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F O R E W O R D 

The increasing interest in gas-cooled reactors and the increasing 

support for development and assessment of gas-cooled reactor power 

systems points up the need for disseminating pertinent information and 

it was in this context that the subject meeting was planned. By making 

these Proceedings available at the time of the meeting, information is 

being provided in a timely manner, and gives an up-to-date summary of 

gas-cooled reactor technology. The interest in gas-cooled reactors is 

international in character, and the papers represent 27 research or 

commercial establishments located throughout the world. Special efforts 

were made to have balanced and meaningful representations of HTGR and 

GCFBR work being conducted. The papers are grouped in six separate 

sections covering (1) operating experience, (2) design and economics, 

(3) non-nuclear components and materials technology, (4) fuel performance 

and fuel cycle technology, (5) advanced applications, and (6) safety 

technology. Papers which arrived too late for inclusion in the appropriate 

section are located in the back part of these proceedings. 

Paul R. Kasten 

March 22, 1974 
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OPERATING EXPERIENCE OF THE 
ij, p i - -' 

^ 1 PEACH BOTTOM ATOMIC POWER STATION 

I 

by 

WILLIAM C, BIRELY 

The Peach Bottom Atomic Power Station Unit No. 1, located on the Susque

hanna River In southeastern Pennsylvania, is the first installation of a 

High-Temperature Gas-Cooled Reactor in the United States. This 40 MW(e) 

prototype reactor plant has operated very successfully at full power since 

it was placed in commercial operation by the Philadelphia Electric Company 

on June 1, 1967. To date, the plant has experienced over 1200 equivalent 

full power days of operation. The nuclear steam supply system was supplied 

by the General Atomic Company, and the engineer-contractor was the Bechtel 

Corporation. 

The Peach Bottom nuclear steam supply system is a helium-cooled, graph

ite-moderated, 115 - MW(th) reactor operating at high temperature on a 

thorium-uranium fuel cycle. The uranium-thorium fuel particles are 

enclosed in a pyrolytic carbon shell that limits fission product 

release from the fuel. The fuel particles are dispersed in graphite 

compacts and encased in a graphite sleeve to form a fuel element. 804 

fuel elements, which are 3 1/2 inches in diameter and 12 feet long, are 

oriented vertically within the reactor vessel (Figure 1). Helium at a 

pressure of about 330 Ib/in'̂ , flows through the tricusp-shaped coolant 

channels between the fuel elements to remove the heat produced in the 

core. 
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The Peach Bottom fuel cycle concept is based on continuous operation with 

a core of 804 fuel elements until the end of life (approximately 900 full 

power days) at which time the entire core would be replaced with a new 

core. Peach Bottom operated with Core I until October of 1969, accu

mulating 450 equivalent full power days, at which time the plant was 

shutdox̂ 7n for installation of a second core of 804 fuel elements. This 

premature installation of a second core was necessitated by the develop

ment of cracks in the graphite sleeve surrounding the fuel compacts on 

many of the fuel elements. The existence of cracked elements was detec

ted by an increase in total primary system activity; eventually reaching 

a level of 270 curies. While this activity level was well below the 

primary system design activity of 4200 curies, it was considered prudent 

to replace the core in view of the accelerating rate of fuel element 

cracking. It is important to note that the increase in primary system 

activity did not result in an increase in radiation levels throughout the 

plant, nor in an increase of gaseous and liquid radioactive waste activity 

released to the environment. 

Core I operated with an overall plant availability of 58%. Two time-

consuming fuel handling outages for the removal of broken elements 

acĉ ounted for 72% of the time that the plant was not available for 

operations. The length of these fuel handling outages was further 

extended by the time required to develop, test and use special tools for 

the removal of the broken fuel. Also, little consideration was given to 

minimizing fuel handling time in the design of Peach Bottom, owing to 

the prototype nature of the plant. Excluding the time consumed by the 



3 

removal of broken elements, Core I experienced a plant availability of 

88%. 

The Core I fuel contained fuel particles coated with a single layer of 

pyrolytic graphite. Fast neutron induced dimensional changes and damage 

due to fission product recoils resulted in cracking and distortion of the 

coatings on the fuel particles. The broken coatings, in the process of 

curling and changing dimensions, caused the compacts to distort and swell. 

The radial expansion produced in the compacts caused them to bind against 

the graphite sleeve, causing the sleeve to fracture. A total of 90 

elements in Core I developed cracked sleeves. During the first half of 

1970, a new core was inserted into the reactor, containing improved coated 

fuel particles. The design of this new coated fuel particle is character

ized by (1) a greater retention of fission products, and (2) excellent 

stability of the fuel coating thus preventing fuel compact expansion. 

The new fuel particle is coated with a double layer of pyrolytic carbon 

(BISO) consisting of an inner low density carbon coating, and an outer high 

density carbon coating. 

The Peach Bottom plant resumed operations on July 14, 1970 following in

sertion of a second core. The plant operated with a plant availability of 

95% through April of 1971, experiencing 10 brief outages during this 

period. During the spring of 1971 the plant was shutdown 3 months to 

accommodate the following work: 

1. Eleven of the nineteen emergency rod batteries were replaced. While 

the emergency rods had performed flawlessly over the life of the 

plant, some deterioration in the capacity of their batteries (nickel-



4 

cadmium type) had been detected during testing thus hecessitating 

their replacement. Although this was the first time the batteries had 

been replaced, periodic maintenance had been required in the past as 

a result of corrosion and electrolyte leakage. 

Ten new test elements were inserted into the core, bringing to 21 the 

total number of test elements in the reactor. The Peach Bottom 

facility has been used extensively to test new types of fuel being 

developed for future High Temperature Gas Cooled Reactors. 

Reactor components were inspected, as required by the Atomic Energy 

Commission every 300 full power days. This inspection includes 

(a) removal of a core reflector element and fuel element for off-

site hot cell examination, (b) gamma scanning of two fuel elements, 

and (c) in-vessel inspection of various core components using a 

viewing device designed and mounted on the reactor vessel for this 

purpose. The results of the inspection showed, as they always have 

during previous Inspections, that all reactor components are in 

excellent condition. The frequent inspections of the reactor compo

nents were dictated by the prototype nature of the Peach Bottom plant. 

Both steam generator tube sheets were inspected on the water side, as 

required by the Atomic Energy Commission every two years. This 

inspection involved removing the top head and internal baffle plates 

from the steam generator to expose the tube sheet for radiographic and 

dye penetrant inspection. Since plant conditions allow only one steam 

generator to be inspected at a time, the total inspection time required 
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nearly two months. This inspection requirement is peculiar to the 

Peach Bottom plant and is not related specifically to the HTGR, 

During the construction of the plant, the steam generator superheater 

tubes developed cracks as a result of chloride stress corrosion. All 

the superheater tubes were replaced with tubes made of incoloy. 

Inspections since that time have shown the water side of the steam 

generator to be in excellent condition. The possibility of chloride 

stress corrosion is no longer considered plausible under present water 

chemistry controls. 

Following resumption of power on July 12, 1971, the plant yielded a plant 

availability of 81% for the remainder of 1971. Seven outages were 

experienced during this period. Only one of these shutdowns lasted more 

than 3 days; a 3 week outage in November of 1971 for the replacement of 

the batteries on the remaining 8 emergency shutdown rods. 

The only reactor related system failure that required an unscheduled 

shutdown occurred on March 24, 1971. An oil leak developed on the supply 

hose to the 5A control rod drive. The plant safety system promptly 

responded to the low oil pressure condition by initiating an automatic 

reactor scram. The 5A control rod as well as the other 35 control rods 

inserted as expected. The control rod drive system is designed to effect 

a scram even in the event hydraulic supply pressure is lost. 

