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A CRITICAL EVALUATION OF HIGH-TEMPERATURE GAS-COOLED REACTORS 
APPLICABLE TO COAL CONVERSION 

ABSTRACT 

A critical review is presented of the technology and costs 
of very high-temperature gas-cooled reactors (VHTRs) applicable 
to nuclear coal conversion. Coal conversion processes suitable 
for coupling to reactors are described. Vendor concepts of the 
VHTR are summarized. The materials requirements as a function 
of process temperature in the range 1400 to 2000°F are analyzed. 
Components, environmental and safety factors, economics and 
nuclear fuel cycles are reviewed. It is concluded that process 
heat supply in the range 1400 to 1500°F could be developed with 
a high degree of assurance. Process heat at 1600°F would re-
quire considerably more materials development. While tempera-
tures up to 2000°F appear to be attainable, considerably more 
research and risk were involved. A demonstration plant would 
be required as a step in the commercialization of the VHTR. 

I. INTRODUCTION 

In the spring of 1S74, the Division of Reactor Research and Develop-
ment (RRD) of the Atomic Energy Commission initiated a program of con-
ceptual studies and evaluations of the application of very high-temperature 
gas-cooled reactors (VHTRs) to process heat generation. Important elements 
of this program included conceptual design contracts with General Atomic 
Corporation (GA), General Electric Company (GE), and Westinghouse Electric 
Corporation (W) to develop conceptual designs of such reactors to deliver 
process heat at 1200, 1400, 1600, 1800 and 2000°F.1'2'3 Oak Ridge National 

4 
Laboratory (ORNL) was assigned the mission of evaluating these concepts 
and their potential application to a number of specific high temperature 
processes including petroleum refining, petrochemical industry, coal con-
version, hydrogen production via thermochemical water splitting, oil shale 
and tar sands refining and nuclear steelmaking. 



In April 1975, following the creation of Energy Research and Develop-
ment Administration (ERDA), the ERDA Fossil Energy Division of Coal Con-
version and Utilization authorized ORNL to conduct critical evaluations of 
the application of high-temperature gas-cooled reactors (HTGRs)to coal 
conversion. This task will reinforce the RRD-sponsored efforts by pro-
viding considerably more depth in the coal conversion process evaluation. 

The present report has the objective of summarizing the status of 
VHTR technology applicable to coal conversion. Reliance is placed on the 
referenced RRD-sponsored studies as well as on publications of foreign 
programs, notably from the Federal Republic of Germany. A second report 
will be prepared by ORNL later in the program to cover exploratory studies 
of selected coal conversion systems using VHTR heat sources. 

II. SUMMARY OF APPLICABLE COAL CONVERSION PROCESSES 

Before evaluating the reactor technology, it is desired to display 
some of the applicable coal processes and the modes of coupling them to 
the nuclear heat source. 

A. Hydrogas ification 

When coal is exposed to hydrogen at elevated temperatures and pres-
sures (800 to 850°C, 10 to 100 atm.), there is a strongly exothermic 
reaction producing methane and other light hydrocarbons. Hydrogen, in 
turn, can be produced in a methane (light hydrocarbon)-steam reformer 
heated by the helium coolant of a VHTR. This highly endothermic reaction 
is carried out usually at 650 to 800°c. 

The important chemical reactions thus are the following: 
Hydrogasification c + 2H 2= CH4 + 20.6 kcal/mole C (1) 
Steam Reforming CH4 + H20(v) = CO + 3H2 - 49 kcal/mole C (2) 
Shift CO + H^O(v) = C02 + H 2 + 9.9 kcal/mole C (3) 

Depending on the desired product, this conversion process can be designed 
for net production of methane, syngas (H2+C0) or hydrogen. 

In the most straightforward version of this process as proposed by 
5 6 

the Germans ' (Fig. 1), coal is dried and then gasified with the hydrogen 
stream produced in the methane steam reformer. The gasified coal is puri-
fied (by H 00, H_S and CO, removal steps), about one-half becomes product 
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FIGURE 1. Hydrogasification of Coal Using VHTR 
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synthetic pipeline gas and one-half is recycled to the reformer. About 
40% of the coal heating value remains in residual char for which an eco-
nomic use must be founds 

As the temperature is increased and the pressure decreased, the 
methane reforming reaction goes more strongly toward completion. Table 1 
(from reference 1) shows the effect of process temperature on the methane 
conversion. The conversion increases rapidly up to about 140Q°Fr and 
increases slowly thereafter. 

There is a corresponding increase in the reformer heat duty as the 
process temperature is increased (Table 2, from reference 1). Since the 
total heat output of the reactor in Table 2 remains constant as tempera-
ture is increased, the heat duty of the steam generator is reduced with 
increased temperature; heat duty of the reformer and steam generator are 
equal at about 1500°F maximum process temperature. 

B. Solution Hydrocracking 

The General Atomic/Stone s Webster (GA/S&W)process7 (Fig. 2) is a 
variation of the hydrogasification process where coal is powdered, dried, 
and dissolved in coal liquids prior to the solution hydrocracking step. 
The hydrogen for the hydrocracking is obtained, as before, from the helium-
heated light hydrocarbon reformer. Depending on the ratio of recycle 
hydrocarbon to product and the product refining steps, the product mix can 
be predominantly coal liquids, pipeline gas, syngas (CO+H2) or hydrogen. 

The coal-liquids technology used here is similar to that used for 
making solvent refined coal or for other coal liquefication systems. It 
is anticipated that the coal heating value remaining in residential solids 
will be in the range of 10 to 20% of the original or feed coal heating 
value. 

g 
C. Steam Gasification 

Coal reacts with steam at elevated temperatures in a strongly endo-
thermic reaction. The products of the reaction (syngas) can be converted 
to desired products such as methane or hydrogen. The important chemical 
reactions are the following: 

Gasification C + H20(v) = CO + H 2 - 28.4 kcal/mole C (1) 
Shift CO + H20(v) = C0 2 + H 2 + 9.9 kcal/mole C (2) 
Methanation CO + 3H_ = CH. + H O + 49 kcal/mole C (3) 



Table 1 

Methane Reformer Conversion Data 

Maximum 
process 
temp. 
(°F) 

Entering 
process 
temp. 
(°F) 

Steam-gas 
ratio Pressure 

(psia) 

Hydrocarbon 
conversion 

{%) 

1200 
1400 
1600 
1800 
2000 

1050 
1050 
1050 
1050 
1050 

4.5 
4.5 
3.0 
1.5 
1.5 

300 
300 
400 
500 
600 

27.9 
57.8 
66.9 
71.3 
8 2 . 6 

Table 2 

Distribution of Heat Between Reformer and Steam , (a) Generator 

Maximum Entering 
process process Heat Duty (10^ Btu/hr) 
temp. temp. Reformer Steam 
(°F> (°F) generator 

1200 1050 2.50 8.00 
1400 1050 4.82 5.68 
1600 1050 5.84 4.66 
1800 1050 6.38 4.12 
2000 1050 7.45 3.05 

(a) 
Core thermal output = 3000 MW(t); pumping power is approximately 
80 MW(t) for all cases. 
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The steam-carbon reaction rates (Fig. 3) begin at about 600°C for 
lignite and 700°C for hard ccal. The Germans propose to operate a lignite 

9 
steam-gasifier at 660°C; this gasifier would be a steam-fluidized bed 
heated internally with helium tubes. Figure 4 is a schematic of this 
system. 

This system requires an intermediate heat exchanger (IKX) between 
the reactor and the gasifier because it is not believed practical to pro-
vide maintenance for a coal gasifier in the primary coolant circuit. 
Furthermore, the steam gasification reaction uses a smaller fraction of 
the VHTR energy output than does the methane reformer of the earlier pro-
cesses; there is a significant amount of by-product electric power in the 
German scheme. 

The steam gasification process leaves a residue of char, according 
to United Kingdom sources; the UK paper cites 750 to 850°C as reasonable 
temperatures for lignite gasification with 925°C recommended for "high 
carbon conversion." The corresponding temperature for hard coal is given 
as 1050 to 1100°C. 

For the stoam gasification process to be practical, a very high-tem-
perature heat source would have to be developed and/or a practical catalyzed 
low-temperature coal reaction developed. 

D. Application of Hydrogen from Thermochemical Water splitting 

A high-temperature reactor may provide process energy for splitting 
water into hydrogen and oxygen. This cannot be achieved in a simple one-
step reaction at practical temperatures; instead, many potential chains 

3 
hav<? been investigated. An example, proposed by Westinghouse, uses the 
following steps: 

P02(g) + (2 + X)H20(Z) electrolytxc^ h ^ . ^ O + H ^ g ) (1) 

H 2S0 4-XH 20 t h e r m a l * H2S04(Sl) + XH20(g) (2) 

H2S04(P.; t h e " i d l - H20(g) + S03(g) (3) 

S03(g) t- h e r m a l> S02(g) + 1/2 02(g) (4) 

where (g) and (!l) refer respectively to the gaseous and liquid state. 
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FIGURE 3. Steam-Carbon Reaction Rates for Lignite, 
Hard Coal, and Hard Coal with Catalyst 
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The products of water splitting have many used. One of these could 
be for coal conversion in a scheme such as in Fig. 5. 

Efficient water splitting requires process temperatures of 1600°F or 
higher. 

III. DESCRIPTION OF VHTR CONCEPTS 

Several VHTR concepts have been evolved in the U.S. and abroad. The 
1 2 3 

three vendor design studies ' ' present features which encompass most of 
the available technology. These concepts, each supplying 3000 MW of heat, 
are described in the following sections. 

The VHTRs are thermal reactors utilizing helium as coolant and hav-
ing all-ceramic cores composed of graphite moderator and enriched uranium-
thorium fuel. This combination has enabled the gas-cooled reactor to develop 
coolant outlet temperatures far higher than those of other reactor systems. 
For production of electricity, these temperatures permit the production 
of high-temperature, high-pressure steam, leading to high cycle effi-
ciency- Similar designs, at more elevated temperatures, are believed to 
be useful for generating process heat for coal conversion. 

A. General Atomic (GA) HTGR Prismatic-Core Design 

General Atomic has developed the High-Temperature Gas-Cooled Reactor 
(HTGR) as a commercial steam-generating reactor for use by utilities. The 
Peach Bottom Reactor [115 MW(t), 40 MK(e)] was operated successfully by 
Philadelphia Electric Company from June 1967 to October 1974 and proved 
the feasibility of the concept. A somewhat similar system, the Dragon 
[20 MW(t)], was developed independently in Europe, and has operated from 
1965 to the present. GA has built a much larger HTGR at Fort St. Vrain 
[842 MW(t), 330 MW(e)] which has thus far been operated at low power levels. 
In addition, GA sold four commercial units in the size range 770 to 1160 MW(e), 
which were scheduled to be started up in the early 1980s. These plants were 
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canceled in September and October 1975 because of financial-price problems. 
It was announced also that GA was temporarily withdrawing from commercial 
sales of HTGRs but planned to continue development. 

The standard commercial HTGR is modified for process heat purposes by 
placing a process heat exchanger in series with and upstream of the steam 
generator. As in other current HTGR designs, all the primary system com-
ponents are contained in on& large prestressed concrete reactor vessel 
(PCRV) because of the advantages offered by this form of construction. 
Steam-methane reforming was selected by GA as a typical high-temperature 
process; and the reformer was assumtJ to be located within the PCRV. 

The addition of a helium-heated steam-methane reformer in a wall 
cavity of the PCRV is shown in Fig. 6. This reformer is similar in size 
to the steam generators of the 3000 MW(t) reactor, and it can be installed 
and removed in the same manner as they are. 

The process heat HTGR operates as follows. Helium flows downward 
through the core, where it is heated to a temperature about 200°F above 
the required process temperature. The helium passes through one of the 
radial ducts going to the reformer and then passes upward through the 
reformer cavity. Heat is transferred through the reformer tube walls 
to the steam-methane mixture. The helium then flows through the circum-
ferential duct (not shown in Fig. 6) to the adjacent steam generator 
cavity, where it passes downward over the steam generator coils. It next 
passes upward around the steam generator and into the helium circulator, 
where it is compressed. it then passes through the upper horizontal duct 
and back into the core. 

An overall process flow diagram is shown in Fig. 7 for a helium out-
let temperature of 1620°F. The steam-methane mixture is preheated before 
it enters the reformer. It passes through the reformer, where H^, CO, and 
C02 are formed in the presence of a nickel catalyst with the addition of 
heat from the helium. Reformer outlet conditions are approximately 
1400°F. Downstream processing of this mixture will shift the CO plus 
H^O to H 2 and C02 and scrub out the C02, leaving H 2, the remainder being 
CH^. The once-through steam generator takes feedwater and produces 
2500-psig steam at 955°F, the same as in the conventional HTGR. 

The GA study was based on the assumption that an intermediate heat ex-
changer (IHX) would not be required. If an IHX is required, reactor exit 
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FIGURE 7. Helium Heat Transfer Loop 
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helium temperatures would have to be increased well above 1620°F to reach 
1400°F maximum process temperature. 

