steel industry and for many
different applications in industrial processes. Cur-
rently, most hydrogen in this country is produced
from natural gas. As gas supplies diminish, alter-
native methods of large volume production will be

required. The production of hydrogen from the net
reaction of coal with steam will be the interim
method. However, in the long run, the production
of hydrogen will require an alternate energy source,
and hydrogen could be produced from nuclear energy
and perhaps from solar energy by the electrolysis
of water or by the thermochemical decomposition of
water.

The inhe-ent higher efficiency, and potentially
lower cost, for the thermochemical production of
hydrogen, versus the overall electrolysis path, is
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strong motivation for a comprehensive research pro-
gram to identify and develop thermochemical processes
for the decomposition of water. The broad objective
of the research and development program is to iden-
tify and develop thermochemical processes for the
decomposition of water that are optimized not only
for the temperatures available from each potential
high-temperature heat source, but also for practical
requirements in terms of 1) heat transfer (at
efficient power density), 2) power requirements
for movement and separation of materials, and 3)
materials of construction. From an evaluation of
many publications concerned with the production of
hydrogen, and also from recent work performed in
this Laboratory, it is apparent that a vigorous
experimental program (with a sound theoretical
base) is necessary for the development of simplified,
therraodynamically efficient, but also practical
thermochemical cycles for the production of hydrogen.
The overall research and development activity planned
may be described as two complementary efforts. The
first is basic research in thermochemistry and re-
action kinetics (for a large number of systems) in
order to develop a clear and detailed understanding
of the application of thermochemistry to reaction
cycles for "water splitting" and to generate a com-
prehensive "data base" of thermochemical properties
so that the many proposed processes may be evaluated
and compared and the best cycles selected for further
development. The second is an application of results
from the research program in the engineering of prac-
tical, efficient,and economically sound processes
that are optimized for each potential heat source.
B. The Planned Approach

The basic research efforts are designed to pro-
vide the data base for synthesis, theoretical eval-
uation, and preliminary development of thermochemi-
cal cycles for hydrogen production. The general
procedures include theoretical, thermodynamic anal-
yses of reaction types and specific reaction cycles
that are potentially useful and a vigorous experi-
mental program to evaluate and test specific chemi-
cal reactions; to determine reaction rates and reac-
tion yields; to develop catalysts for specific reac-
tions; and to determine experimentally, thermo-
chemical data required for thermodynamic analyses.
It should be emphasized that a large number of reac-
tion systems may require evaluation.

Further development of the thermochemical cycles
for the production of hydrogen produced by the basic
research efforts will be required for the design,
construction,and operation of pilot plants. The
applied program is designed to produce the required
engineering data and design base. The general ob-
jectives of the applied process engineering effort
include:

• The development evaluation and testing of
promising cycles with the objective of obtaining
engineering data for pilot plant design and opera-
tion.

• The development of computer codes to evaluate
potential processes in terms of the interacting
critical criteria required for a practical tech-
nology.

• The development of conceptual designs for
process equipment and pilot plants based on engineer-
ing principles and economical efficiency.

• The development of actual designs for pilot
plants. A part of this development will be to
initiate and explore methods for industrial parti-
cipation and take advantage of industrial experience.

t The development of methods for the transfer
of technology to industry.

C. Current Status of the Thermochemical Hydrogen
Program
The thermochemical hydrogen program is active

in the two general areas described above. A rather
large number of thermochemical cycles have been
conceived and several have been evaluated experiment-
ally. The individual reactions in at least five
thermochemical cycles have been demonstrated in the
experimental program. Two of the most attractive
conceptual cycles could not be carried out in reason-
able reaction times. At the present time, several
different types of thermochemical cycles are being
tested and evaluated that are based on the formation
and decomposition of sulfuric acid as two of the
reaction steps in the cycle. These are:
A. 2H20 + S02 electric H?SO. + H2

energy
(oxidation of S02 at the anode of an electrolysis cell)

H2S04(aq.) + 2HI(ag.>
•2 i:2S04(t) + 2HBr (g)

B. 2H20 + S02

C. 2H20 + S02

D. 1.5 S02 H2304 + 0.5 S

It is apparent, of course, that each method of
sulfuric acid formation will require quite different
subsequent reactions to complete the thermochemical
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cycle. The main advantage in using sulruric acid
in a cycle derives from the fact that only liquids
and gases are involved in the main heat absorbing
step. Thus, a continuous process is possible where
the liquid is pumped into a high-temperature heat
exchanger and one avoids the necessity for heating
and cooling large reaction vessels as a part of each
reaction cycle.