On January 7, 1972 the plant was shutdown to perform preventative 

maintenance on one of the control rod drives, and to investigate the 

performance of the primary helium system moisture detectors. The 
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moisture detectors are an electrolytic hygrometer that is utilized to 

monitor the primary helium system for moisture. Normally the moisture 

content in the helium is below 1 ppm. However, high moisture levels are 

possible as a result of a tube leak in the steam generators. The 

moisture detector output is fed into the plant safety system, and an auto

matic shutdown is effected upon detection of high moisture levels. Our 

experience with these detectors has shown them to have a short functional 

life span, thus requiring frequent replacement. During the outage several 

modifications were performed on the detection system to improve its overall 

performance with some success. Based on our difficulties with a chemical 

type moisture detector, future gas cooled reactors will undoubtedly use 

moisture monitors using an entirely different principle; for example, 

infrared or optical detectors. 

The shutdown was later extended to June 17, 1972 to facilitate the 

insertion of additional test elements into the reactor core in accordance 

with the General Atomics experimental program. One of the test elements 

inserted contained 17 grams of Plutonium fuel. 

Between June 17, 1972 and September 14, 1973, the plant has operated at an 

availability of 81%. The longest shutdown occurred during December of 

1972, to replace the internals in the purified helium compressor oil 

separator and filter. This was necessary to maintain normal levels of 

hydrocarbon impurities in the primary helium system. During the second 

half of 1972, an occasional increase in the hydrocarbon concentration had 

been observed, followed by a reduction in the service life of the primary 

sensors on the main loop moisture detection system. The source of this 
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impurity was attributed to the decomposition of oil, carried over from the 

purified helium compressor used as the driving force on the purification 

system. This compressor is lubricated by oil that is injected into the 

helium stream. A series of oil separators and filters are located down

stream to reclaim the oil. An investigation showed that their oil removal 

capacity had deteriorated, allowing oil to carryover into the reactor. 

Normal hydrocarbon levels have been experienced since corrective main

tenance was performed. 

A planned outage was started on September 14, 1973 to accommodate an 

inspection of the steam generators and reactor core components as 

required by the technical specifications. The results of the inspection 

showed all components to be in excellent condition. The shutdown also 

provided an opportunity to remove three test fuel elements from the 

reactor for examination by General Atomics as part of the fuel develop

ment program. The plant was returned to power on January 5, 1974. 

Among the 33 shutdowns experienced with Core II through September of 1973, 

six were a result of problems outside the plant on the electrical trans

mission system. Nine other outages were associated with steam or feed

water leaks on the conventional plant systems; such as valve or feedwater 

heater tube leaks. Another five shutdowns were associated with routine 

testing of the reactor protection system. There were three shutdowns to 

handle test fuel element and to inspect plant equipment. 

The Peach Bottom containment vessel must be inerted during power opera

tions. One significant type of shutdown that is peculiar to the Peach 
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Bottom Plant and is a source of continuing problems results from minor 

steam and water leaks that occur in the nitrogen space inside the contain

ment building. Maintenance work is not permitted in the nitrogen space 

for reasons of personnel safety. Therefore, repairing such leaks 

requires de-inertment of the containment. Many of these leaks would be 

repairable with the plant at power if it was not for the inert nature of 

the containment. The time required to cool down, de-inert, and re-inert 

the containment is almost 40 hours. Hopefully, future HTGR facilities 

will be able to eliminate, or at least minimize, the inert gas space; 

with the major benefit being increased plant availability. 

The most encouraging aspect of the plant's operating history is the 

excellent performance of the Core 2 fuel elements. No cracked elements 

have been experienced with the second core after nearly 600 full power 

days of operation. This is evident by both the low primary system acti

vity, and low fuel element purge activity. Total primary system activity 

has averaged approximately 400 millicuries at full power, considerably 

below the 70 curies experienced on Core I, and insignificant when compared 

with the primary system design of 4200 curies. A small helium stream 

purges each element of any fission products escaping the fuel particle 

and transports them to the helium purification system. The purification 

system was designed for an inlet activity level of 10,000 curies per 

pound of helium. During Core 2 operations, the activity level has 

averaged approximately 1 curie per lb, of helium, as compared with a 

high of 75 curies per lb. on Core I, Consequently, future HTGR plants 

will be designed with a more simplified and smaller 
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p u r i f i c a t i o n system. Fur ther proof of the excellfciiL perfoii>>ar.L. •» 

Improved BISO fuel particles is the reduction by a factor ot .^2 _..< .ic 

fission product R/B ratios from that experienced with Jore 1 lu. , . 

cles. On an average, less tiian 0.01% of the fission product. 

from the fuel particle. All this substantiates the fact thdc l lie i 

grity of the multi-layer (BISO) pyrolytic carbon coating is h<rii.if '' 

tained. 

The gaseous and liquid radioactive waste handling systems have L. 

the release of activity to the environment to less than 0.03/, c •> "li 

limits established by the Atomic Energy Commission. These le^'vl-, •• 

been maintained with a waste processing system that is reiatj.v̂ .'! > 

unsophisticated. For example, particulate filters alone are used " 

processing the gaseous waste released from the plant. Since the lil j' 

plant has the Inherent characteristics of being a low ladioav- ivt t = ̂ ^ 

releasing plant, it would be relatively easy to adapt gas '-coJed .-» 

to the zero jrelease concept that may be required of future nuclê at in

stallations. 

The low radiation levels that are characteristic of the HTGR has c 

resulted in only minimal radiation exposure doses to plant personn.-' 

Average radiation exposure has been 10 mR per individual per yeai,.̂ b. (u 

pared with the Atomic Energy Commission limit of 5000 iitR per yedf , Vbt 

maximum accumulated radiation exposure dose for an individual ha , 'f' 

1400 mR since 1966, Radiation levels even in the Containiatsrit v.-'s:t,i h" 

extremely low, and would allow access to all areas of interest but L }.. 

inert atmosphere. In addition to enhancing personnel safety, the 1 •,' 
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radiation levels greatly speed-up and simplify maintenance work on plant 

equipment. 

Several other items of particular interest concerning plant performance 

are: 

1, The control rods and control rod drives have performed at a high level 

of reliability, 

2, Both main helium compressors (single-stage centrifugal impeller) and 

compressor drives have operated without failure over the life of the 

plant; and have required very little preventative maintenance. The 

purified helium compressors (sliding vane), used as the driving force 

on the purification system, has functioned flawlessly, and has 

required essentially no preventative maintenance, 

3, The plant has successfully experienced many temperature transients, 

and thus far has returned to power without incident. 

4, The plant control systems have performed excellently in their design 

range of operation. Main steam temperature is controlled automati

cally at the desired level by manipulating a pre-selected control rod. 

Automatic variation of the main helium compressor speed serves to 

maintain the desired main steam pressure. These control systems have 

been operated extensively in the automatic mode and have exhibited 

good response characteristics during both normal load changes and 

rapid transient conditions. 

5, The plant safety system has initiated 18 automatic shutdowns over the 
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life of the plant, and has never failed to perform its designed 

function. The system is all solid state, excluding breakers and 

relays in the output stage; built by the Consolidated Controls 

Corporation. Maintenance requirements with this system have been 

light. This is also true of the primary sensors feeding the 

system, with the exception of the moisture detectors previously 

mentioned. 

6, All the large main loop helium valves have seen extensive service, 

have never failed to function on demand. 

Present plans are to continue power operations at Peach Bottom until 

the expected depletion of the fuel near the end of 1974. Decom

mission of the plant will commence after the final shutdown of the 

reactor. The Atomic Energy Commission is presently reviewing a 

construction permit submittal by the Philadelphia Electric Company 

to build two 1200 MW gas cooled reactors. 