In the standard HTGR, helium leaves the core at about 1400°F. An 
7 . . 

Office of Coal Research study of the HTGR assumed temperatures simxlar to 
those of Fig. 7. The VHTR study1 considered core outlet temperatures of 
1400°F to 2200°F to achieve the desired range of 1200 to 2000°F maximum 
process temperature. B. General Electric (GE) Pebble-Bed Reactor (PER) 

The Pebble-Bed Reactor, developed by Kernforschungsanlage (KFA) 
Jiilich,differs from the HTGR primarily by having the fuel contained in 
graphite moderator balls. These balls are loaded into and withdrawn from 
the reactor during operation. The PBR concept was selected by GE for 

2 
their VHTR design. 

KFA has built and is operating the Arbeitsgemeinschaft Versuchs-
reaktor (AVR) [46 MW(t), 15 MW(e)], an experimental steam-generating PBR. 
The AVR has operated at a helium core outlet temperature of 950°C (1742°F) 
since February 1974. A larger PBR, The High Temperature Reactor (THTR) 
[768 MW(t), 300 MW(e)], is under construction and scheduled for 1978 oper-
ation. This steam generating reactor will have a helium outlet tempera-
ture of 750 °c , in the same range as commercial HTGRs. 

The GE PBR places all primary system components into a PCRV (Fig. 8). 
Primary helium coolant flows downward through the core and exits into five 
loops, each containing an intermediate heat exchanger (IHX) and a steam 
generator (SG). A secondary helium stream is hee.ted in the IHX and trans-
ported out of the reactor vessel to an external process heater, which GE 
assumes to be a methane steam reformer. The primary coolant, after leav-
ing the IHX, is cooled down to 250°C in the SG and then compressed into 
the core inlet plenum. See. Fig. 9. 

C. Westinghouse (jj) vhtr3 

This concept contains a number of novel features. The reactor and 
its coolant loops are contained within a multi-cavity prestressed cast 
iron reactor vessel (PCIV), as shown in Fig. 10. The reactor core is 
located within the vessel's central cavity. The vessel walls contain 
twelve smaller vertical cavities, or pods, in which are five high tempera-
ture intermediate heat exchangers and circulators, five gas turbines 
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and low temperature intermediate heat exchangers, and two auxiliary cool-
ing systems for shutdown and emergency cooling of the reactor. Reactor 
helium coolant enters and discharges from the pods through coaxial piping 
at the upper end of the cavity, while the intermediate loop, or secondary, 
helium coolant is introduced and leaves through the bottom of the pod. 
The PC1V has a continuous internal steel liner to act as a primary coolant 
boundary and leak-tight membrane. A thermal barrier and insulation system 
is used to limit the temperature of the liner and minimize the heat loss 
to the PCIV. A cooling system circulates water through the walls of the 
PCIV to remove the heat deposited in the vessel. The PCIV is fabricated 
as a series of cast iron blocks assembled together around a welded steel 
liner. Prestress cables are wound around the external cylindrical surface, 
imposing a high compressive stress on the vessel assembly in the radial 
and tangential directions and preventing the castings from separating 
under the internal gas pressure forces. Similarly, axial cables running 
longitudinally through ports provided in the castings maintain a high com-
pressive stress in the axial direction and carry the axial pressure loads. 
The fuel is contained in extruded graphite elements in direct contact with 
the primary helium coolant stream. 

As seen in Fig. 10, the cool helium is forced through the upper por-
tion of the reactor cavity, then down the annular regions near the PCIV, 
up throne*1* the core to the gas turbines and IHXs, and finally to the 
compressor. Figure 11 shows a flow schematic. The process heat exchangers 
and the gas turbine-generators provide energy for a thermochemical water-
splitting process based on the sulfu*' cycle. 

P. Discussion of the Three-Vendor Concepts 

All three-vendor concepts appeared to have potential to achieve pro-
cess temperatures in the range 1400 to 2000°F. The GE concept has the 
most applicable operational background in that the AVR has been operated 
successfully at 950°C for extended periods. GA, on the other hand, has 
developed technology applicable to 3000 MW(t) designs and has the broadest 
technological base. The Peach Bottom outlet temperature was only 715°C; 
however, it appears likely that the HTGR technology would be applicable 
to more elevated temperatures as well. The W concept does not have a 



20 

T 620 

T 690 

- A A A A A A A A A -
High Temperature 
Process HX 

A A A A A A A A A -
1572 MW 

ORNL-DWG 76 2111 
T 1600 

T 1700 

T 700 

r l 4 

- ' V W W W N A -
High Temperature 

T 808 
P 970 

Intermediate HX f5) 
- V W W W ^ — 

1556 MW 

T 1700 

W 1190 

T 1850 

V h 
,T 826 

T 807 
P 1000 
W 2200 

IT 787 
Compressors 

Auxiliary Heat 
Exchanger (2) 

Reactor 
3000 MW(t) 

T = 450 

i T 1850 
P 990 

Turbines 
603 MW 

4X1 T 350 
P 388 

T 263 

• A A A / V W W > — 
Low Temperature 

Intermediate HX (5) 
A / W W W V * — 

1189 MW 

879 MW 

T 1212 

W 1141 

W 1053 

Generators 
262 M W 

P 396 

T 1116 

T 253 

T 175 

- W V A A A A A / V -
Low Temperature 

Process HX 
- V W V W V X A -

1 201 MW 

T 1116 

W 1064 

T 620 

T - Temperature - F P - Pressure - psia V" - Flow Rate - lb/sec 

FIGURE 11. Westinghouse Heat Transfer Loop 



commercial technological base comparable to the other two concepts; more 
development would be required. 

The GA design was the only one not to use an IHX, but stated that L.hs 
need for an IHX had not been ruled out. GE included an IHX, with implica-
tions of some hope that additional studies would show that it could be 
eliminated, w made a case for the necessity of the IHX. As there does 
not appear to be any basic design feature or innovation which would allow 
one concept only to use the direct system, it is assumed that this dif-
ference at the present time is one of vendor philosophy. Further analysis 
of reactor safety and of radioactivity transport is required to establish 
whether the IHX can be eliminated for some range of process choices; the 
issue is discussed in more detail in Section IVD. - Fission Product Behavior 
Aspects. 

Table 3 presents a tabulated comparison of features of the three con-
cepts. The process temperature of each of these reference concepts is 
indicative of the historical development of the concept. The HTGR has 
evolved from a very strong technology program focused on steam generation. 
The lowest temperature required for a reasonable process efficiency, 1400°F, 
has been chosen to take minimum extrapolation of existing components and 
technology. The PBR concept is based on the technology of the AVR scaled 
up to commercial size; the process temperature selection of 1500°F is a logi-
cal consequence of the AVR helium outlet temperature of 950°C, assuming that 
the heat transport systems can be developed. The W concept is derived from 
the very advanced Nerva technology, which operated for short times at ex-
tremely high temperatures. The water-splitting process coupled to the W_ 
reference design requires at least 1600°F to proceed at reasonable efficiency. 



Table 3 
Comparison of the Three-Vendor Concepts 

General Atomic General Electric Westinghouse 

Basis of very hifh temperature nuclear 
reactor design 

Modification of HTGR concept Pebble bed concept based on German 
technology 

Prismatic fuel concept based on 
nuclear rocket technology 

Reactor core type Hexagonal graphite blocks con-
taining separate coolant and 
fuel passages, solid cylin-
drical fuel rods 

Pebble bed core 
Graphite sphere fuel element 

Hexagonal graphite blocks, 
hollow cylindrical fuel rods 
with central coolant channel 

Reactor coolant Helium Helium Helium 

Reference thermal power 3000 MW!t.) 3000 MWtt) 3000 MW(t) 

Pressure vessel concept Prestressed concrete reactor 
vessel 

Prestressed concrete reactor vessel Prestressed cast iron reactor 
vessel 

Fuel composition •Fully enriched U feed (UC2) 
with thorium (ThO^)fertile 
material 

•Triso coating for both 
fissile and fertile par-
ticles 

235 
"Low enriched [9.01%) U fuei 
•Uranium-thorium fuel alternate 
•Triso coated UOj fuel particles 

•Fully enriched U feed (UCj) 
with thorium (Th02) fertile 
material 

•Triso coated fissile particles 
•Biso coated fertile particles 

Average fuel residence time 3 years 3.8 years 4 years 

Power density of core 3 
8.4 watts/cm 3 5 watts/cm 10 watts/cm3 

Reactor core flp 16 psi 6 psi 5 psi 

System pressure 725 psi 600 psi 1Q00 psi 

Core inlet temperature 770°F 482°F 807°F 

Reference maximum process temperature 140CF 1500°F lSOCF 

Core outlet temperature 1600°F 174?->F 1850°F 

Maximum fuel temperature 2475°F 2030°F 2158°F 

Type process Steam-hydrocarbon reformer Steam-hydrocarbon reformer Thermochemical water spxitting 
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IV. GENERAL CAPABILITIES AND LIMITATIONS OF VHTRS 
IN THE PROCESS TEMPERATURE RANGE 1400 TO 2000°F 

A. Core and Fuels 

The unique capabilities of the VHTR are built around the exceptional 
high-temperature strength of graphite and the ability to encapsulate nuclear 
fuels in nearly impermeable graphite coatings. All the design concepts 
benefit from these advantages. 

Two types of coated fuel kernels are in common use, BISO and TRISO. 
BISO and TRISO are acronyms denoting a type of coating. BISO contains 
two types of coating layers: a low density pyrolytic carbon buffer and 
high density isotropic pyrolytic carbon to retain the fission products. 
TRISO contains four coating layers: low density pyrolytic carbon, high 
density isotropic pyrolytic carbon, silicon carbide and a second layer of 
high-density pyrolytic carbon. The TRISO kernels maintain their dimensions 
better during irradiation and contain their fission products more com-
pletely than do the BISO type; they are therefore generally preferred for 
these very high temperatures. The Si introduces a slight amount of neutron 
poison, increasing fuel costs a minor extent. 

Maximum fuel temperatures for various process temperatures are given 
in Table 4, as presented by the vendors. It is our understanding that Los 
Alamos Scientific Laboratory will soon publish a verification of the ref-
erence GA temperature calculation. 

Table 4 
Maximum Fuel Temperature, °F 

Process Temp., °F 1400 1600 1800 2000 
GA 2475 2562 2792 3010 
GE 1930 2130 2330 2530 
W 1958 2158 2358 2558 

Maximum fuel temperature in the commercial HTGR design is 2560°F. 
One might infer from Table 4 that present fuel technology would be ade-
quate for 1600°F process temperature for all designs and for 1800 and 
2000°F for the GE and W designs. However, average fuel temperature is 
generally higher in the VHTR designs than in the commercial HTGR. 
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Therefore, improved fuels (such as ZrC coated kernels) are desirable at 
higher temperatures, especially for the GA design. 

The core designer has considerable flexibility in choosing temperature 
differences between fuel and coolant, in other words, in controlling maximum 
fuel temperature. Some of the design choices which are open to reduce fuel 
temperature are the following: 

1. Power density. Has disadvantage of increasing core size 
(capital cost) with decreasing power density. 

2. Coolant velocity. Has disadvantage of increasing AP with 
increasing velocity. 

3. Reducing heat-flow distance in graphite moderator. Usually 
reduces strength of the structure and/or increases fabri-
cation costs. For example, more fuel and coolant passages 
are fabricated, on closer spacing. 

4. Control of stagnant gaps between fuel and moderator. For 
example, TRISO particles maintain narrow gaps better than 
BISO particles. The Nerva-type fuel eliminates these gaps 
altogether by having the coolant passages within the ex-
truded fuel element. 

5. Fuel management strategy. During refueling it is possible 
to rearrange fuel elements so that the most reactive (new) 
fuel is cooled most efficiently. The PBR core couples a 
two-zone core fueling system to the once-through-then-out 
(OTTO) fuel cycle to minimize fuel element temperatures. 
With the OTTO fuel cycle, the fuel makes a single downward 
pass through the core (parallel to the coolant flow), and 
the decreasing powar output in the lower half of the core 
coupled to the increasing gas temperature gives a fuel 
temperature which is very nearly flat through the latter 
one-half to three-fourths of its life. 

B. Reactor Components 

1. Reactor Vessels 

The GA and GE concepts use large conventional prestressed concrete 
reactor vessels which are typical of those currently in use for gas 
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cooled reactors. These units are within current technology but require 
completion of present RSD, particularly on penetrations and head closures, 
and a scale model test to prove the final design. 

The W concept specified a prestressed cast iron vessel (PCIV). 
The recommended design is that of gray cast iron sections (of 60-65 tons 
each) mechanically assembled around a welded steel liner. The vessel 
is prestressed circumferentially and axially in the same manner as the 
prestressed concrete reactor vessel (PCRV) with which the PCIV is com-
pared in this study. The primary advantages sited for choosing cast 
iron over concrete are that cast iron has a compressive strength 20 
times that of concrete while its density and Young's Modulus are three 
times that of concrete. It is also stated that the use of cast iron will 
result in a superior structure with reduced weight and size and reduced 
sensitivity to overtemperature incidents. The design is based on the 

12 
work of a German firm, Siempelkamp. 