At the present time, most of the program effort
is devoted to thermochemical cycles based on reaction
D above. It is important to note that several dif-
ferent types or classes of reaction cycles (each with
several different reactants) have been conceived
for closing the cycle based on reaction 0. One
of these can be depicted as follows:
I. 1.5 S02 + H20 H2S04 + 0.5S (low temp.)
II. H2S04 H20 + S02 + 0.5C2 (high temp.)
III. 1.5S (ref.) + H2S + 0.5S02 (high temp.)
IV. H2S H 2 + 0.5S (ref.) (high temp.)

The cycle represented by reactions I through
IV has the very attractive characteristic that
(above the melting point of S, 119°C) only liquids
and gases are involved. It 1s possible that this
advantage will outweigh the obvious disadvantages.
These are:

(1) The free energy change (AG) is positive
for both reactions III and IV. Thus,work must be
substituted for that in these endothermic reactions.

(2) Reactions III and IV yield gaseous mix-
tures, with the product gases at significantly lower
pressures than the reactants. Thus, additional work
will be required to separate gases.

Since AG is positive for the two reactions, the
thermochemical cycle, as written, is a combined heat
plus work cycle and equilibrium constants for reac-
tions 111 and IV are less than unity at the maximum
temperatures expected from practical heat sources.
The cycle can be modified by inserting a two-step
cycle for reaction III and for reaction IV so that
all reactions can be conducted where .AG values are
negative. These changes would also simplify the
problem of separating gases. As one example, reac-
tion !M can be replaced by the two reaction cycle:
Ill-a. MO • 1.5S (ref.) MS + 0.5S02 (high temp.)
Ill-b. MS + H20 HO + H2S, (low temp.)
Similarly, reaction IV can be replaced by the two
reaction cycle:

IV-a. M1 + H2S M'S + H2 (low temp.)
IV-b. M'S H1 + S (ref.) (high temp.)
There are several metals (M) whose oxides and sul-
fides are in the stability range required for
reactions III-a and 111-b, as well as several
metals (H1) suitable for reactions IV-a and IV-b.
In the latter case, H' is usually a sjlfide and
M'S a higher sulfide. Thus, the cycle represented
by reactions I-IV can be regarded as the base for
a class or family of cycles that includes reactions
of the Ill-a plus Ill-b type and/or reaction of
the IV-a plus IV-b type.

A realistic evaluation of the H2S04-S-H2S cycle
will require an experimental laboratory program
closely coupled with engineering analysis. Experi-
mental studies are required to measure actual yields
in reactions III and IV, to develop methods to pre-
vent excessive back reaction during cooling of
reaction products, and to develop methods for separ-
ating gases; again, without promoting back reaction.
The engineering analysis must include sufficient
plant design to permit a realistic comparison of
the cycle with competing thermochemical cycles. An
early comparison will be made with cycles that result
when different elements are used in reaction cycles
of the 111-a plus III-b type and/or also In the IV-a
plus IV-b type of reaction cycle.

As mentioned previously, reactions I and II form
the basis for several additional families of thermo-
chemical cycles for water splitting. Many of the con-
ceptual cycles have high potential efficiency. Host
of the cycles require only elements that are rela-
tively light and also inexpensive and abundant. There-
fore, it seems quite probable that a practical pro-
cess will be based on at least one representative of
these different families of cycles. Consequently,
high-temperature corrosion problems associated with
the thermochemical process loop of the VHTR may be
expected to Involve H20, SO3, SO,,, 02,and S and also
(for some variations) HC1. Free halogens are not
used in these conceptual cycles.
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