The Peach Bottom Reactor has successfully demonstrated the practi

cality of the high temperature gas cooled reactor for power genera

tion and has provided the information required by the program. The 

excellent safety characteristics, high thermal efficiency, and low 

radioactive waste levels, combine to make the prospects quite 

promising that this type of power station will emerge as a serious 

competitor in the future energy market. 
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1*i'J^" OPERATION AND MAINTENANCE EXPEIOIENCE ^,/^' 

WITH THE DRAGON REACTOR EXPERIMENT 

B G Chapman 

ABSTRACT 
The vital importance of reliability in nuclear power plants is 

stressed and the general principles of failure are used to select areas of 
Dragon operating experience for discussion. This approach emphasises the 
need to consider negative as well as positive information and on both 
counts the Dragon experience indicates that the High Temperature Reactor 
possesses inherent qualities which favour the achievement of reliability, 

INTRODUCTION 

The economic assessment of nuclear power plants has until recently 

been the essential factor in the struggle for growth of the nuclear power 

industry. The recent realisation of the fragility of those world energy 

resources upon which the fabric of our society is built nas, it is true, 

rapidly cured the myopia which concentrated upon short term economic 

comparisons of nuclear versus fossil fuelled plants, but the importance of 

sound economic performance will always remain. The unit generating cost 

of nuclear power stations is notoriously sensitive to the ground rules of 

the assessment but it is generally safe to assume that a split of about 

80% capital costs and 20% fuel and operating costs will emerge. It has to 

be remembered however that these figures are based upon a 20 year life and 

an annual load factor of about 70%. The effects of high interest rates, 

inflation, and the steady improvements in new plant which tend to reduce 

the merit order of older stations serving a large grid system all reduce 

the sensitivity to the assumed station life but availability, which under

lies the achieved load factor even under peak load conditions has dramatic 

implications on fuel costs. It is easy to sho'-/ that if a plant assessed 

at 70% load factor can achieve 85% the fuel costs can rise by 70% without 

increasing the unit cost. Thus although a great deal of elegant work is 

devoted to fuel eye]e costing, far the more rewarding area is that of 

designing for high availability - in other words reliability and maintain-

abil ity. 

EXPERIENCE AND RELIABILITY ENGINEERING 

The science of reliability engineering has developed rapidly in the 
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last two decades particularly in the aerospace and computer industries. In 

the nuclear field its application has, in the main, been limited to the 

analysis of safety systems where considerable success has been achieved. 

The approach in all these fields has been to carry out a highly detailed 

study of a specific design using as base data,failure statistics of standard 

components. If one wishes to arrive at accurate reliability data this is, 

indeed, the only way but it unfortunately is of little help in conceptual 

thinking or in general comparisons of different systems. I would like there

fore to consider a simple qualitative approach to see if some guidance can 

be obtained which would lead to a profitable assessment of experience in the 

early stages of a new system. 

The failure of a plant results from the failure of a component, and 

failure occurs when the imposed operating load exceeds some failure load. 

The situation is shown diagrammatically in Fig 1, A normally designed 

component will have design margins for normal and emergency operation which 

must disappear for failure to occur. This can happen either because the 

failure load decreases or the operating load increases. Failure loads can 

decrease for many reasons bur these can be grouped into two classes. Either 

the material properties may be degraded (by temperature, fatigue, deep 

corrosion, etc) or the physical dimensions may be reduced (by wear, surface 

corrosion, etc). Operating loads may increase as a result of other component 

failures, random variations such as vibration or maloperations. Summarising 

failure probability is reduced by a combination of high stability, stable 

mechanical properties, freedom from corrosion and large operating margins. 

This is little more than a statement of rhe obvious, and design engineers 

will rightly claim that any of these qualities can be bought at a cost yet 

the performance of nuclear power plants to date suggests that this cost is 

still under-valued. Analysis of cumulative load factors for 1972 (for plant 

in commission by 1970) shows gas-cooled reactor stations at 64.5%, PWRs at 

63,6% and BWRs at b2.7%. The system which can achieve nigh values in the 

criteria stated above (particularly for short-term effects) with minimum 

cost penalty is likely ro lead the reliability race and the more these 

qualities are inherent in rhe concept the more successful the system snould 

be. 



Failure. Effect of Deterioration 
n Material Properties or 
Physical Size 

- ^ . TIME 

Fig 1 The concept of failure 
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The =ibove comments apply to components operating in their "useful life 

ranae". Fig 2 shows the well Icnown curve of failure rate against time for 

: i 'nt item-̂ . Early failures usually represent design faults or inadequate 

Quality control of materials or manufacture. There is no substitute for 

:lesign excellence but quality control effectiveness can be very much depen-

cSf̂ni- .ipon the concept. Any concept which depends upon a multiplicity of 

parts (failure of a proportion of which is acceptable such as coated 

nrticles, PCRV tendons, etc) can be very effectively guaranteed by a sample 

testing approach (taking the same plant examples, large canned fuel pins or 

steel pressure vessels are much more difficult to underwrite). 

hjl components have some limit to their useful life as shown in Fig 2 

\ 7w when vearout failures start to arise. Again multiplicity and redun-

iar.cy v;ill reduce the impact upon plant availability but the prudent 

operator contrives a planned maintenance or replacement schedule to avoid 

^'^ c rise in failure rate. Such programmes inevitably involve loss of 

3vai!l ability and the best plane is one where such schedules are least 

frequent and can be carried out with minimum difficulty (which in most 

ĉ =:es means time). This quality is best expressed as "maintainability". 

The Dragon Reactor was built many years ago as an experiment and its 

ot'̂ rational perfomance could hardly be expected to yield direct comparison 

'i" parpose designed power plant. But the thoughts outlined above tell us 

""̂ re to look for evidence of the likely reliability of the concept. A 

~ r̂ 'l-.n of Dragon operating e>:perience will therefore be presented under 

t s- following headings: 

vl) stability 
K2) [•''aterisl p r o p e r t i e s and co r ros ion 
' ' 3 ' Operat ing margins 

•1 \->in'-.-i i n a b i l i t y 

STABILITY 

T'.e term stability as used above requires some qualification as it is 

•\-yt strictly in accordance with the normal usage which implies the mere 

!-.-j ?':oric:e of restoring mechanisms which tend to compensate changes. The 

•Ti-ility w"̂  are concerned with is the ability to absorb a change in any 

piJameter with minimum effect on others and indeed the absence of tendency 

''nK tuation. As an example of the first requirement one can cite the 
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response of core temperatures to changes in power or coolant flow. An 

important example of the second could be vibration induced in mechanical 

structures by coolant action. 

Core Dynamic Response 

It is generally recognised that the HTR has several factors which lead 

to docile dynamic behaviour, namely, high fuel thermal capacity, good 

coolant access, and a strong and rapid acting negative temperature 

coefficient of reactivity. There is however a less obvious but more 

important fact which is that although we speak of the "high temperature" 

reactor it is only the coolant which is hot and fuel temperatures are 

generally lower than in other systems. In other words the temperature 

difference between fuel and coolant is minimised and this is the vital 

parameter directly related to power. Thus it is possible to vary power 

over a wide range with little change in fuel temperatures and the problems 

of thermal cycling which cause concern in some reactors are largely absent. 

This characteristic is helpful Poth in quasi steady state operation (for 

slow load following or peak load operation) or for suppressing the effects 

of transient power demands (fast load pick-up, etc). 

Pig 3 shows a typical slow transient carried out on the Dragon reactor 

by variation of the coolant flow. The control rods were kept fixed through

out. As can be seen a pov./er reduction of 30% was made by reducing the 

coolant flow by 49%. The net result of a small rise in coolant temperature, 

the drop in heat transfer coefficient and the relatively small differential 

temperature in the fuel element, peak fuel temperatures change by less than 

50 C in a downward direction. This is many times less than the equivalent 

change in other reactor systems and indicates the ability of the HTR to 

avoid the problems of therroal cycling associated with power changes. 

A more dramatic example of power change by use of coolant flow is shown 

in Fig 4. As the fraction of total grid capacity held in one station 

increases (a tendency arising from scale economies), the question must be 

answered - vAat performance is required from remaining stations if one is 

lost from the grid system? A test was carried out on Dragon to demonstrate 

the effect of a sudden demand for more output. The blower speed was 

increased rapidly with fixed control rod positions. As can be seen the 
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Reactor Response to a Fast Load pick up 
from 75Z to 90Z of Full Power. 
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power to the boilers closely matched the mass flow since the gas exit 

temperature fell only very slightly. Most noticeable was the drop in 

graphite surface temperature as stored heat was picked up. This in turn 

produced a power increase which in 35 seconds had matched the new demand 

and increased the fuel to surface temperature differential. The final 

result was an astonishingly constant fuel temperature throughout the 

transient. 