It is felt that the PCIV concept offers some potential advantages 
and merits further study, but would require considerable RSD. 

2. Ducting and Insulation 

An insulation system is required to protect the pressure vessel from 
the hot coolant gas and to minimize the heat losses from the primary 
coolant and thus the heat load on the pressure vessel cooling system. There 
are two basic approaches to the problem. The first is to use a high tem-
perature insulation attached to the inside of the ducts and cavities which 
is exposed to the maximum coolant temperatures. The second method, which 
reduces the insulation requirements, is to use concentric ducting with the 
hot helium in the inner duct and the cooler return helium in the outer 
annulus. 

Attaching the insulation to the inner surface of the reactor vessel 
liner is the method currently used with gas-cooled reactors in the U.S. 
The ducting insulation consists of a blanket of alumina-silica or a com-
bination of alumina-silica and pure silica fibers held to the liner by 
metal cover plates and is limited to a continuous average operating tem-
perature of 1500°F and local hot spots or streaks of about 1700°F. Addi-
tional insulation in the form of silica blocks capable of withstanding 
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higher localized temperature is used on the bottom of the reactor cavity 
below the core. Thus, the currently used insulation materials and tech-
niques are limited to a reactor outlet temperature of about 1500°F or a 
process temperature of about 1300°F. 

In addition to the temperature and thermal conductivity requirements, 
the insulation must be capable of withstanding a system depressurization 
accident without damage to the insulation that would interfere with the 
auxiliary cooling system; i.e., the insulation must not be displaced in 
such a manner as to block flow passages essential to the removal of the 
decay heat following all postulated accidents. 

The problem associated with the insulation of the ducting and cavities 
is primarily one of developing an adequate mechanical design using cur-
rently available insulating materials. The development program will 
require tests to prove the adequacy of the design in regard to heat losses 
in a flowing system, noise and vibration effects, and system depressuriza-
tion accidents. 

3. Heat Exchangers 

The high temperature intermediate heat exchangers are the major items 
affecting the near-term feasibility of the VHTR and will be the key item 
in the development of the concept. For process temperatures in the range 
of 1400 to 1600°F, the temperature requirements for the IHX are in the 
range of 1600 to 1850°F, which is borderline for the available superalloys. 
Although there are a number of candidate materials for this temperature 
range, a major development program will be required to prove their compati-
bility with the primary coolant and to obtain sufficient physical data to 
qualify the materials to some form of ASME, NRC or other codes or standards. 
These problems are discussed in Section IVC. 

The mechanical design problems will depend on the material properties 
and the operating conditions imposed on the units. The requirements for 
the GE and GA concept should be similar. However, the W system may be 
subjected to greater pressure differential and transient because of con-
trol or safety actions required for the turbomachinery. 

The W concept also has a lower temperature heat exchanger which 
serves as the compressor precooler. Under normal operation (for the 
1600°F process temperature case), the helium conditions to the precooler 
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are 1200°F and 396 psia. This unit could be subjected to severe pressure 
and temperature transients from control or safety requirements. 

The steam generator for the GA and GE systems uses operating conditions 
no more severe than units for commercial HTGR steam plants. 

4. Valves 

The current U.S. gas-cooled reactors use isolation valves for the 
containment system and the main steam lines, split butterfly-type valves 
for the core auxiliary cooling system, and shutoff valves to prevent flow 
reversal through the primary coolant loops. These valves or adaptations 
should be adequate for the VHTR. The VHTR would also require isolation 
valves for an intermediate helium loop. The GE concept for these valves 
is a rotating ball type of design with a closing time of the order of 
15-30 seconds. A combination of Inconel, carbon and graphite are used as 
materials of construction. Some cooling of the valve body might be 
required which could be done by a low temperature helium stream; internal 
insulation would also be used. A development and proof testing program 
would be required for these valves. 

The W system using gas turbines will require additional primary 
systems valves for control and overspeed protection of the turbomachinery. 
Large, quick opening valves will probably be required to protect the tur-
bine from excess speed in the event of a loss-of-electrical load on the 
unit. Smaller valves for speed control will probably also be required. 
The operating requirements for these valves will be more severe than for the 
intermediate loop isolation valves and will require an extensive develop-
ment and proof testing program. 

C. Materials 

Maximum operating temperatures of components of proposed VHTR-coal con-
version systems may range from 1600 to 2200°F. For many components that 
will operate below 1000°F, well established commercial alloys are suitable 
for use. For temperatures of 1000 to 1600°F,much of the technology of conven-
tional gas-cooled reactors that has been and is being developed is appli-
cable to many of the components. Temperatures above 1600°F place stringent 
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limitations on the selection of materials. Strength properties of Fe-
and Ni-base alloys decrease rapidly above 1500°F and reactivity with cor-
rosive environments increases, in addition, some of the components in the 
VHTR systems are unique — in particular, the process heat exchanger where 
a material will simultaneously be exposed to both high temperature helium 
and process environments. It is the purpose of this section to summarize 
the situation relative to the evaluation and selection of materials for 
this application. 

1. Requirements 

System Conditions and Materials Properties. The most \mportant factors 
that must be considered in the selection of materials for this application 
are temperature, stress, environment, and exposure time. The stress on a 
particular component will depend upon the design conditions selected. For 
example, it is assumed that the process fluid in the PHX will operate at 
a pressure close to the primary coolant He pressure to keep tube stresses 
and creep low in the high temperature portion of the system. The environ-
ments to which materials will be exposed are impure helium, hydrogen, 
steam, and various hydrocarbons. It is expected that materials should be 
able to withstand the above conditions for as long as 300,000 hr. 

The critical factors that must be known and evaluated before a 
material can be recommended for use are: 

a. Mechanical properties 
(1) Environmental effects 
(2) Pressure vessel code requirements 

b. Compatibility 
(1) Impure helium 
(2) Process gases 
(3) Steam/Water 

c. Structural stability 
d. Fabricability 

(1) Formability 
(2) Weldability 
(3) Availability and cost. 
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Mechanical properties, compatibility, and structural stability are inter-
acting properties, i.e., lack of compatibility or structural instability 
can affect a material's mechanical properties. Although flux levels out-
side the core are low, the effect of radiation on material properties should 
be known. For certain applications, properties such as resistance to 
galling and wear are also important. 

Pressure Vessel Code Requirements. The design rules governing the 
construction of nuclear power plant components such as vessels, storage 
tanks, piping, pumps, valves, and core support structures are covered 
under Section III, Division 1 of the ASME Boiler and Pressure Vessel Code 
(ASME BPVC). Additionally, Section III provides materials and inspection 
requirements for nuclear power plant construction. The code does not, how-
ever, "cover deterioration which may occur in service as a result of radia-
tion effects, corrosion, erosion, or instability of the material." It is 
the responsibility of the designer to properly account for these effects 
to ensure the functionability, integrity, and safety of the structure. 

In temx- of design, materials, and allowable stresses, there are four 
categories which are presently considered. These are: 

1. Class 1 (highest quality level) components operating at temper-
atures to 700 and 800°F, respectively, for ferritic and aus-
tenitic materials (Section IIIf Division 1); 

2. Class 1 components at temperatures above those listed 
but below 1500°F (Code Case 1582, Section I'll); 

3. Class 2 (intermediate quality level) and Class 3 (moderate 
quality level) components at temperatures as in 1 above 
(Section III, Division 1); and 

4. Class 2 and 3 components at temperatures above those in 1 but 
less than 1500°F (Section VIII, Division 1). 

By the classes above, the ASME Code recognizes the different levels 
of importance associated with the function of each component of the nuclear 
power plant and allows a choice of rules to assure integrity and quality 
commensurate with importance. If materials are to be qualified for use 
above 1500°F, additional categories will have to be established. 

Class 1 components, constructed in accordance with the rules of Sub-
section NB of Section III, must — in addition to satisfying stress limits 
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and design rules under NB-3112 — be evaluated for additional conditions as 
follows: 

1. Normal conditions; 
2. Upset conditions (incidents of moderate frequency); 
3. Emergency conditions (infrequent incidents) ? 
4. Faulted conditions (limiting faults); and 
5. Testing conditions. 

Class 2 (Subsection NC) and Class 3 (Subsection ND) components are evalu-
ated by criteria which do not explicitly recognize the specific loading 
conditions given above. (See NC-3112 and ND-3112 of Section III for 
specific component design rules.) 

Selection of allowable stress values for materials used in the con-
struction of Class 2 and 3 components is guided, insofar as possible, by 
in-service experience. The mechanical properties considered and safety 
factors applied to provide maximum allowable stresses for design at tem-
peratures below the creep range (i.e., 700°F for ferritic alloys and 800°F 
for austenitic alloys) are: 

1. 1/4 of the specified minimum tensile strength at room tem-
perature; 

2. 1/4 of tensile strength at service temperature; 
3. 5/8 of the specified minimum yield strength at room temperature; 
4. 5/8 of the yield strength at service temperature (ferritic alloys 

only); and 
5. 90% of the yield strength at service temperature but not to exceed 

5/8 of the specified minimum yield strength at room temperature 
(austenitic alloys only). 

The maximum allowable stress is always the lowest of those given above. 
When Class 2 or 3 components are to operate in the creep range, the maxi-
mum allowable stresses are given by the lowest of: 

1. 100% of the average stress for a second stage (minimum) 
creep rate which, when multiplied by the design lifetime, 
yields a strain value of 1%; 

2. 67% of the average stress for a rupture life equal to the 
design lifetime; and 

3. 80% of the minimum stress for a rupture life equal to the 
design lifetime. 

When cyclic loading is anticipated, fatigue properties must also be taken 
into account in design. 
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Design stress intensity values for Class 1 components at tempera-
tubes below the creep range are the lowest of the followingi 

1. 1/3 of the specified minimum tensile strength at room 
temperature; 

2. 1/3 of the tensile strength at temperature; 
3. 2/3 of the specified minimum yield strength at room tem-

perature ; 
4. 2/3 of the yield strength at temperature (ferritic alloys only); 

and 
5. 90% of the yield strength at temperature, but not to exceed 

2/3 of the specified minimum yield strength at room tem-
perature (austenitics only). 

The design stress intensities for fatigue are obtained from the best fit 
curve of experimental data — adjusted where necessary to include the 
effect of mean stress cr a factor of twenty on cycles, whichever is more 
conservative at each point. 

Code Case 1592 to Section III, Division 1 provides stress limits and 
revised design rules for the use of materials for Class 1 components at 
temperatures in the creep range. (Only four alloys — 304 and 316 stain-
less steels, 2 1/4 Cr-1 Mo steel, and Incoloy 800H — are currently approved 
in Case 1592.) The following structural failure modes have been considered 
in determining stress limits and design rules: 

1. tensile instability; 
2. gross distortion by yielding; 
3. elastic, plastic, and creep buckling; 
4. creep rupture; 
5. fatigue; 
6. creep fatigue; 
7. gross distortion by creep; and 
8. gross distortion by plastic and/or • ^ep racheting. 

The failure modes above and the design rules resulting from their consider-
ation lead to the following requirements for materials properties informa-
tion. 

1. Minimum yield strength at room temperature. 
2. Yield strength versus temperature. 
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3. Minimum ultimate tensile strength at room temperature. 
4. Ultimate tensile strength versus temperature. 
5. Minimum creep-rupture strength versus temperature. 
6. Isochronous stress-strain curves versus temperature. 
7. A design fatigue curve based on rapid continuous cycling. 
8. A design fatugue curve which includes derating for stress 

relaxation and slow cycling rates. 
9. Mean and instantaneous coefficients of thermal expansion. 

10. Modulus of elasticity versus temperature. 
Time-independent, S , and time-dependent, S., primary stress limits m t 

for materials in Code Case 1592 are determined as described below. S , the m 
time-independent value, is the lowest of: 

1. 1/3 minimum ultimate tensile strength at room temperature; 
2. 0.367 times minimum ultimate tensile strength at elevated 

temperature; 
3. 2/3 minimum yield strength at room temperature; 
4. 2/3 minimum yield strength at elevated temperature (ferritic); 

and 
5. 0.90 minimum yield strength at elevated temperature (austenitic) . 

St» the time-dependent value, is the least of the factors: 
1. 2/3 minimum stress-to-rupture at elevated temperature; 
2. 80% minimum stress to cause tertiary creep at elevated 

temperature, and 
3. 100% minimum stress to a strain of 1% at elevated tempera-

ture for a given time, t (the design lifetime). 
Finally, the controlling primary stress limit for a given lifetime at a 
given temperature is s m tr the lower of S^ and under these conditions. 

Appendix IV to Section III, Division 1 describes the procedure for 
obtaining ASME Code approval for materials. Some excerpts from this appen-
dix are given below: 

.... the inquirer shall furnish the Committee with adequate 
data on which to base allowable stress value.... (and these) 
shall include values of ultimate strength, yield strength, 
reduction in area, elongation, strain fatigue, creep strength, 
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and stress rupture strength of base metal and welded joints 
over the range of temperatures at which the materials is to 
be used 

The inquirer shall furnish complete data on the weldability 
of material intended for welding 

It is important to know the structural stability character-
istics and the degree of retention of properties with ex-
posure at temperature or neutron irradiation " 

It is not difficult, based on the foregoing discussion, to deduce that 
the Code approval or qualification of a material is a complicated, costly, 
and time-consuming process — especially for Class 1 applications at ele-
vated (creep range) temperatures. Some current estimates of data acquisition 
and associated costs for Code approval of a "commercial" material under 
Code Case 1592 run as high as $3,000,000 over a period of several years. 
Qualification of "new" materials would certainly involve considerably higher 
costs and longer times. 

Compatibility Requirements. Materials in a VHTR-coal conversion 
system wi.\l be exposed to one or more of at least three different corrosive 
environments: helium, water/steam and process reactants and products. The 
effect of temperature on a given corrosion process can normally be expressed 
in terns of the Arrhenius equation: 

k = Ae"2/ R T 

where k is the reaction rate, Q is the activation energy required, A is a 
constant for the particular reaction (but does depend upon the activity of 
the reactants) and T is the temperature. Thus, if the supply of reactants 
is not limited and the process is not altered, such as by the formation of 
adherent surface films, reaction rate should vary exponentially with tem-
perature . 

Oxidation resistant alloys such as stainless steels and Ni-Cr alloys 
generally form protective oxide coatings in air that serve as barriers to 
further reaction. In situations where the oxidizing potential is low and 
the temperature is sufficiently high, the oxide film may not be protective, 
either because of limited surface coverage, instability of the coating or 
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diffusion rates through the film are high. Such situations could result 
in local and/or intermittent accelerations in reaction rate or breakaway. 
These conditions can also be conducive to internal oxidation. 

Refractory metals do not generally form protective oxide films. At low 
partial pressures of oxidizing gases, they will internally oxidize until they 
are saturated. At higher pressures or after longer times,oxide scales form, 
but they are not generally protective, as they tend to spall cr volatilize. 
Most refractory metals tend to form carbides when exposed to carburizing 
environments at high temperatures. Carbon pickup can occur with or without 
the formation of surface films, depending upon the alloy system, pressure 
of the carburizing specie and temperature. Unlike oxide films, carbide 
layers on refractory metals can be protective under certain environmental 
conditions. 

The mechanical behavior of structural materials can be affected by 
reactions with these environments. However, it is not possible to predict 
the effects on materials in general, because both strengthening and weaken-
ing have been reported after exposure to various environments. Also, it 
has been observed that the elevated creep strength of some alloys is less 
when contamination occurs during tests as compared with alloys that are 
doped with identical impurity levels prior to creep testing. Alloys ex-
hibiting this characteristic can undergo accelerated creep rates for short 
periods. In general, these alloys do not form a surface film and this 
phenomenon is thought to be related to dissolution of the impurity and 
subsequent precipitation as a grain boundary phase. Gas-metal reactions 
resulting in the formation of a continuous surface film usually strengthen 
the material provided the film remains intact. 

The VHTR primary coolar.t is helium and it will contain reactive impuri-
ties such as H 2, O^ (very low), N 2, CO^, and CH^. This kind of environment 
can be oxidizing or reducing and carburizing or decarburizing with respect to 
components in an alloy. To determine what materials are compatible with an 
environment, it is necessary to evaluate the effects of a range of contami-
nants on each material and then define at what level the alloy becomes un-
suitable for a particular application. 

Several investigators have attempted to determine the effect of environ-
ment on the mechanical properties of materials that are of interest here. 
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McCoy measured the creep-rupture behavior of type 334 stainless steel in 
CO, CO„, N , air, argon, H_, and 0_ at 1S00°F and 170C*F and found that £ . 2 . 2 2 

strain rate increased in the order listed! for these environments. Exposure 
tc CO-CO_ environments resulted in carburizs.tion of tyoe 304 stainlesr-i 1 c, 
steel and increased its creep strength. Wood, Farrow, and Burke studied 
the effect of air and helium {two impurity levels: H^, CO, H20, and on 
the creep and rupture behavior of 316 stainless steel at 1470°F). Rupturv 
times were shorter and creep rates higher in helium when compared with air. 
Specimens tested in air shewed thick, relatively uniform scales, while those 
tested in helium showed non-uniform oxide layers, and selective grain boun-
dary penetration. Other i n v e s t i g a t o r s , h o w e v e r , have indicated little 
differences between air and helium environments on the mechanical proper-
ties of stainless steels. 

18 
Corrosion rates have also been reported for Incoloy 800, Inconcl 

600, Inconel 617, Hastelloy X, Hastelloy S, and 304 stainless steel after 
exposure to helium containing impurities at partial pressures similar tc 
those expected to occur in the primary coolant of an operating HTGR. Te.̂ t 
conditions were 1200, 1400, and 1600°F for times up to 10,000 hr. Under 
these conditions the materials were oxidized to depths of less than 0.002 
in. Rate of attack increased with temperature, but the increase fron 
1400 to 1600°F was always less thai, a ftictor of two. There v;as no evidence 
of carburization nor decarburizatior. of these alloys. 19 

McCoy and Douglas creep tested niobium at 1700°F and 1S506F in 
atmospheres of Ar, Ar plus air, wet Ar H^, and N2> They found that Oj in-
creased the creep strength but testing in H 0 and H^O greatly reduced the 
creep strength. The creep ductilities of the specimen were not appreciably 
impaired even after a pickup of 5100 ppm O^. Nitrogen, however, was i:'ound 
to have a significant strengthening effect. A N^ concentration of 1000 ppm 
seriously embrittled Nb and 2000 ppm doubled its room temperature pro-
portional limit but reduced its ductility to essentially zero. At 1800°F 
strains at rupture were 9-18% after the addition of 2000-3000 ppm N_ to Mb. 

20 * Contrarily, Stoop and Shahinian found no influence of nitrogen up to 4600 
ppm on the ductility of niobium at 1900°F. 
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450 
Liu and Inouye determined the tensile properties of TZM (Mo-0.5%. 

Ti-0.08% Zr-0.03% C) after exposure to low pressure 0 2, CO, and H.,0 at 
1520°F and 1832°F. Specimens exposed to Oj at 1 x 10~° torr for 2000 hr 
at 1520°F showed small increases in strength and decreases in ductility 
in room temperature tensile tests. However, room temperature ductility 
decreased rapidly when the exposure temperature was raised to 1832°F, 
and complete embrittlement occurred when the samples contained 300 ppm 0 2. 
This enbrittlement was felt to be the result of internal oxidation of Ti 
and Zr in the alloy. 

Based on reactivity with, oxygen, n.t might be expected that molybdenum 
would be less susceptible to high temperature gaseous corrosion than Nb or 
Ta. After BOO hr at 2100°F in 300 psi helium containing less than 1 ppm 
(principally H , no oxygen detected)» Nb and Ta were significantly contam-

22 
inated by oxygen and carbon while Mo and W were unaffected. At tempera-
tures below 1400°F, H 0 can significantly embrittle Nb and Ta. Molybdenum L 23 and W, however, do not appreciably interact with B^. Chandler and Walter 
have published a comprehensive review of the effects of hydrogen on refrac-
tory metals. 

Oxide ceramics generally have good resistance to strongly oxidizing 
environments such as air. Silica, however, cannot be used under reducing 
conditions at high temperatures because it forms a volatile iower oxide, 
SiO. BeO readily volatilizes when exposed to water vapor above 3000°F 
and ,when heated in the atmospheres of gas-fired furnaces,loses a con-24 25 
siderable amount of weight. ' Alumina is chemically one of the most 
stable and mechanically one of the strongest refractory oxides at moder-
ate temperatures. It is resistant to all gases except F at temperatures 26 
in excess of 3000°F, and is stable in both oxidizing and reducing 
atmospheres. 

Silicon carbide is stable in air below 1800°F and above 2150°F but 27 
oxidizes rapidly between these temperatures. Silicon nitride, Si^^, 
is very stable in air, but tends to corrode rapidly in lightly oxidizing 
environments due to the formation of volatile SiO. 

The conditions expected in the PHX of a VHTR-coal conversion system 
severely restricts the choice of construction materials. Corrosion reac-
tions involving impure helium have already been discussed. Process atmos-
pheres will contain H O , H , CO, CO , N_, H S, numerous hydrocarbons, and 
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other types of corrodants such as chloride salts. Hydrogen embritclc-me it, 
carburization, sulfidation, stress corrosion and pitting are some of the 
corrosion processes that can occur. In addition, the presence of solid 
particles in the gaseous stream can lead to deterioration by erosion. Pro-
grams are currently underway to assess the compatibility of materials with 
process environments, but data are sparse thus far. Experiments are also 
underway to investigate the possibility of coating a conventional material 
substrate with a corrosion resistant material. Metallic, ceramic, cermet 
and mixed oxide-cermet coatings are being investigated. Oxide ceramic 
coatings appear stable with respect to oxidizing environments, but there 
are some data to suggest that S rapidly penetrates these coatings and 
attacks the substrates. Nickel-base metallic coatings appear to resist 
oxidation better than cobalt-base coatings, but the latter are more resis-
tant to attack from sulfidation. 

Water/steam compatibility with materials being considered for HTGR 
28 steam generators has recently been reported. For applications above 

800°F, Incoloy 800 and 2 1/4 Cr-1 Mo steel are being considered. Data 
on steam corrosion of 2 1/4 Cr-1 Mo steel was previously reviewed by 

29 
Chakraborty in 1972. For construction of a 950°F steam generator for 
the LMFBR, corrosion allowance of 0.010 to 0.027 in. have been recommended 
to account for general corrosion and periodic descaling. The current HTGR 
design includes a 0.030 in. allowance for a 40-year design life. A number 

30-33 
of investigators have studied the corrosion behavior of Incoloy 800 
from 1050°F to 1380°F in superheated steam with a variety of oxygen and 
other contaminants. The highest rate reported was 0.001 in./yr for a 
three year test at 1300°F in steam containing 20 ppm O 2, 2-3 ppm H 2 and 34 
0.5 ppm chloride. Some data have been reported which suggest that gen-
eral corrosion rates may increase under heat flux conditions. Recent work 
in Germany35 showed no such effect in tests at 840°F to 1300°F and 2200 36 
psig. Tests are currently being carried out at ORNL to evaluate the 
effect of heat flux on the general corrosion rate of 2 1/4 Cr-1 Mo 
steel. 

The alloy 2 1/4 Cr-1 Mo has been found to resist stress corrosion 37 cracking in steam environments containing up to 10 ppm CI . Stress-
corrosion susceptibility of austenitic alloys has received extensive study 

38 at General Atomic. Tests performed on alloys such as Incoloy 800 have 
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ranged from accelerated conditions (boiling magnesium chloride, oxygen/ 
chloride contaminated steam, etc.) to exposure under more realistic con-
ditions. Specimens that were fully sensitized, unsensitived, with 
residual stresses from a bend, and with stresses near yield from a clamped 
bend,were tested. Incoloy 800 proved to be extremely resistant to stress 
corrosion in these tests. 

In one series of autoclave tests, tube-to-tubesheet joint mockups 
were exposed intermittently to wet steam at 316°C containing 2 ppm chloride 
and several ppm oxygen. To increase the severity of some tests, the steam 
was saturated with air. In all of these tests, Incoloy 800 tubes survived 
with no evidence of stress corrosion cracking while type 304 stainless steel 
tubes suffered stress corrosion cracking when exposed to the oxygen-bearing 
environment. 

In another series of autoclave tests, bend specimens of Incoloy 800 
and Incoloy 800-to-2 1/4 Cr—1 Mo steel bimetallic welds were exposed at 
316°C to wet steam containing 2 ppm chloride and 5 ppm oxygen. After 
1000-hr neither specimen showed evidence of stress corrosion cracking. 

Structural Stability of Materials. Alloys heated to high temperature 
often undergo microstructural changes which generally affect their proper-
ties. This is a very serious concern for long time high temperature com-
ponents, since it can result in a loss of mechanical strength and ductility 
during operation. Instabilities can take the form of: 

1. Recrystallization 
2. Grain Growth 
3. Phase Changes 

a. Dissolution 
b. Precipitation 
c. New Phases 

4. Phase Agglomeration 

Ferritic alloys undergo grain growth above 1650°F which lowers their 
impact strength at room temperature. Steels containing Mo are particularly 
susceptible to recrystallization and grain growth above 1400°F. Unalloyed 
molybdenum has been observed to recrystallize as low as 1650°F depending 
upon prior history. Molybdenum is a particularly structure sensitive 
material which has its best properties in the fine-grained condition. 
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Chromium steels containing less than 13% Cr are subject to temper 
embrittlement when heated to 750-1000°F, but properties can be restored by 
heating to more than 1100°F. Nickel-base alloys, particularly those that 
are y' strengthened, are prone to y' agglomeration which reduces their 
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creep strength and ductility. The formation of sigma phase (FeCr) in 
high chromium steels at 1020-1470°F greatly lowers icpact strength of 
these alloys. 13 

Liu, et al., found that Ta-8% W-2% Hf could tolerate oxygen levels 
as high as 4200 ppm before completely losing its ductility if the alloy 
was annealed at 3100°F after being doped at 1832°F. However, without the 
annealing treatment the specimens were completely embrittled at 800 ppm 
oxygen. 