These examples show that the easiest way to change power is by use of 

coolant flow variation JDut it is also interesting to note the changes 

following a reactivity step. Fig 5 shows the result of negative steps by 

fast insertion of a control rod. Once again the very rapid power change 

is accompanied by slow and moderate temperature changes, the maximum fuel 

and coolant exit variations being about 280 C and 132 C respectively for a 

power variation from 20 to 4 MW. Particularly remarkable is the fact that 

during the power recovery, a doubling time as low as 15.3 seconds is 

reached. It has taken some time to convince the operators that such 

exciting readings on the period meters are not preludes to disaster but 

also that on no account should the negative reactivity step be corrected 

until the reactor has been allowed time to recover its equilibrium. This 

was done once on Dragon and a period trip at 5 second doubling time 

re sultedI 

The Vibration Problem 

The second type of "stability" problem referred to above is concerned 

with fluctuation of operating loads such as vibration resulting from the 

cooling systems. In a number of reactors these effects have ioeen primary 

or contributory causes of serious outages. Reactor dynamic forces have 

three types of excitation:-

(i) Flow 
(ii) Acoustic 
(iii) Mechanical. 

Flow Excitation 

2 
In general these forces are proportional to the dynamic head pv , and 

are characterised by the Reynolds and Strouhal numbers. Analysis of 

typical helium cooled reactors shows that the excitation forces should be 
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well below one half of the levels experienced in CO and water-cooled 

reactors. This is of particular significance in boiler design where the 

heat transfer rates required for compact boilers can be achieved with 

moderate helium velocities. 

Acoustic Excitation 

Although it is not always easy to differentiate the effects of this 

from flow excitation, acoustic excitation appears probably to have been the 

most damaging source of pressure pulsation in CO cooled reactors. The 

majority of the noise is generated by the circulators and their sound power 

output is given oy 

SWL oc p P'̂  M^ 

where p is the gas density 

P the total pumping power 

M the tip speed Mach ntmiber 

Although the pumping powers in HTRs tend to De higher than other systems 

the low density and very nigh sonic velocity lead to sound outputs of about 

3% of those in CO cooled systems. 

Mechanical Excitation 

This arises from out of balance forces in rotating machinery and is 

only of significance if the machinery is in urgent need of maintenance. 

Thus there is every reason to expect that the use of helium cooling 

would produce a considerable reduction in the vibration problems which have 

affected other systems and it is not therefore surprising to find that in 

eight years of operation of Dragon no primary circuit component nas failed 

in any way which could be attributable to vidration. Very careful examina

tion of removed components such as heat exchangers and the thin-skinned 

Nimonic hot ducts has not revealed any fatigue cracking or wear in spite of 

the very high power densities in the circuit. This negative experience is 

therefore highly encouraging. 

MATERIAL PROPERTIES AND CORROSION 

In the early days of the HTR concept, the prevailing attitude was to 

ignore the effect of the "inert" helium coolant upon the primary circuit 

structure and to concentrate upon the strength/temperature behaviour of 
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the core and circuit materials. As the development of the system has 

proceeded, however, considerable changes in emphasis have occurred. 

Firstly, fuel temperatures are lower than at first thought unavoidable and 

the discovery of the irradiation creep phenomenon in graphite has greatly 

enlarged our horizons of its application. In particular, the choice of 

graphites suitable for HTR use is far wider than applies to lower tempera

ture systems. Secondly, the inevitable importation of v.-ater and adsorbed 

gases on new fuel (let alone any Poller leakage) gives rise to small but 

important impurities in the helium. Although these are comparatively 

insignificant in terms of gross surface corrosion, their effects on metals 

at nigh temperatures cannot oe ignored. These matters are discussed fully 

in other papers to be presented at this meeting and will not be further 

elaborated here but it is worthwhile examining Dragon operating experience 

in this light. 

In eight years of operation primary circuit component failures have 

only occurred in three areas. 

Graphite 

Apart from one fuel element damaged by falling 8 feet after a hoist 

failure in the fuel transfer machine (the damage was almost incredibly small 

and the element was nandleable by the normal means subsequently) two 

graphite tubes have failed in operation. In both cases the failure was 

caused by simple overstressing due to expansion of the fuel bodies within 

the tubes of experimental elements and the only effect of the HTR environ

ment both in respect of temperature and irradiation on the graphite 

properties per se was to delay the onset of failure which would have 

occurred in other environments. 

As a result of the experimental use of Dragon to study the chemical 

reactions of helium-borne impurities, the exposure of graphite to water and 

carbon monoxide (integrated over time) has been far higher than would be 

typical of a commercial system, yet the reduction of dimensions of graphite 

parts, although measurable, has been almost insignificant in relation to 

strength reqpairements. 

Certainly the most significant effects of irradiation on graphite 



concern dimensional changes which can lead to internal stressing an3 

distortion. These factors are now well understood and can oe alloweJ tot 

in design and replacement scheduling. The recent failure of the reflector 

block tie links yielded an interesting demonstration of graphite Strangtn» 

The retaining plates for the links were secured by 5/lb" BSF Monel b-lts 

screwed into 1" deep tapped holes in the graphite Dlocks. When the system 

was stressed by the distortion of the graphite, the unreinforced tni'oaĵ - m 

the graphite held and the bolts failed in tension. 

Thus, over the years the operators at Dragon in common with our 

American and German colleagues, have developed a high degree of confideiice 

in properly designed graphite structures to withstand very severe duties ~ 

a source of unfailing astonishment to those whose experience of graphite i^ 

limited to the lead pencil! 

Metals 

The only instance of metal failure in the Dragon primary circuit has 

been the reflector block tie link system. These links were not designed to 

carry any significant load (and certainly not at high uemperature) oat 

became highly stressed as a result of operating the reflector blocfcs for 

several times their design life. The significant fact is however that 

examination of the fractured links showed a typical long term low strain 

creep failure completely in line with the calculated stress/time relation

ship and the normal engineering data for the Monel 400 material. There nad 

Deen no deterioration of the material due to the HTR environment and no 

corrosion attack after 32,000 hours at about 520 C. 

Although there has been no other metal failure, a number of metal 

components has been removed from the circuit for various reasons, and 

opportunity has been taken to study these metallurgically. Of greatest 

interest are specimens taken from the hot coolant duct liners. These 

Nimonic 75 components show a 2 ]im oxide film with occasional fingers 

penetrating to 15 iim and some recrystallisation to a depth of 27 p,m after 

some 32,000 hours service at a temperature of about 700 C. Ductility of a 

test specimen was normal for the material in spite of a very slight 

increase in carbide precipitation. In summary, therefore, the effects were 

trivial in relation to the continued usefulness of the component and this 
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has, indeed, been the general conclusion on all examined components. 

The rmocouple s 

For its use as an experimental tool, Dragon has large numbers of 

thermocouples installed in the core and primary circuit. The performance 

and durability of the metal sheathed Cr/Al couples monitoring the circuit 

structure and reflector has been excellent. The same can not unfortunately 

be said for the in-core couples. The Cr/Al couples used up to about 900 C 

have performed adequately (<x̂  20% failures) but the W/WRe couples for fuel 

temperatures in the 900-1400 C range have failed extensively. Post irradia

tion examination has not however shown any significant corrosion attack on 

the sheaths and the failures appear to be mainly attributable to the problems 

associated with the manufacture and installation of the very small diameter 

couples used to minimise the reactivity penalty of the large numbers 

involved in so small a core. Thus, once again there is no evidence to type 

the HTR environment as an unfriendly one - indeed compared with more 

conventional environments the reverse is probably true. 

Summary 

Reviewing our experience related to material properties and corrosion 

in Dragon, it would appear that there should be no concern about the 

constancy of properties at the temperatures obtaining in the primary circuit 

(which are very relevant to a commercial steam-cycle> HTR) and corrosion 

effects are limited to depths of attack which would have a negligible effect 

upon the failure loads. Flow induced fatigue has not been detected at any 

point and relative movement of surfaces due to thermal expansion nave shown 

no significant wear. Rig work described elsewhere has certainly emphasized 

the need for great care in the selection of materials for the more severe 

duties of gas turbine and process heat applications-, but for steam cycle 

applications (provided the natural enthusiasm of designers to "squeeze the 

pips in the orange" is tempered by prudence) the HTR can meet the second 

criterion with confidence. 