Many Fe- and Ni-base alloys depend upon carbide precipitates for 
their high temperature strength and corrosion resistance. When these alloys 
are heated to high temperatures/ the carbides may agglomerate or change 
morphology. These changes can result in losses in strength and/or ductility 
of the alloy. 

Some oxide ceramics such as hafnia, zirconia, and silica undergo phase 
transformations that limit their use. Ceramics such as alumina, beryllia, 
silicon carbide and silicon nitride are structurally stable at the tem-
peratures of interest to VHTRs. 

Fabrication. The fabricability of potential materials for this appli-
cation varies widely. In general, alloys with increasing strength are more 
difficult to fabricate. Superalloys such as Rens'-80, U-700, and IN-738 are 
neither fabricable nor weldable. High strength alloys such as Waspalloy 
and U-500 are fabricable into primary shapes, but would be difficult to make 
into thin-walled tubing and are crack sensitive when welded. Molybdenum 
can be fabricated into the required shapes, but is crack sensitive when 
welded. Molybdenum welds have ductile-brittle transition temperatures of 
500°F or higher. 

Many of the stainless steels, Inconels, Hastelloys, and Incoloys are 
readily fabricable and weldable. Techniques are well established, and there 
has been considerable industrial experience with these materials. Niobium 
and tantalum metal and alloys are also readily fabricable and weldable. 
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However, an inert protective atmosphere is required during high temperature 
metal working to prevent embrittling. In addition, tantalum is quite expen-
sive relative to conventional alloys. 

Ceramic materials are difficult to fabricate and join and exhibit poor 
toughness, especially in tension. If used, designs will have to keep these 
materials under compression. Several techiques are available for fabricat-
ing ceramics into shapes. These incline: reaction-sintering, hot pressing, 
chemical vapor deposition, and ion plating. Methods of joining include 
'!) mechanical, (2) brazing, and (3) high temperature diffusion bonding. 

An alternative to constructing the PHX of a ceramic material is to 
coat a conventional material substrate with a ceramic. Techniques include 
(1) plasma spraying, (2) diffusion bonding, (3) ion plating, (4) CVD, 
and (5) PVD. Most such methods are expensive and considerable development 
would be required before complicated shapes could be satisfactorily 
coated. 

2. Candidate Materials for Nuclear Power Plant Construction 

Temperature classification. This section will describe the classes 
of materials which are available for the construction of components and 
structures of nuclear power plants. Whenever possible, emphasis has been 
placed on those materials which are currently acceptable under Section III 
of the ASME BPVC for use in Class 1, 2, and 3 components. Classification 
of materials is based primarily on their potential service temperature cap-
abilities. 

Component temperatures less than 700°F. All of the many carbon steels, 
low-alloy steels, ferritic stainless steels, austenitic stainless steels, 
and Ni-base alloys given in Appendix I to Section III, Division 1 of the 
ASME BPVD are available for use in Class 1-3 components at temperatures 
to 700°F. Examples of design stresses for typical materials are given 
in Tables 5 through 9. At 700°F environmental effects in helium and in 
most process applications should not significantly affect mechanical proper-
ties. 



Table 5 

Design Stresses for SA-387, Grade 2 
1/2 Cr-1/2 Mo Steel Plate 

_ . Allowable Stresses (ksi) Temperature 
°F Class 1; Sect. Ill Class 2, 3; Sect. Ill Class 2, 3; Sect. VIII 

100 18.3 17.5 13.7 
200 18.3 17.5 13.7 
300 18.3 17.5 13.7 
400 18.3 17.5 13.7 
500 18.3 17.5 13.7 
600 18.3 17.5 13.7 
700 13.2 17.5 13.7 
800 13.4 
900 13.1 

1000 10.0 
1050 6.2 



Table 5 

Design Stresses for SA-213, T-22 2 1/4 Cr-1 Mo 
Steel Seamless Tubing 

Temperature Allowable Stresses (ksi) Temperature 
°F Class 1; Sect. Ill Class 2, 3; Sect. III Class 1; Case 1592* Class 2, 3; Sect. VIII 

100 20.0 15.0 15.0 
200 18.5 15.0 15.0 
300 18.0 15.0 15.0 
400 17.9 15.0 15.0 
500 17.9 15.0 15.0 
600 17.9 15.0 15.0 
700 17.5 15.0 17.9 (17.9) 15.0 
800 16.1 (17.9) 15.0 
900 9.6 (10.9) 13.1 
1000 5.2 (6.3) 7.8 
1100 2.7 (3.3) 4.2 
1200 1.4 (1.7) 1.6 

*S , t = 300,000 hr; (t = 100,000 hr). mt 



Table 7 

Design Stresses for SA-240, Grade 405 12 Cr-Al Ferritic 
Stainless Steel Plate 

Temperature 
°F 

Allowable Stresses (ksi) Temperature 
°F Class 1; Sect. Ill Class 2, 3; Sect, III Class 2, 3; Sect. VIII 

100 16.7 15.0 15.0 
200 15.9 14.3 14.3 
300 15.4 13.8 13.8 
400 14.9 13.3 13.3 
500 14.5 12.8 12.8 
600 14.0 12.4 12.4 
700 13.7 12.0 12.0 
800 13.4 11.1 
900 9.6 

1000 4.0 



Table 8 

Design Stresses for SA-240, Grade 304 18 Cr-8 Mi 
Austenitic Stainless Steel Plate 

Temperature Allowable Stresses (ksi) Temperature Stresses (ksi) Temperature 
°F Class 1; Sect. Ill Class 2, 3; Sect. III Class 1? Case 1592* Class 2,3? Sect. VIII 

100 20.0 18.8 18.7 
200 20.0 17.8 15.6 
300 20.0 16.6 14.0 
400 18.7 16.2 12.9 
500 17.4 15.9 12.1 
600 16.4 15.9 11.4 
700 15.9 15.9 11.0 
800 15.1 la.2 15.1 (15.1) 10.5 
900 14.6 (14.6) 10.1 
1000 9.3 (11.1) 9.7 
1100 5.7 (6.8) 8.8 
1200 3.4 (4.1) 6.0 
1300 2.1 (2.5) 3.7 
1400 1.2 (1.6) 2.3 
1500 0.6 (0.8) 1.4 

*S . , t = 300,000 hr; (t = 100,000 hr). rat 



Table 8 

Design Stresses for SB-163, Ni-Fe-Cr Alloy 800H 
Seamless Tubing (Incoloy 800H) 

Temperature Allowable Stresses (ksi) Temperature 
°F Class 1; Sect. Ill Class 2, 3; Sect. III Class 1? Case 1592* Class 2, 3; Sect. VIII 

100 16.7 15.6 16.2 
200 16.7 13.4 14.3 
300 16.7 12.1 12.9 
400 15.8 11.1 11.9 
500 14.9 10.4 11.0 
600 14.6 10.0 10.6 
700 14.3 9.6 10.2 
800 14.0 9.3 15.3 (15.3) 9.9 
900 14.8 (14.8) 9.7 

1000 14.4 (14.4) 9.4 
1100 10.3 (11.7) 9.4 
1200 6.4 (7.2) 7.9 
1300 4.1 (4.6) 4.6 
1400 2.6 (3.0) 2.8 
150C 1.7 

*S ., t = 300,000 hr? (t = 100,000 hr). mt 
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Component temperatures of 700 to 1100°F. For temperatures up to 1100°F, 
Class 2 and 3 components can be constructed from most of alloys listed in 
Appendix I to Section III, Division 1 of the Code. However, there are some 
exceptions as shown in Tables 5 and 7. For example, SA-387, Grade 2 1/2 Cr-
1/2 Mo steel plate has a maximum acceptance temperature of 1050°t",and SA-240, 
Grade 405 stainless steel plate is limited to use at 1000°F. Class 1 compon-
ents operating up to 800°F can utilize the many auscenitic alloys in 
Appendix I, but for Class 1 service above 8C0°F,only those materials covered 
in Code Case 1592 (i.e., 2 1/4 Cr-1 Mo, 304 stainless steel, 31G stainless 
steel, and Incoloy 800H) have been approved. It is important to note 
that environmental effects stay become a consideration for some alloys in 
this temperature range. 

Component temperatures of 1 1 0 0 to 1500<>F. Components of Class 2 

and 3 can utilize some of the austenitic alloys up to 1 5 0 0 ° F (see Tables 
8 and 9 ) ; however, only 304 and 3 1 6 stainless steel are qualified for use 
with Class 1 components. Incoloy 300H and 2 1 / 4 Cr - 1 Mo steel can also be 
used for Class 1 components to temperatures of 1 4 0 0 ° F and 1 2 0 0 ° F , respec-
tively. We cannot, however, endorse the use of this latter alloy (i.e., 
2 1 / 4 Cr - 1 Mo steel) or other ferritic materials for use in this tempera-
ture range because of relatively low strength (see Table 6). Other alloys, 
not currently covered in the ASME Code, are also potential candidates for 
service in the 1 1 0 0 to 1 5 0 0 ° F temperature range. These include stainless 
steels of the 25 Cr - 2 0 Ni type (with stress-to-rupture in 1 0 0 , 0 0 0 hr at 
1 5 0 0 ° F about 50% greater than for Incoloy 800H) and Ni-base alloys such 
as Hastelloy X ( 1 0 0 , 0 0 0-hr rupture stress at 1 5 0 0 ° F approximately twice 
that for Incoloy 800K) and Inconel 6 1 7 (with still higher creep resistance). 
Environmental effects (primary coolant helium, steam/water, and process gas 
environments) and thermal stability will have to be considered carefully 
for whatever materials are selected. 

Component temperatures of 1500 to 1800°F. There are no materials 
currently qualified by the ASME Code for use in the construction cf nuclear 
power plant components at temperatures above 1500°F. A number of Ni- and 
Co-base alloys have been developed for use in this temperature range , pri-
marily in jet engines and gas turbine applications. Commercial Co-b,7.;e 
alloys, although relatively strong in the 1500 to 1800°F range, cannot be 
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considered for nuclear application because of radioactive Co contamination 
problems. (Even Ni-base alloys containing substantial Co - including 
Inconel 617 mentioned earlier - are suspect in this regard.) The I!i-base 
alloys are, in general, quite strong at 1500°F but their strength decreases 
significantly between 1500 and 1800°F (by factors of 3 to 5) , and 1000-hr 
rupture strengths fall to 4000 psi and less. Examples of such alloys are 
Hastelloy X, Inconel 617, and Inconel X-750. Alloys which maintain reason-
able strengths to 1800°F are of the cast type (e.g., Alloy 713LC and Inconel 
MA-753). These, of course, have only limited applicability in nuclear 
component construction because of fabrication and joining difficulties. 
Development of other Ni-base alloys, both solid solution strengthened and 
dispersion strengthened with improved fabricability and strength, is of 
course, possible but by no means a certainty. 

Refractory metals and their alloys certainly possess adequate strengths 
for use in this temperature range, but they are, in general, susceptible 
to interstitial embrittlement. At present, only alloys based on Mo could 
be considered as serious candidates for this service and, then, only in 
connection with the helium coolant. Strengths are excellent with the 
stress for rupture in 100,000 hr at 1800°F exceeding 15,000 psi for Mc-TZM. 
This is more than a factor of 10 greater than the strengths of most Ni-base 
alloys. 

Ceramics may also be considered for some applications in this tempera-
ture range but thoir use in critical structural support and pressure retain-
ing components is almost certainly outside the current status of technology. 

Serious fabrication problems will be encountered with many of the 
materials mentioned as candidates for use in this temperature range. Lit-
tle or nothing is known with respect to their long-term thermal stability 
and/or interactions with the environment. None are ASME Code approved and 
such approval vrill be achieved only with costs and efforts greater than 
those outlined in the section on Pressure Vessel Code Considerations. 

Component temperatures above 18000F. Conventional Ni-base alloys are 
almost certainly out of consideration at these temperatures. Mo or Mo-
base alloys have sufficient strength for use at temperatures significantly 
greater than 2000°F; however, fabricability and compatibility with process 
environments are major areas of concern. Ceramics must be more seriously 
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considered at these temperatures, and this involves the development of 
innovative designs and fabrication and joining technology. All of the 
problems mentioned for 1500 to 1800°F materials will likely be magnified. 

Assessment of Material Candidates as a Function of Temperature. The 
principal high temperature components of a VHTR-coal conversion system are 
the hot ducts, insulation covers, process heat exchangers (PKX), optional 
intermediate heat exchangers (IHX) , steam generators and variou. v.ilves and 
seals. Some typical materials that might be used in constructing these 
components are presented in Tables 10 through 13. Based on the previous 
discussions of materials requirements, we have also attempted to evaluate 
the probability that the materials suggested will be satisfactory in these 
applications. 

Table 10 lists the materials candidates for a system that provides 
heat for a 1400°F process temperature. For this application, several can-
didate materials are available for all of the components. The major prob-
lem areas are the hot ducts and PHX since none of the candidate materials 
have been Code approved. In addition, materials compatibility with the 
process environment is unknown in most cases. Nonetheless, considering ex-
perience with petrochemical processes, we feel that there is a high proba-
bility that suitable materials can be obtained and qualified for components 
to be used in a 1400°F process system. 

If the process temperature increases to 1500°F, the hot duct will oper-
ate at 1650-1850°F depending on the design. PHX and IHX components will 
also oparate in this same range, and the probability of finding satisfactory 
materials decreases markedly relative to the 1400°F process, primarily 
because important material properties are unknown. 

At process temperatuies of 1600°F and higher,Mo or Mo-base alloys, 
ceramics, and/or ceramic coated materials will undoubtedly be required for 
the hot ducts and the IHX, and in some cases for the PHX. Each of these 
materials pose difficult fabrication and joining problems. In addition, the 
probability of compatibility problems increases as temperature is increased. 
Since we can not as yet identify specific candidate materials for these 
higher temperatures, the chances of constructing such a system cannot be 
assured. 
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Without IHX 
Hot Duct 
Insulation 
Covers 
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PHX 
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Table 12 
Material Candidates for Critical Components of a 

1600°F Process Temperature VHTR 

Component 

Maximum 
Operating 

Temp. Range 
C F ) 

Typical Candidate Materials Potential Problem Areas 

Probability 
of 

Ultimate 
Applicability 

Hot Duct 
Insulation 
Covers 

PHX 

Steam 
Generator 

Valves and 
Seals 

Hot Duct 
Insulation 
Covers 

IHX 

PHX 

Steam 
Generator 

Valves and 
Seals 

1750-1850 

1750-1850 

1400-1500 

1500-1650 

1850-1950 

1850-1950 

1700-1800 

1400-1500 

1700-1800 

Without IHX 

(1) Advanced superalloys. 

(2) Mo-base alloys. 

(3) Ceramics. 

Advanced superalloys and ceramics. 

Austenitics. 

Hi-base and high alloy austenitic 
steels. 

With IHX 
(1) Mo-base alloys. 

(2) Ceramics. 

Same as above. 

(1) Advanced superalloys. 

(2) Ceramics. 

Austenitics 

(1) Advanced superalloys. 

(2) Cast superalloys. 

(3) Ceramics. 

(1) All aspects from alloy develop-
ment through ASHE Code approval. 

(2) Fabricability, environmental 
effects, Code approval. 

(3) Same as (2) plus shock resistance. 

Same as above plus process environment. 

Effects of He and steam environment, 
Code approval. 

Effects of environment, thermal 
stability, strength, Code approval, 
wear and galling. 

(1) Fabricability, environmental 
effects, Code approval. 

(2) As above plus shock resistance. 

Same as above. 

(1) Alloy development through Code 
approval. 

(2) Fabricability, environmental 
effects, Code approval, shock 
resistance. 

Effects of He and steam environment, 
Code approval. 

(1) Alloy development through Code 
approval. 

(2) Environment, stability, fabrica-
bility, wear and galling. Code 
approval, 

(3) As (2) above plus shock resistance. 

(1) Unknown. 

(2) Potentially good but 
unknown. 

(3) Unknown. 

Unknown. 

Good 

Fair-to-good. 

<1) Potentially good but 
unknown. 

(2) Unknown. 

Same as above. 

(1) Unknown. 

(2) Unknown. 

Good. 

(1) Unknown. 

(2) Fair. 

(3) Unknown. 



Table 13 
Material Candidates for Critical Components of 

1800°F and 2000°P Process Temperature VHTR 

Maximum 
Operating 

Component Temp. Range 
(°F) 

Typical Candidate Materials Potential Problem Areas 

Probability 
of 

Ultimate 
Applicability 

Hot Duct 
Insulation 
Covers 

PHX 

1950-2050 

1950-2050 

Valves and 1750-1850 
Seals 

Hot Duct 2050-2150 
Insulation Covers 
IHX 2050-2150 

PHX 

Valves and 
Seals 

1900-2000 

1900-2000 

Hot Duct 2250-2350 
Insulation Covers 

IHX 

PHX 

2250-2350 

2100-2200 
(2150-2250) 

Without IHX (1800°F) 
(1) Mo-base alloys. 

(2) Ceramics. 

Ceramics. 

(1) Advanced superalloys. 
(2) Cast superalloys. 

(3) Ceramics. 
(4) Mo-base alloys. 

(1) Fabricability, environmental 
effects, code approval. 

(2) Same as (1) above plus shock 
resistance. 

Same as (2) above plus process environ-
ment compatibility. 

(1) Alloy development through Code 
approval. 

(2) Environment, stability, fabrica-
bility, wear and galling. Code 
approval. 

(3) As (2) above plus shock resistance. 
(4) As (2) above. 

(1) Potentially good, but 
unknown. 

(2) Unknown. 

Unknown. 

With IHX (1S00°F) 
Same as hot duct without IHX. 

Same as above. 

Ceramics. 

(1) Cast superalloys. 

(2) Mo-base alloys. 
(3) Ceramics. 

Same as hot duct without IHX. 

Same as above. 

Same as PHX without IHX. 

(1) Same as valves and seals without 
IHX plus strength. 

(2) As without IHX. 
(3) As without IHX. 

Ceramics and Mo-base alloys. 

Same as above. 

Ceramics, 

With and Without IHX (2000°F) 
All problem areas apply, strength of 
Mo-base suspect at upper end. 

Same as above. 

All problem areas apply. 

(1) Unknown. 

(2) Fair. 

(3) Unknown. 
(4) Poor-to-unknown. 

Same as hot duct without IHX. 

Same as above. 

Unknown. 

(1) Poor-to-fair. 

(2) Poor-to-unknown. 
(3) Unknown. 

Unknown. 

Unknown. 

Unknown. 

Valves and 2100-2200 
Seals (1950-2050) 

Same as valves and seals for 1800°F process temperature with IHX. 
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D. Fission Product Behavior Aspects 

Fission products enter the coolant circuit of an operating HTGR by one 
of three general mechanisms. The most direct of these concerns volatile 
fission products which are born as a result of uranium contamination of sur-
faces; these species enter the coolant circuit with virtually no attenuation. 
A second mechanism involves release from coated fuel particles in which the 
effectiveness of the protective coatings has in some manner been compromised. 
Such a loss in coated particle integrity may result in the fabrication pro-
cess, or to the combined influence of thermal and mechanical stresses on 
otherwise sound coatings or on coatings that have been weakened as th« 
result of irradiation or chemical effects. The third mechanism for release 
involves transport through physically intact particle coatings. Obviously, 
not all three generalized mechanisms are significant in a practical sense 
for all fission products of interest. For example, transport of krypton or 
xenon through intact coatings does not take place and can be safely ignored 
as an influence on coolant circuit inventories of these fission products, 
yet diffusion through coatings can dominate control of cesium inventories. 

In a similar vein, the significance of release of a particular fis-
sion product need not directly involve radiological considerations. The 
stable fission product barium nuclides, for example, can appreciably 
influence effects of steam ingresses. Similarly, fission product tellurium 
offers the potential for attack of metallic components, regardless of radio-
logical factors. Additionally, rare earth fission products are known to 
attack Sic coatings of TRISO fuel particles and thus become significant in 
terms of providing a mechanism for fuel failure. 

Fission products enter the coolant circuit as volatile species and 
as species attached to otherwise inert debris. The relative magnitudes of 
these two types of distribution are in general unknown, and probably vary 
widely from reactor system to reactor system. It is also significant to 
note that species attached to mobile debris provide a mechanism for dis-
persal of normally very stable chemical forms (which may possess high 
radiological toxicity). The manner by which the fission products enter 
the coolant circuit will likewise determine their distribution in and 
removal from the circuit, and this can be a major concern relative to main-
tenance . 
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Transport of fission products along the release pathway into the 
coolant circuit, and in a large measure the distribution along the coolant 
circuit, is primarily a temperature-dependent process. Fuel failure 
mechanisms, cr< the other hand, exhibit a complex interrelationship batween 
temperature, temperature gradient, irradiation history, chemical composi-
tion, and possibly, time. 

All designs attempt to maintain fission product transport at an accep-
table level by limiting fuel temperature and by providing gas cleanup 
systems. The GA and GE designs provide an unfueled graphite barrier between 
fuel kernels and coolant. Irradiation experience in the AVR, in the Peach 
Bottom HTGR, and in test loops indicates that the fission product content 
of the coolant is low. Nevertheless, the designer must carefully consider 
potential fission product release paths, both during normal operation and 
following failures. 

Tritium is another radioactive species formed in gas-cooled reactors. 
Tritium is formed in the HTGR system in three ways: by ternary fission in 
the core, by neutron reaction with lithium impurities in core materials, 
and by neutron reaction with He-3 in the helium coolant. Tritium from the 
first two sources is largely retained within the coated fuel particles, so 
that the Re-3 reaction becomes the principal source of tritium in the 
coolant. Tritium can diffuse through the tubes of a methane-steam reformer, 
posing a threat of contaminating the process stream. If the tubes contain 
an adherent oxide film, the tritium permeation rate would be very low. 
Some of the reactor designers believe that an oxide film can be maintained 
and that a methane reformer in the primary helium circuit is feasible. 
Others, such as the Japanese, have assumed that an intermediate heat ex-
changer will be necessary. The IHX should eliminate the tritium uncertainty 
since additional barriers would be placed between the primary helium and 
the process, and the secondary coolant chemistry could be controlled. Con-
siderably more analysis of this problem is required. 
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E. Safety and Environmental Considerations 

1. Licensing Process 
Prior to the licensing of a reactor for construction, it is necessary 

for the applicant to submit a preliminary safety analysis report (PSAR) and 
an environmental report (ER). These reports must prove the feasibility of 
the proposed nuclear system to operate within legal and regulatory con-
straints at the proposed site. Prior to the granting of an operating 
license, a final safety analysis report (PSAR) and final environmental 
impact statement (EXS) are issued and approved. The nuclear coal conversion 
system will have to go through this regulatory process. Emphasis in the 
PSAR and the FSAR will be on the nuclear reactor, but it will be necessary 
to show that the coal process does not reduce nuclear safety factors. The 
ER and the EIS will have to deal with all impacts cf the nuclear coal con-
version system, will have to demonstrate there is a demand for the products 
of the system that can best be supplied by the proposed facility, and that 
the benefits of the system exceed the costs. 

Gas-cooled reactors are inherently safe because: 
1. Failure of the PCRV containing the reactor is not credible. An 

overpressure (from no credible cause) would release gas pressure and then 
the crack would "heal" via continued tension in the tendons. Fuel would be 
contained. 

2. The core is large and all-ceramic. Several hours are available 
following an accident to establish circulation within the reactor for 
removal of afterheat. 

3. Some designs remove afterheat by natural circulation. 
4. The reactor has a strong negative temperature coefficient of 

reactivity and is therefore very stable. 
While the VHTR will operate at a higher temperature than the steam-

generating gas-cooled reactor, safety considerations are expected to be 
similar. Development of the HTGR for power production should assure resolu-
tion of most of the safety and environmental questions pertaining to the 
VHTR. Additional safety analysis will be required during the development 
process and for licensing, however. 



2. Types of Accidents which Must be Considered 

a. Design Basis Depressurization Accident. The catastrophic failure 
of the primary coolant boundary is considered incredible, since neither the 
prestressed concrete reactor vessel (PCRV) penetration closures nor the 
PCRV itself is susceptible to catastrophic failure. However, the design 
basis depressurization accident (DBDA) is assumed to be the depressurization 
of the primary coolant system through a 100-in.2 flow area at any of the 
possible locations. An investigation of the consequences of depressurization 
originating at various locations for the steam-generating HTGR indicates 
that failure at the hot portion of the cycle results in the highest contain-
ment pressures, containment temperatures, activity release from the PCRV, 
and hence largest offsite doses. For this reason, the process heat reactor 
DBDA might be assumed to occur from a break where the reactor outlet gas can 
be discharged to the containment. 

The analysis developed by GA was based on their standard process heat 
plant with 1600°F reactor outlet temperature (VL400°F process temperature). 

The expected mode of operation during a DBDA is for continued reactor 
core cooling using the main loop circulators driven initially by nuclear 
jteam. In an HTGR steam plant, complete flood-out of the steam generators 
occurs in the first few minutes of the transient. Steam from the flash 
tanks can be used to drive the circulators for several more minutes. At 
this point, auxiliary steam is required to continue with main loop cooling. 
Alternatively, the core auxiliary cooling system (CACS) is initiated to 
supply core cooling. A similar scenario is expected for the process heat 
HTGR. 