OPERATING MARGINS 

This is undoubtedly the most contentious of the four criteria suggested 

in this paper for there is some truth in the view that margins can be bought 
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at a price. This is however certainly not always true. For Instance, the 

thickness of metal cladding of a light water reactor fuel pin is strictly 

limited not only by the economic penalty of its reactivity effect but in 

the end by the basic need for the chain reaction to be possible. As far as 

in-core materials are concerned, the greatest advantage of the HTR lies in 

the use of structural materials which are ideally suited to the requirements 

of the reaction and considerable freedom exists in the selection of geometri

cal forms. Nevertheless, the final selection of any engineering scantling 

will be a compromise between the advantages of a safe margin and the 

economic and other pressures which favour maximum use of material capability. 

In practice, the needs of reliability are best served by redundancy 

(where continued operation is not precluded by the failure or deterioration 

of a single component) and by adequate "short-term" margins which allow an 

unfavourable situation to be corrected by operator action or at least 

"ridden out" until a convenient time for rectification is available. 

Coated particle fuels offer a dramatic example of such capability. The 

fission product retaining ability of HTR fuel at normal operating tempera

ture depends almost 100% upon the integrity of the particle coatings which 

are present in large enough numbers to be treated by the statistics of 

large populations. The result is that deterioration is slow and progressive 

and early warning is given of a worsening situation. Furthermore the rapid 

fall in diffusion rate in the fuel body matrix and the graphite structure 

of the element gives a vital second line of defence which does not mask the 

early warning in operation but which can be called into play by reducing 

the fuel temperature. This type of behaviour has been demonstrated in many 

experimental fuel elements in Dragon to the extent that meaningful guarantees 

can be given that primary circuit activity limits will never be exceeded and 

the removal of deteriorating fuel does not cause embarrassment. The history 

of the "high temperature experiment" is a good example of this. Fig b shows 

the steady rise of activity release over 80 days when fuel typical of that 

designed for operation at 1250 C was run at temperatures above 1800 C. At 

the end of the period the element was releasing some 2% of its fission 

products yet after shut down the element was removed and left virtually no 

contamination in the fuel handling machinery. This element also demonstrates 

the extent of the short term margins in that a temperature overrun of 550 C 
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took 72 days to produce a 1% release. It is worth noting that such a 

margin has not been bought at a price - indeed the fuel design had no more 

than a prudent design margin for its required life at normal temperature. 

This point was re-emphasised recently when an overgagged driver element was 

loaded in error and ran for 3 days at temperatures in excess of 1900 C 

When the mistake was discovered, the element was removed, the gags corrected 

and it then ran satisfactorily for the whole of its design life, in spite of 

the very high rating of Dragon driver fuel. 

The general plant areas outside the core of the HTR have much in common 

with other reactors, particularly those of the gas-cooled type and the 

selection of prudent margins will follow a similar pattern. The high degree 

of redundancy inherent in the pre-stressed concrete pressure vessel will of 

course be retained and the only comment to make here is to note that the 

helium coolant provides a valuable extension of short term margins. 

Although the effects of impurities in the helium cannot be neglected (see 

section on Material Properties and Corrosion), the coolant is effectively 

inert for short-term temperature rises and no unacceptable corrosion would 

occur in such an incident. 

MAINTAINABILITY 

In the majority of plant areas, the nuclear power station presents 

identical maintenance problems to the conventional stations and intelligent 

provision of standby equipment and good accessibility are just as essential. 

The significant difference arises from uhe unavoidable radioactivity 

generated in a reactor core. The activation of metals and other materials 

gives rise to problems of handling which are predictable and usually very 

well catered for at the design stage. It is rare for personal doses to 

arise from this cause. Much more complex and dangerous effects can occur 

as a result of fission products and other radioactive materials which 

become distributed around the circuit and perhaps the reactor buildings as 

a result of primary coolant action. 

The distributed activity other than fission products arises normally 

from coolant corrosion or crudding. Corrosion may release activation 

products from the surface of in-core components or corrosion products may 

themselves become activated by passage through the core. Instances of both 
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these mechanisms are familiar to operators of CO and water cooled reactors 

and the levels of deposited activity are usually very difficult to predict 

because the longer lived isotopes are frequently trace impurities. Thus, 

although crud may have been extensively studied because of its implications 

on heat transfer, its activation products are not consistent or well under

stood and unexpectedly high radiation levels can be found in boilers and 

steam-drums for example. The use of the inert gas helium eliminates these 

problems for all practical purposes. 

Undoubtedly concern is sometimes engendered by the fact that HTR fuel 

can never be 100% retentive of fission products although, as has been 

emphasized in the section on Operating Margins, this is in fact a very real 

advantage and experience in all operating HTRs has confirmed this. The 

freedom from contamination in the Dragon, Peach Bottom and AVR reactors has 

become a matter of envy by operators of other systems. Furthermore because 

the development of coated particle fuel has demanded a firm release criterion 

to work to, the behaviour of fission products has been a central study in 

HTR research and very valuable agreement is now being obtained between the 

predicted and measured activity levels on primary circuit components. Thus 

at the commencement of the recent major shut down at Dragon to replace the 

live reflector, and to install new experimental hot gas ducts, it was 

predicted that there would be 0.5 Ci of caesium on each primary heat 

exchanger. When two exchangers were removed they were found to have 

0.33 Ci each. Similarly, the release predictions for Iodine 131, while not 

achieving such high accuracy are more than adequate to establish the type of 

precautions necessary for primary circuit maintenance. Thus we were able to 

plan the heat exchanger removal without shielding provision, limiting the 

protection to simple plastic sheeting. Also the labour requirement could be 

estimated on the assumption that breathing apparatus would not be required. 

Indeed, a great deal of work was carried out around large open penetrations 

of the circuit without at any time exceeding the permitted airborne 

activity limits or requiring more than the very simplest protective 

clothing. 

Such ease of access proved of enormous advantage during the reflector 

block removal. Although the operation was designed to be within the range 
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of the charge machine, the breakage of the tie-bars added 'an element of 

uncertainty and resulted in the need for special tools, frequently produced 

at short notice, to overcome new problems. Uncertainties were largely over

come by the use of television cameras and lights lowered by hand into the 

core space, frequently rubbing against surfaces as they went. On removal, 

this equipment could be safely handled with cotton gloves and decontamina

tion for repair or modification was simple and rapid if it was required at 

all. Often the items were found clean after Health Physics checks. 

Numerous simple tools and measuring gauges were also devised which could be 

used repeatedly and modified without difficulties from activity problems. 

Finally after completion of the reflector change, a number of small chips 

of graphite and odd metal parts were left on the reactor bed plate. These 

were removed with a long hose attached to a conventional industrial vacuum 

cleaner. Unless an activated metal object (such as a small bolt head) was 

recovered, the activity in the vacuum cleaner could only be detected by 

very sensitive instruments and no shielding was required. 

Most remarkable of all however was the condition of the reflector 

blocks themselves. Each block is about 2.5m in length, weighs about 80 Kg, 

and is fitted with monel top and bottom metal components. These were of 

course highly activated and represented the predictable but major handling 

problem in terms of direct radiation. Loose activity was almost completely 

absent. After removal of the metal features in a hot cell, the graphite 

block, which had been directly adjacent to the core for eight years could 

be handled with ease, the dose rate on the surface being only about 200 mr/ 

hr. One block was carefully analysed by sectioning and y spectrometry to 

determine the source of this residual activity. The measurements showed 

predominantly Sc 46 and Co bO and traces of Cs 134, Cs 137 and Ag 110m. 