The GA analysis of the DBDA indicates that radioactive releases to the 
environment results in doses at the exclusion area boundary and the low 
population zone boundary that are significantly less than the guidelines of 

40 
25-rem whole body and 300-rem thyroid given in 100 CFR 100. The analysis 
also indicates that the temperatures and pressures in the reactor contain-
ment during and after the accident do not exceed the design values. These 
analyses must be refined and reviewed as part of the reactor design effort. 
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Adequate forced circulation core cooling is maintained following the 
depressurization by use of main loops or the auxiliary loops operating 
with reduced primary coolant density. No damage to either main or aux-
iliary circulators occurs during the depressurization. 

b. Loss of Main Loop Cooling. In the unlikely event that primary 
loop cooling is lost, GA provides a CACS. The CACS utilized for the 
process heat HTGR is similar to the design developed for the steam-gen-
erating HTGR. The CACS consists of multiple parallel loops, each contain-
ing an auxiliary heat exchanger, an auxiliary circulator (electric motor 
driven), and appropriate helium ducting and valves. The water side of the 
heat exchanger includes pumps, reject heat exchangers, and various instru-
mentation and water quality equipment. Onsite auxiliary power systems are 
provided to ensure an adequate supply of electrical power. For a 3000 MW(t) 
reactor, three 50% capacity loops are supplied. Satisfactory cooldown is 
obtained using any two of the three loops. The average core outlet temper-
ature peaks at about 1700°F, well below any hazardous condition. 

The PBR has comparable safety systems to limit core temperature. In 
the event of failure of all safety systems, core temperature will rise to 
about 2000°C in 6 hours and heat will be removed by natural circulation 
to the cooled pressure vessel liner. 

c. Product Contamination. In the case of systems where the process 
heat exchanger is in the primary vessel, one must anticipate the sudden 
failure of a tube. In that event, an increase of radioactivity would be 
detected and valves would close to isolate the affected heat exchanger. 
The contaminated gases would be discarded through the radwaste system. 

d. Process Leak to Containment. The process gas contains methane 
and hydrogen. If a reformer inlet or outlet line fails in an uninerted 
containment, there could be an explosive mixture in the containment if 
proper precautions are not taken. The simplest precaution is to ensure 
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that adequate steam is always present in the process stream to prevent 
the formation of an explosive mixture. A further possibility is to use 
only double-walled pipes in the containment. Then, if one pipe failed, 
the backup pipe would contain the gas and via pressure signals inform 
the plant operator or plant protection system to shut down and/or add ex-
plosion retardents to the loop feed lines. As a final alternative, the 
containment could be inerted with nitrogen. However, this solution has 
significant disadvantages in terms of maintenance procedures. Nonethe-
less , it is important to note that the potential hazard of having com-
bustible material in the containment can be safely controlled by various 
methods. 

e. Steam Ingress Considerations. Steam ingress into the primary 
coolant circuit of a VHTR must be viewed in terms of two time frames. 
Effects of sudden large inleakages are generally of a short-term nature. 
These include possible interactions with exposed fuel, fission products, 
and coolant circuit surfaces, which could increase gas-borne fission 
product inventory; reactions with graphite moderator and structural 
materials, which could result in the generation bf explosive concentra-
tions of hydrogen and carbon monoxide and/or result in the loss of struc-
tural integrity; and reactions with neutron poisons, such as boron carbide 
or trifluoride, which could negate the intended shutdown functions of 
systems using these poisons. 

Effects of small, continuous inleakages, on the other hand, must be 
regarded over a time period that spans the life of the reactor. Two areas 
of primary concern in this regard have been identified; one involves the 
gradual, uniform erosion of structural graphite which can result in the 
sudden collapse of a stressed number, whereas the second concerns weakening 
of metallic members through carburization involving reaction product CO, 
and consequent large steam ingresses in those cases in which the carburized 
members isolate the primary coolant from steam. 
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The steam-graphite reaction is endothermic, hence removal of the 
source of heat is a most effective technique to limit effects of large 
steam ingresses. Air oxidation of graphite, on the other hand, is exo-
thermic; as a result, this type of oxidation mechanism is more difficult 
to control. With respect to the VHTR system, however, air ingress is much 
less likely than steam inleakage, and for those cases in which air ingress 
is possible (all of which involve primary coolant system depressurization), 
the effects are predominantly determined by the rate of air inleakage rather 
than reaction kinetics. 

The high temperatures of the VHTR greatly increase the rate of these 
reactions. While the total amount of graphite reacted may not be greatly 
affected by the temperature level (it is controlled more by the amount of 
water ingress), the VHTR reaction may be more localized at the point of 
steam entry. 

The W concept eliminates the steam ingress problem by eliminating 
steam generators in the primary system. 

3. Types of Environmental Impacts Which Must Be Considered 

a. Radioactivity Emission to Environment. The VHTR must contain the 
radioactive species to an extent which satisfies regulatory requirements. 
Experience gained with HTGR containment should be directly applicable. 
While the fission product content of the VHTR coolant will probably be 
higher than that of gas-cooled power reactors, the emissions from properly 
designed VHTRs should be comparable. 

b. Radioactivity in Product, steady state leakage of reactor coolant 
and/or tritium leakage and diffusion will result in a very small level of 
radioactivity in the product. The vendor studies and German reports indi-
cate that steady state radiation doses to the general public resulting from 
a nuclear coal gasification plant would be well within all existing NRC 
regulations and guidelines, and would in fact be negligible. 

c. Impacts of the Nuclear Fuel Cycle. These impacts result from 
uranium mining, processing, enrichment, fuel transport, fuel fabrication, 
fuel reprocessing, fuel recycle and ultimate waste storage. The impacts 
of nuclear coal conversion will be to somewhat increase the number and/or 
the size of nuclear fuel cycle facilities. A secondary effect will be much 



greater emphasis on fuel cycle operations characteristic of gas-graphite 
reactors, e.g., the thorium-U233 cycle. 

Perhaps the greatest long-term impact of the VHTR would be a continu-
ing strong demand for enriched uranium fuel after breeders dominate the 
electric power industry. This demand could be satisfied by a higher rate 
of uranium mining and/or from fuel bred in the breeder reactors. 

d. General Impacts of Nuclear Coal Conversion Systems. The nuclear 
coal conversion system has cumulative impacts on land, water, air and 
society which must be compared to the impacts of alternatives. There are 
clearly advantages with respect to the amount of coal mining and transport 
disturbance, and from less air pollution. Disadvantages accrue from the 
impact of a larger national nuclear fuel cycle and from the local nuclear 
safety risks. 

F. Coupling of Reactor and Process: Potential Need 
for an Intermediate Heat Exchanger (XHX) 

The decision on whether to use an IHX has important repercussions on 
feasibility, cost, and safety/environmental effects. These questions are 
sufficiently complex that a good deal of time, and possibly some actual 
licensing actions, will be required for complete resolution. 

Proponents of the methane-steam reformer type of coupling have concluded 
that this process can be carried out without an IHX. Their analysis shows 
that the radioactivity in the product gas is negligible and that the reactor 
safety problems can be resolved. 

The other nuclear coal process couplings, steam-coal gasifiers and 
thermochemical hydrogen process, are believed by all to require IHXs. The 
failure of process heat exchangers in these systems could significantly 
damage the reactor. 

The advantages of having an IHX are the following: 
1. Reduce or eliminate the transport of radioactivity into the 

product. 
2. Reduce or eliminate the ingress of water and hydrogen into 

the reactor. 
3. Improve maintainability of the process heat exchanger. 
4. Reduce reliability demanded of PHX. 
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5. Reduce possible hazardous interactions of process and nuclear 
plant, such as explosions which could damage reactor equipment, 

6. Reduce size of the PCRV and possibly of PCRV penetrations. 

Disadvantages include: 
1. The cost. Process heat costs may be increased by 20%. 
2. Need to develop higher-temperar.ure materials (by 50°C-100°C) 

for the primary system, to achieve the same process temperature. 
3. Need to develop the IHX and high-temperature containment valves 

operating in the secondary helium. 
4. More operating components, increasing probability of plant 

outages. 
5. Lower efficiency. 
The analysis of IHX is further complicated by the spectrum of choices 

between a "pure" primary process HX and a "pure" IHX. This spectrum in-
cludes at least the following: 

1. Primary PHX inside the reactor vessel. 
2. Primary PHX inside the containment building but outside the 

reactor vessel. This would improve maintainability. 
3. IHX-PHX inside the reactor vessel consisting of double-walleu 

41 
tubes with helium pressure in between. This would reduce 
steady-state material transport between process and nuclear 
systems, but may not improve safety scenarios. 

4. IHX for process, but steam generator still inside the reactor 
vessel and directly coupled. 

5. IHX inside PCRV, and PHX inside containment vessel. 
6. IHX inside PCRV, PHX and steam generator outside containment 

vessel ("pure" IHX system). 

V. ECONOMICS 

A. Process Heat Cost 

Oak Ridge National Laboratory, with assistance from United Engineers 
and Constructors, has estimated VHTR process heat cost. Figures 12 and 13 
give the range cf estimated costs of nuclear process heat when supplied 
from a 3000 MW(t) VHTR, considering the presence or absence of an inter-
mediate heat exchanger as a parameter. The economic ground rules used in 
obtaining these estimates are given in Table 14. 
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Table 14 
Economic Ground Rules Employed in VHTR Evaluation 

Reference Plant Size, MW(t) - 3000. 

Process Heat Cost is evaluated assuming all energy from the 
reactor has the same value independent of the form of the 
energy or how it is used. 

July 1974 Dollars - No Escalation. 

80% Plant Factor. 

15% and 25% Fixed Charge Rate. 

Capital Costs Include: Direct Costs 
Indirect Costs 
Interest During Construction - 8%/yr. 

Fuel Cycle Cost Basis: U,0o, $/lb 30 O C 
Enrichment, $/SWU 75. 

O&M Costs - 9 x 10 $/yr. 

These costs are based on preliminary, conceptual designs, and rely 
heavily on vendor information. The costs which are presented may change 
as a result of further research and development and of more detailed design. 

The general trend of increasing heat cost with increasing temperature 
results from increased costs of materials and components, and more elaborate 
systems to maintain the fuel at acceptable temperatures. The discontinuity 
in cost above 1600°F process temperature stems from the need to introduce 
exotic high temperature alloys and/or ceramics into the high temperature 
components. 

While process heat costs increase with temperature, the usefulness of 
the process heat is also increased. Table 15 illustrates the effect of 
maximum process temperature on the efficiency of a typical nuclear coal 
conversion process (production of hydrogen via the General Atomic/Stone and 
Webster process). Efficiency is expected to increase from 52% at 1200°F 
maximum process temperature to 69% at 2000°F. 
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Table 15 
Estimate of the Efficiency of Hydrogen Production Plants 
Using the General Atomic/Stone and Webster Process (from 
Ref.41 ) 

Maximum Process Temperature, °F 1200 1400 1600 1800 2000 
Heat Inputs, 109 Btu/hr, 

Nuclear 10.24 10.24 10.24 10.24 10.24 
Coal 9,76 18.47 19.40 20.85 21.79 

Hydrogen Production Rate, 
(a) Mscfd 530 763 882 949 1092 

109 Btu/hr 8.53 15.04 16.57 17.66 18.78 
Liquid Fuels Production, 1.47 2.76 2.86 3.09 3.23 
109 Btu/hr 
Export Electric Power, MW 138 57 31 18 7 
Efficiency, % (b) 52 63 66 67 69 

(a) At 32°F, 1 atmosphere. 
(b) Defined as fuel and electricity outputs/heat inputs. 

The effect of size on energy cost is given in Fig. 14. A recent 
design study by GE of a 500 MW(t) PBR heat source indicated heat costs 
in the range of $4 to $6/106 Btu. There is clearly a significant 
advantage of scale in VHTR process heat cost. 

The foregoing estimates may be compared with estimates of process 
heat cost using oil and coal shown in Figs. 15 and 16, respectively. The 
process heat costs displayed in Figs. 12 to 16 do not take into account 
the relative usefulness of the process heat delivered from the respective 
sources. Generally, nuclear process heat is expected to be competitive 
with oil, and competitive with coal in many locations. 

Another important aspect of VHTR economics is that the capital cost 
predominates in relation to fuel cost, as indicated in the following break-
down of costs of a 3000 MW(t) plant (with IHX, 1600°F process): 

15% FCR 25% FCR 
C/MBtU _% <r/MBtU _% 

Capital Cost 167 74.5 278 80.5 
O&M 13 6 13 4 
Fuel Cycle 44 19.5 54 15.5 

Total 224 100 345 100 
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B. Fuel Cycle Considerations 

1. The Thorium-Uranium Fuel Cycle 
The gas-graphite reactor is an efficient converter reactor and is ex-

tremely flexible with regard to use of alternative nuclear fuels. The 
fuel cycle most commonly proposed by GA and by the German developers of 
these reactors is the thorium-uranium cycle (Fig. 17). This fuel cycle 
has the advantages of lowest cost and of higher conversion ratio of fer-
tile Th to U233 fuel in comparison to the conversion of fertile U238 to 
plutonium, based on a developed fuel recycle technology. This is due to 
the superior nuclear characteristics of U233 relative to either U235 or 
plutonium in the neutron energies typical of gas-graphite reactors. 