The scandium is a common impurity in graphite and its rather uniform 

distribution through the block (following the flux pattern) clearly 

indicates simple activation. The cobalt on the other hand is largely on 

the surface and could have appeared either by deposition from the coolant 

or as a "pick-up" of tool wear during machining. It is interesting there

fore to compare the situation with that found on the nimonic plate of the 

hot ducts which operate in a similar temperature range. The hot duct 

measurements do show some cobalt but it is small compared with manganese 
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and zinc. The absence of the latter elements on the reflector blocks there

fore strongly suggests that the cobalt arose from machining and is in effect 

a non-uniformly distributed impurity. Thus the scandium and cobalt, which 

account for over 95% of the activity on the graphite do not arise from 

coolant transport. The fission products are therefore the only truly gas-

borne activities which lead to less than 10 mr/hr dose rate at the graphite 

surface and confirm the remarkable operational cleanliness of the HTR 

circuit. 

In terms of ease of handling of primary circuit components, Dragon 

experience indicates that only caesium is likely to present a significant 

hazard and since the heat exchangers (as the coolest surface) clearly 

collect virtually all of this material, it is there that the closest sur

veillance is required. It also emphasizes the vital importance of develop

ing the fuel for adequate performance in this respect. There is no doubt 

that the use of TRISO coatings gives very real gains and preserves the 

insensitivity of the fuel to operating temperatures much better than BISO. 

The same can in general be said of Ag 110m although it must be admitted 

that the behaviour of silver is less well understood. It's low level of 

problem in Dragon should not therefore be interpreted as in indication that 

it can be ignored. 

Summarj sing, therefore, it would be difficult to imagine a reactor in 

which greater ease of access and handleability of components could exist. 

The '̂ experimental programme of Dragon has required a large amount of primary 

•~i rcuit work and yet the accumulated doses to the operations staff have 

remained very low and at no time has any person encountered dose restric

tions on his work. Contamination conditions in tlie inner containment 

building have always been at or below the safe levels for general public 

access (apart from very local areas) and airborne activity always well 

below 1 mpc (during the recent major exercise of reflector change the only 

airborne activity detectable in the building was the radon from a few milli-

curies of actinide in the bases of two fuel elements in the roundabout). 

Furthermore there is no reason to believe that any factors exist which should 

lead to increased frequencies of maintenance - indeed the inert nature of 

thf= coolant should reduce these frequencies. 
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CONCLUSIONS 

At its outset, this paper sought to identify the fundamental qualities 

of a concept which favour the achievement of high reliability. Experience 

with the Dragon reactor was then reviewed against this framework and the 

results are very encouraging. There are many aspects of Dragon in which 

differences exist between it and the likely designs of power producing HTRs. 

This will always be true of the relationship between a reactor experiment 

and its commercial offspring and, in the struggle for acceptance of the 

various thermal reactor types, these differences have been a popular point 

for attack. History shows very clearly that any new system, indeed any new 

design of a given system will generate problems to which the technologist 

must find answers. Such activities are likely to be expensive and the vital 

requirement is, that before we spend money and effort on these solutions we 

must be sure that the resources are devoted to the system which in the end 

will yield the best return - not on one particular power plant but in the 

context of a whole national programme. The only reliable guides to decision 

in this area are the fundamentals of reliability and development potential. 

In the past selection has been made on the basis of short-term economic 

advantage and we are already beginning LO see the fallacy of this attitude. 

I believe that, in retrospect, we shall see that we have wasted a great deal 

of effort on "dead-end" concepts in the nuclear field. 

Few would challenge, any more, the view that in terms of development 

potential, the HTR is well ahead of any other thermal reactor system. I am 

convinced, and have tried to demonstrate in this paper, that Dragon operating 

experience strongly asserts that the HTR is not a "pipe-dream" - it has in 

ample measure the vital ingredients of a safe and dependable industrial 

plant, which developed now, will serve us well for many decades. 
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AVR : HTR OPERATING EXPERIENCE 

*̂'' '.' ' G. Ivens 

ABSTRACT 

For over six years the first HTR power station with a pebble 
bed reactor, the German AVR experimental power station, has 
operated very satisfactorily. Consequently, during the last 
two years the main operating objectives have been to carry out 
experiments and measurements which would promote the further 
development of this type of reactor. Special importance is 
attached to the planned increase of the hot gas temperature 
from 850 °C to 950 ̂ C. 

INTRODUCTION 

The main difference between the German 15 MWe AVR nuclear power 

station and the first HTR experimental stations developed in 

the USA and Great Britain is the type of fuel element used: 

instead of rod or block-type fuel elements, spheres or pebbles 

with a 6 cm diameter are employed. Approx. 100,000 pebbles of 

this size are packed randomly to form the reactor core. During 

operation they are continuously withdrawn from the bottom of 

the reactor core and returned to the top of the pebble bed, so 

that a continuous cisrculation of pebbles takes place. Spent 

elements are removed from the cycle during this process and 

replaced by new pebbles. 

The other main design features are very similar to those of the 

comparable developments: helium is used as coolant gas, graphit 

as moderator and reflector and - owing to the high temperatures 

as core structural material. The fuel consists of coated par-
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tides, a gas purification plant extracts gaseous impurities from 

the coolant gas. In this connection, it should be mentioned that 

in the AVR reactor the hot coolant gas does not come in contact 

with any metallic structural components, but only with graphite 

and carbon brick (Fig.l) on its way from the core to the steam ge

nerator. Owing to this fact, the level of the hot gas temperature 

is only limited by the characteristics of the fuel elements. 

A contract to build the AVR power station was placed as early as 

1959 with the then firm of Brown,Boveri/Krupp Reaktorbau GmbH (BBK). 

Initial difficulties, in particular differences of opinion between 

experts as to how the foundation was to be laid, resulted in a 

two-year delay in the actual commencement of the construction. 

The first criticality was achieved mid 1966 and the first feed-in 

into the public power grid took place in December of 1967. 

GENERAL OPERATING RESULTS AND FURTHER OBJECTIVES 

A report was given on the operation of the reactor up to the 

spring of 1970 during the Gas-Cooled Reactor Information Meeting 

held at Oak Ridge in April 1970. The operating results achieved 

can be regarded as excellent for a first construction, despite the 

numerous initial difficulties which had to be overcome. Some examp

les of these problems are given in the following. 

1. Due to the insufficient shutdown worth of the rods, the core 
could not be charged sufficiently with reactivity, so that 
at first it was not possible to achieve the desired hot gas 
temperature (850 °C). 

2. As the temperature rose, large quantities of H2O, CO2 and CO 
gassed out of the carbon brick used as structural material 
and thermal insulation and also prevented a rapid increase 
in the temperature of the hot gas. The temperatures had to be 
held at levels low enough to prevent any excessive oxidation 
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of the fuel element graphite. 

3. Several larger diaphragm compressors which were used in the 
helium circuits, e.g. in the gas purification plant, proved 
to be very susceptible to disturbances, which resulted in a 
series of unexpected diaphragm ruptures and thus in shutdowns 
of the power station. 

These and other problems were solved in the course of time so that 

the number of unscheduled shutdowns was reducted to a minimum and 

availability considerably increased (Fig,2 and 3). It was also 

possible to gradually raise the hot gas temperature so that it 

reached 850 C in the spring of 1972, Besides trying to achieve 

good operating results, continuous efforts were mode to carry out 

measurements and experiments which provided greater know-how about 

the processes of HTR's and promoted the further development of thi 

reactor type, such as the supply of heat at a high temperature 

level for chemical processes and reactors with a direct helium 

cycle and helium turbines. 

A further increase in the mean hot gas temperature to 950 C con

stitutes an important step towards achieving these goals. It will 

then be possible to obtain experience in operating at this tempe

rature, whereas the aforementioned projects will still be in the 

planning stage. A licence for an increase in temperature was 

applied for in February 1973. As it was proved in the meantime 

that all technical and physical conditions have been fulfilled, 

the licence is expected to be issued shortly. 

In the following a description is given of some of the results 

already obtained from measurements and experiments made during 

operation of the AVR and of some results still outstanding. 
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Fuel elements 

So far three types of fuel elements have been used: the first 

charge element of U.S. origin, the so-called wallpaper-type ele

ment and the isostotically pressed element (Fig.4). In the case of 

the first charge element, the pyrocarbon coated fuel particles were 

mixed with graphite powder and inserted into a hollow graphite 

sphere. In the wallpaper-type element the fuel particles are 

arranged on the inner surface of the hollow sphere.The interior 

is filled with a fuel-free graphite matrix. In the case of the 

pressed element, the fuel particles are pressed with graphite and 

binder to form a matrix and are surrounded by an additional fuel-

free graphite zone of the same basic material. The heavy metal 

quantity per fuel element generally amounts to 1 g U 235 given an 

enrichment of 93 % and 5 g of thorium. Formerly, the heavy metal 

was used as carbide. Since early 1972, however, use has also been 

made of elements with oxide particles. 

Table 1 presents a survey of the fuel elements used in the circuit 

in February 1974 and provides irradiation data. 

Table 1. Fuel elements in the circuit and their 
irradiation data for February 1974 

Maximum burn-up Maximum fast neutron 
Type fima foiMWd/t(U+Th) dose (E>0.1 MeV) nvt 
First charge 
element 
Wallpaper-
type element 

Pressed with 
carbide H.M. 

Pressed with, 
oxide H.M. : 

161,000 

151,000 

149,000 

95,000 

3.2 x 10 
21 

2.7 x 10 
21 

2.6 x 10 
21 

1.1 x 10 
21 

All types of fuel elements have proved satisfactory so far and 

come up to all expectations. This is shown by reactor operation 
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First Charge Element Wallpaper Type Element Pressed Element 

Fig. 4 . D i f ferent Types of Fuel Elements. 
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and regular post-irradiation investigations of the fuel elements. 

After only a short irradiation period, micrographs of the first 

charge elements revealed damages in the interior pyrocarbon layer 

of the fuel particles which acts as buffer. During longer irra

diation the outer pyrocarbon layer of high density also became 

affected. At this point, however, the rate of damage slowed down 

progressively and appears to have come to a complete standstill, 

so that to date no penetration of the outer layer has been as

certained. The irradiation behaviour of the carbide particles 

of the wallpaper-type and pressed elements is even more favour

able. Up to a burn-up of 14 % fima (= 130,000 MWd/t(U+Th)) no 

damage is visible on a micrograph. The inner buffer layer has 

thinned out evenly and small gas bubbles have formed in the ker

nel. 

The results of the micrograph investigations were confirmed by 

annealing tests with extracted fuel elements conducted to examine 

the release of long-life fission-noble gases. 

These results are evidence of the progress which has been made in 

the development of coated fuel particles. The first charge ele

ments were made in 1965, the wallpaper-type elements about 

2 1/2 years later. It is hoped to achieve a further improvement 

of the irradiation behaviour by switching to oxide particles. 

However, the oxide particles have not been used long enough in 

the AVR to offer a final confirmation of these expectations as 

yet. 

Mid 1972 an astonishing phenomenon was noticed on some of the 

pressed elements. Layers of approx. 0.1 - 0.2 mm thickness began 

to detach themselves from the surface of the element. In the mean

time a comprehensive investigation programme has been launched 
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in order to ascertain the causes of this phenomenon. So far it has 

had no detrimental effect on the operation of the reactor. At a 

level of approx. 3/ug/sm the graphite dust concentration in the 

coolant gas still remains insignificant. This is obviously a 

phenomenon which is encouraged among other things by a slight 

corrosion of the graphite surface and by mechanical stress. It is 

hoped to avoid this effect by slightly altering the manufacturing 

parameters. The fact that this phenomenon has occurred shows how 

important it is to test fuel elements in large numbers on a long-

term basis. 

The concentration level of noble gas fission products in coolant 

gas was already unexpectedly low at the beginning of the power 

operation and has decreased more than sixfold to date, although 

meanwhile the power density and the hot gas temperature have been 

increased. This is shown clearly by the time slope of the R/B* 

values for the individual isotopes (averaged for the whole core) 

(Fig,5). It is considered certain that these activities are only 

caused by the amount of heavy metal which is found outside the 

pyrocarbon coating and occurs during manufacture. The decline in 

activity is not only attributable to an improvement in the fuel 

elements, but also to the fact that the power per pebble has de

creased steadily since the number of elements was increased. This 

led to a drop in the temperatures of the fuel elements. It should 

be interesting to watch the behaviour of the activities when the 

hot gas temperature is increased by 100 C in the near future. 

* R/B = Release Rate/Birth Rate 
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Fig. 5. Relative Release of Fission Noble Gases. 
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Release and plate-out of solid fission products 

The behaviour of solid fission products in the primary circuit is 

of special importance from the point of view of safety for HTR's 

operating at higher hot gas temperatures which are to be used for 

advanced systems. Two types of results are exspected from the 

tests carried out on the AVR reactor; 

~ Measuring the activities released from the reactor core 
during operation. 

- Examining the plate-out of the fission and activation 
products. 

The release rates furnish an important criterion for judging the 

behaviour of fuel elements, whereas the latter type of investiga

tion provides information on radiological problems which may be 

encountered in future in the maintenance of helium turbines 

operated on a direct cycle basis. 

At the end of 1972, the 'VAMPYR* loop, an installation for 

measuring the activities of solid fission and activation products 

in the hot gas of the AVR and for examining the plate-out behaviour 

of these products was put into operation in conjunction with the 

'Institut fur Reaktorbauelemente der Kernforschungsanlage Julich'. 

The fiot gas is extracted from above the top reflector. The fission 

products contained in the coolant gas pass through a partially 

cooled interchangeable sampling tube into two filters. Both the 

total number of fission and activation products collected in the 

filters and the distribution of the activities in the sampling 

tube are ascertained. 

A dust filter which determines the dust concentration and the 

activity on the dust is operated in the cold section of the primary 

circuit simultaneously with the 'VAMPYR' tests. 
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Such tests on the AVR - similar experiments are also being carried 

out on the DRAGCN and PEACH BOTTOM reactors - constitute an impor

tant supplement to the experiments conducted on research reactors 

and out-of-pile circuits, because they take place under realistic 

HTR conditions such as irradiation, temperature and power. 

Tests have been conducted to date at hot gas temperatures ranging 

between 770 C and 850 C. They yielded among other things data 

on specific activities in the hot and cold gas of the primary 

circuit. Table 2 contains the values obtained for some important 

isotopes at hot gas temperatures of 770 C and 850 C. 

Table 2. Specific activity of solid fission and 
activation products in the hot and cold 
sections of the primary circuit at 
different hot gas temperatures t 

Isotope 

Sr 90 

J 131 

Cs 134 

Cs 137 

Ag 110m 

Ag 111 

Fe 59 

Cr 51 

Zn 65 

Spec.activi 
10-

t = 770°C 

0.027 

2.9 

0.20 

0.81 

0.76 

0.08 

0.56 

0.77 

17.2 

f 

_ 

in hot gas 
Ci/sm3 
t = 850OC 

0.021 

7,6 

0.22 

0.38 

2.8 

51.7 

0.35 

0.35 

78.0 

Spec, act 

t = 770°C 

0,015 

0.22 

0.10 

0.71 

0.00 

0.50 

0.47 

0.95 

ivity in cold gas 
10-9ci/sm3 

s t = 850OC 

-X-

0.12 

0.081 

0,025 

0.28 

8.1 

0.20 

0.10 

4.0 

The activity concentrations are unexpectedly low. According to 

ICRP Recommendations occupationally exposed persons may inhale 

air containing even higher concentrations of the isotopes indi

cated. 
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The relation between the concentrations in hot and cold gas indi

cates that most of the activity settles on the colder surfaces of 

the primary cirsuit. By continued measuring it will be possible 

to estimate the activity inventory on the surfaces which cannot 

be measured on a direct basis. 

It is particularly important to know the release and plate-out 

rates of isotope Cs 137 because of its long half-life (30 a), not 

so much for safety reasons as in view of the technical outlay re

quired for the maintenance of components in the hot section of the 

primary circuit, as e.g. a helium turbine. The first 'VAMPYR' re

sults indicate a Cs 137 release for the AVR core of slightly more 

than 1 Ci/a at 850 C hot gas temperature. Given a similar distri

bution of the fuel element temperature as in the AVR, the annual 

Cs 137 release for a 1000 MWe pebble bed reactor would amount to 

approx. 70 Ci, which settle on the surfaces of the primary circuit. 