The problems of fuel element preparation and design have been thor-
oughly addressed. Fuel elements have been fabricated by commercial vendors 
for both HTGR and PBR designs. These elements perform well in reactors. 
The fabrication of graphite fuels at costs assumed in the economic analysis 
will require the establishment of large-scale manufacturing facilities. 

The reprocessing of spent graphite fuels requires c< special head-end 
process to extract fuel materials and fission products quantitatively and 
to put them into aqueous solution. This is followed by a relatively con-
ventional solvent extraction process to separate uranium, thorium and 
fission product wastes. 

The fuel recycle step is a difficult one in that the bred ^233 c o n ~ 
taminated with ^ 3 2 ' w* l o s e daughters are highly radioactive, requiring 
remote handling behind shielding. ERDA has built some applicable labora-
tory facilities at Oak Ridge, and is considering a proposal for the con-
struction of a pilot plant. 

Ultimate waste disposal from the uranium-thorium cycle would be simi-
lar to that from light-water reactor fuel cycles. There would probably be 
fewer long-lived actinide isotopes to store. ERDA currently is speeding 
up the development of waste disposal facilities for all nuclear fuels. 

2. Alternate Fuel Cycles 
Another fuel cycle for the VHTR would involve use of slightly enriched 

i 
uranium fuel as proposed by GE.~ This fuel cycle produces some plutonium 
in the spent fuel. This approach could make use of some light-water 
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reactor fuel cycle facilities, but fuel fabrication and spent fuel dissolu-
tion facilities would be similar to those of the thorium-uranium cycle. 
Another option would be indefinite storage of the spent fuel. 

A higher conversion ratio thorium-uranium cycle is possible by increas-
ing the thorium-uranium loading in the core, or by a combination of increas-
ing the refueling frequency, decreasing the fuel's final burnup and some 
increase in the thorium loading. These systems would have higher fuel inven-
tory but lower net fuel depletion. The greater throughput rates caused by 
the decrease in fuel residence time will cause increases in the fabrication 
and reprocessing costs. The higher conversion ratio systems may become the 
most economic approach when uranium is more valuable than at present, and 
after the uranium recycle step is fully commercialized, but this is depen-
dent upon inventory charge rate. 

Gas-graphite reactors can also accept plutonium fuels, particularly as 
mixed with thorium. 

3. Fuel Cycle Parameters and Economics 
The gas-graphite reactors are intermediate in fuel economy between 

light-water reactors and the LMFBR as shown in Table 16. 

Uranium is currently being priced in the range of $20 to $40/lb U O . 
3 8 

There is considerable uncertainty in the extent of U.S. uranium resources. 
The exploration for additional natural uranium ore in the United States, a 
cooperative effort between industry and ERDA staff and laboratories, has 
been speeded up. The National Uranium Resource Evaluation (NURE) program 
is well established and preliminary reassessments of uranium resources in 
about 30 of the 43 uranium districts have been completed using knowledge 
of the geology of uranium, previous evidence of uranium occurrences, and 
evidence other than that obtained from drilling. This preliminary phase 
will be completed for the United States in 1976. By 1980, the preliminary 
information will be partially confirmed by drilling. 
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Table 16 
Typical Reactor Fueling Requirements and Costs 

Reactor Specific Conversion Typical Fuel 
Type Inventory Ratio Cycle Cost* 

kg Fissile/MW(t) C/MBtU 
Light-Water Reactor 0.85 0.6 40 
HTGR-U233 Recycle 0.6 0.65 42 
HTGR-No Recycle 0.7 0.6 44 
HTGR-High Conversion3 0.7-1.0 0.8 40-51 
LMFBR 0.80 1.15 15 
•Based on U30s at $30/lb, Enrichment at $75/Separate Work Units (SWU) 

U233 at $38/gr, Pu239 f2ifl at $27/gr 
Fuel Fabrication - LWR - $75/kg 

HTGR - $300/kg 
LMFBR - $250Ag 

Fuel Reprocessingh - $120/kg 
Utility Finance Basis 

aThe lower values are estimated if refueling frequency can be in-
creased without significant downtime penalty. The higher values 
are estimated for systems in which the conversion ratio is increased 
by increasing the thorium loading. 

^There is considerable uncertainty regarding fuel reprocessing costs. 
The value of $120/kg was a ground rule in the vendor studies. 
Real costs will almost certainly be higher than this. 



43 A recent estimate of the U.S. uranium resources is shown in Table 17. 
In addition to the uranium shown in Table 17 , there is about 5 million tons 
of U^Og available from Chattanooga shale at a cost of about $100/lb. It is 

Table 17 
U.S. Uranium Resources (10 tons U_0o) 

Estimated Additional Resources 
($/lb U^Ofl) Reserves Probable Possible Speculative Total 

8 200 300 200 30 730 
.10 315 460 390 110 1275 
15 420 680 640 210 1950 
30 600 1140 1340 410 3490 

expected that about 2 million tons of uranium will be needed by the year 
2000, bringing the price range dur ig VHTR deployment to perhaps $30 to 
$100/lb U,0o (in current dollars). The uranium price would tend to be in 3 8 
the lower part of this range if breeders were widely used for electricity 
generation. 

The sensitivity of VHTR fuel cost to uranium cost is shown in Fig. 18. 

VI. CONCLUSIONS AND RECOMMENDATIONS — R&D NEEDS 

A. Conclusions 

1. Process temperatures up to the 1400 to 1500°F range are achievable 
with near-term technology. The major development considerations are high 
temperature materials, the safety questions (in particular regarding the 
isolation loop) and the reformer or process heat exchanger. 

2. Process temperatures of 1600°F are somewhat more difficult and will 
demand an expanded materials program and probably more time. 

3. Process temperatures in the range of 1600°F to 2000°F are poten-
tially achievable but would require a much larger development program over 

a longer period of time. Some major uncertainties in this higher tempera-
ture range include heat exchanger design and materials (possibly ceramics), 
ducting and vessel insulation, fission product release and transport, safety 
and possibly advanced fuel particle design. 
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FIGURE 18. VHTR Fuel Cost, Thorium-Uranium Cycle 
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4. Certain unique features of the VHTR concepts appear to require 
specific comment-

a. An isolation loop appears to be desirable from the stand-
point of safety and very likely will be required for most process 
heat applications. The typical process fluids appear to have the 
potential for creatine hazardous and damaging reactions in the pri-
mary reactor loop. An isolatic.il loop would provide an opportunity 
to clean up contaminants from both the process and the reactor 
and avoid the introduction of process fluids into the reactor 
system and likewise avoid the potential release of radioactive con-
taminants. A purification system must be assumed as a part of the 
isolation loop. 

Additional work to look at alternate design approaches for the 
isolation loop to reduce costs appears worthwhile. 

b. The GA fuel concept appears adequate for the 1400 to 
1600°F maximum process temperature range but at some small penal-
ties in fuel cycle cost and/or pumping power as temperatures are 
increased. Beyond this temperature range, advanced fuel particle 
development is required. 

The pebble bed fuel concept presented by GE appears capable of 
higher process temperatures than the GA prismatic fuel concept. 
The OTTO (Once through then out) cycle has not been demonstrated, 
however. 

The Westinghouse fuel system would require more development 
than the other concepts. 

c. The prestressed cast iron vessel (PCIV) proposed by Westing-
house could be very worthwhile and is recommended for additional 
study. This concept could save considerable cost and on-site con-
struction time if remotely fabricated in a factory and assembled 
on site. The application of the PCIV is not limited to the VHTR 
concept; therefore, it is recommended that the PCIV be evaluated 
as a part of the overall Gas-Cooled Reactor Program. 

d. The use of gas turbines in the VHTR concept as proposed by 
Westinghouse is not recommended. This item alone would appreciably 
increase the cost and time required for the R&D program. 
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e. If an isnl&tion loop is required, significant cost savings 
xn (or PCIV) and containment buiicing costs can be realized 
if sneam generators are located only jhe intermediate loop out-
side the PCRV. Also, f-is would eliv^nate the potential for steam 
ingreus if the auxiliary coolant system and other miscellaneous 
applications of water (steam) were rc-visad. In view of the higher 
temperature of the graphite moderator, m- .r.-̂ r.t in higher outlet 
coolant temperature concepts, the elimination or Potential steam 
ingress could be an important advantage in reactor safety. 

5. The costs for nuclear process heat are expected to be comparable 
to process heat costs from oil at $8 to $12/barrel, or from coal at $1 to 
$2 per million Btu. Precise comparisons are premature and should await 
further development of complete process systems. A related factor is 
timing. The VHTR cannot be commercially deployed until the 1990s; at that 
time fossil fuel costs are expected to be much higher than today's costs, 
improving the competitiveness of the VHTR. 

6. The VHTR appears to have significant environmental advantages for 
coal conversion, particularly in reducing atmospheric pollution, but these 
have not been evaluated here. 

B. Discussion of R&D Program 

The gas-graphite reactor concept has had three highly successful ex-
perimental reactor demonstrations: the Dragon Reactor, the AVR Reactor, and 
the Peach Bottom HTGR. Further, power operation of the Fort St. Vrain HTGR 
is planned the first part of 1976, and the THTR is scheduled for power oper-
ation in 1978. A strong research and development program is being carried 
out in HTGR technology, including areas such as fuels and materials, fuel 
recycle, chemistry and fission product behavior, graphite, PCRVs, reac-
tor surveillance, and components testing. Primary USA parties engaged in 
this activity are General Atomic Company, Oak Ridge National Laboratory, 
and Idaho National Engineering Laboratory. The United Kingdom has also been 
carrying out a strong program on HTGR technology and design development, 
and Germany has a strong program, although development emphasis has been 
on the HTGR-GT and on nuclear process heat. France is also becoming sig-
nificantly involved in HTGR technology development; further, a number of 
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nations participate through the Dragon Project. Development has proceeded 
to the point where KTGRs appear to be commercially viable if a strong 
research and development program is continued in various areas. The HT3R 
fuel recycle area is one of concern, inasmuch as the technology has not 
yet been completely developed; the largest effort is being carried out ir. 
the USA where plans are being made for demonstrating fuel recycle technology 
in a demonstration plant. Germany is also carrying out significant worl--
in fuel recycle technology, and plans a more extensive program in the 
future. 

Table 18 is a summary of worldwide development pertinent to the VHTR. 
The U.S. VHTR program is still in the formative stage. Each vendor 

study considered an R&D program to develop the concept. Table 19 presents 
a very preliminary estxir.£»te of the R&D program costs to achieve a process 
temperature of 1400 to 1600°F based on a review of the vendor estimates. 
Such a program could be completed in 6 to 10 years. 

As pointed out previously, it is premature at this time to draw con-
clusions about the cost-benefit of the VHTR concept. Likewise, it is pre-
mature to recommend an overall R&D effort. However, there are two inter-
related areas of development work which are recommended at this time. The 
first area of development work is the IHX or intermediate loop and the 
second area is materials development. 

Additional work is needed to determine in a definitive manner whether 
or not the IHX is required, and if so to look into alternative design 
approaches to reduce cost. 

The materials development program discussed in Section IVC is a criti-
cal need. 

It would also be appropriate to initiate some cafety-related studies. 
VHTR safety and safety-related technology should be assessed promptly in 
order to identify and hopefully resolve key concerns of importance to 
public safety. Background information presented in the vendor reports pro-
vides a starting point. Preliminary results indicate that fission product, 
primary coolant, and primary system materials technology are areas in which 
safety studies should be initiated first. 

Later in the R&D program,major test facilities will be required to 
develop process design parameters and to prove the feasibility and dur-
ability of high temperature components. 
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Table 18 
Worldwide VHTR Development Activities 

USA Germany UK Japan 

VHTR Concept Development + ++ + + 

Commercial Reactor supply ++ ++ 

Component Development ++ + + 

Nuclear Fuel Cycle Facilities ++ + + 

Fuels ++ + + ++ + 

Materials ++ ++ ++ + + 

Methane Reformer ++ 

Matching Coal Conversion + + 

Nuclear Stselmaking + + + ++ 

-rSome research and development reported. 
++Major program. 

Table 19 
Preliminary Estimate of R&D Program Costs 

$ Million 
IHX 25 
Steam Reformer 25 
Materials 30 
Components and Systems Layout 35 
Fuel and Core Components 18 
Pressure Vessel 11 
Component Development 16 
Safety 16 
Contingency, 25% 44 

220 
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A demonstration reactor in the size range of 1000 MW(t) to 3000 MW(t) 
will be required. Such a plant w^uld cost approximately $1 billion (in 
2974 dollars) according to recent projections, and might be authorized 
about 1981 to 1985 for operation in the 1990s. 

The German program currently is based on the target of a demonstration 
pebble-bed VHTR demonstrating coal conversion, to be started up in the late 
1980s. The plant would be sized at 750 MW(t). 
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