In future, greater use is to be made of the experimental facilities 

of the AVR power station to examine the behaviour of solid fission 

products. Therefore preparations are being made to install a 

VAMPYR II loop, which will be put into operation in 1975, It will 

offer a larger scope for experimenting and be easier to handle 

than the VAMPYR I loop. 

Research on the behaviour of tritium 

Tritium enters the coolant gas as a fission and activation product 

and achieves a concentration of approx. 5 x 10 Ci/sm . This is 

of no significance, since the tritium collects in the gas purifi

cation plant in the concentrated form of water, which can be 

easily and safely stored. 

In addition, tritium diffuses through the steam generator tubing 
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into the secondary circuit and achieves a concentration of approx. 

5 X 10 Ci/1 in the feedwater. Although this value gives no cause 

for concern ~ even when fed into sewage water - the question of 

the diffusion mechanism is being examined. It is interesting to 

know what rates of diffusion can be expected for the commercial 

generating plants now under construction which operate with a steam 

cycle. The values expected for process heat reactors are of additi

onal interest, as the heat exchanger materials used in such reac-

tor«i are subject to a much higher temperature. Provided that 

juitabie materials are chosen and the gas purification plant is 

dimensioned accordingly, it seems that even then tritium presents 

no insoluble problems; it is, however, a question of finding 

reosonably inexpensive solutions. 

Experiments on the AVR reactor have shown to date that if the 

tritium concentrations in the coolant gas are increased to 100 

times the normal figure, the tritium level in the feedwater rises 

only slightly (the maximum value observed was a duplication). As 

expected, a drop in the temperature of the steam generator wall 

leads to a considerable reduction of the diffusion rate, all 

other reactor operating conditions remaining unchanged. When the 

power station is started up, the equilibrium level of tritium is 

regained without any measurable delay, even if all the feedwater 

hos been previously replaced by tritium-free water. The relation 

betv/een the concentrations in the coolant gas and the feedwater 

appecrs to depend on the level of hydrogen in the coolant gas. 

These tests will be continued and further measurements will be 

carried out in order to obtain the greatest possible information 

on the circuit behaviour of tritium. 
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CONCLUSION 

Following the successful operating of HTR experimental power 

stations in the USA, Great Britain and Germany over a number of 

years, the decision has been taken to build large HTR stations. 

It has been proved that it is possible to master any operating 

problems that might occur and that the important components ~ in 

particular the fuel elements developed for the HTR - work reliably. 

The pebble-type fuel elements have been tested for burn up values 

greater than those exspected in commercial HTR's with steam cycles. 

Therefore the series of experiments to be carried out in future 

on the AVR are mainly concerned with the further development of 

the HTR type. The fuel elements are to be subjected to temperature 

and burn-up conditions which will prevail in future HTR's with 

coolant temperatures of 950 C. This opens up a fresh field for 

the use of the HTR in its capacity as process heat reactor and 

reactor with a direct helium cycle and helium turbine in the 

supply of public electricity and in the chemical industry. 
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THE INFLUENCE OF 0PJ!]2ATING EXPERIMCS 
ON BRITISH GAS COOLED REACTOR DESIGN 

ll,^^x K. P. Gibbs 

D. Tattersall 

INTRODUCTION 

The CEGB has no experience in operating high temperature reactors but 

we have now accumulated more than 120 reactor years experience in operating 

gas cooled reactors of the Mark I (Magnox type) and our first Mark II (AGR) 

is at present being commissioned. Although operating temperatures are 

lower than in the case of an HTR, and the coolant is carbon-dioxide, we 

believe that many of the lessons we have learned are very relevant to the 

design of other reactor systems in general and other gas cooled reactors, 

including the HTR, in particular. 

The size and expense of power station plant has led to a tradition of 

"proving the design on the job" rather than the building of non-commercial 

prototypes as happens for example in the aircraft industry. With early, 

lowly rated reactors, whether gas or water cooled, this policy worked 

reasonably well though problems were met which led to late completion or 

lengthy outages. This underlined the hazard of the traditional approach. 

The danger of over confidence has been underlined in the UK by our 

difficulties with the AGR programme and with even more technologically 

advanced systems such as the HTR or Breeder reactors,whether gas or liquid 

metal cooled,the CEGB would change its policy and expect to see a full 

scale pirototype operating before basing a significant part of its construc

tion programme on the new type. 

Even a full scale prototype reactor represents a very large invest

ment and it is therefore important that its design should be soundly based. 

This implies (1) that before construction starts a wide research programme 

must provide firmly based data to the designer, (2) that the design and 

safety analyses should have pinpointed all the potential difficulties 

which may be met and proposed solutions to them and (3) that the develop

ment of important components should have gone far enough to prove 

feasibility. 
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These lessons we have learnt the hard way. They do not take long 

to enunciate but are nevertheless of overriding importance. However they 

do not apply only to gas cooled reactors, the subject of this conference 

and in the rest of this paper a number of specific lessons mainly 

associated with the design provisions for inspection, monitoring and 

repair or replacement of components of gas cooled reactors will be 

discussed. 

As a result of our experience we now hold firm views on features 

which should be incorporated in the design of an HTR in order to minimise 

economic risks. The basis for these views can be illustrated by consider

ing some of the problems we have encountered with other types of gas 

cooled reactor. 

Our first commercial nuclear pov;er stations, Bradwell and Berkeley, 

were commissioned in 1*̂ 62 and operated successfully for some years before 

it was appreciated that inadequate account had been taken of the effects 

of corrosion of certain types of mild steel. At the design stage the 

evidence indicated that in general mild steel would undergo protective 

oxidation and this material was widely used in the fabrication of reactor 

components. 

Although adequate allowance was made for metal loss due to oxidation 

during reactor life in the design of strength members, the extent and 

significance of interface corrosion was not properly appreciated. This 

shortcoming was exacerbated by the fact, which emerged from continuing 

experimental work, that under sone conditions of temperature, moisture 

content etc., the time to onset of accelerated or "breakaway" corrosion 

could be much shorter than had been anticipated, particularly in the case 

of rimming steels. 

The net result of these developments was that it became apparent 

that unacceptable strains could occur in bolted fastenings, imperfect 

welds etc. due to build up of oxide at interfaces and that failure of 

the fastenings might occur. 
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Operational evidence of this was provided by discovery in I968 of a 

broken bolt in the core of one of the Bradwell reactors. It was deduced 

that the bolt had fallen from a container designed to hold steel samples 

for monitoring purposes in the hot gas region above the core, and removal 

of the container confirmed the cause of the trouble. 

Removal of the basket was in itself an outstanding piece of improvis

ation, bearing in mind that this was a substantial steel structure, 

designed as a permanent fixture; no access within the reactor pressure 

vessel was possible and suitable remote handling procedures had to be 

devised. 

Needless to say, these findings precipitated an extensive inspection 

of the mild steel components of operating reactors and intensification of 

the allied research programmes. 

During this period over ^0,000 bolted fastenings in the reactors 

were inspected, including testing some 50,000 bolts for integrity using 

a hammering technique and a further 7iOOO using ultrasonic methods. In 

addition welds were examined for signs of cracking due to oxide v/edging, 

components were removed for laboratory examination, and visual inspections 

carried out using still photography and television. 

Although the results of this inspection programme were reassuring 

in terms of the immediate safety of the operating reactors - for example 

less than 30 defective bolts were found out of the ^0,000 examined - it 

was apparent that if oxidation were allowed to continue at the same rate, 

the consequences would become progressively more serious. In order to 

avoid this situation arising it was decided to set reduced upper limit to 

the temperature of the coolant, a step which involved derating some of the 
, 2 reactors. 

If we examine some of the facets of this apparently simple story in 

more detail the lessons to be learned become self-evident. 
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BASIC D3SIGN DATA 

V/ith any new system it is extremely difficult to gather sufficient 

fundamental data, say on materials behaviour, to be able to predict with 

accuracy the behaviour of components over a thirty year life. The time 

factor alone will generally preclude obtaining experimental data in 

advance covering such a period and attempts to obtain accelerated data 

by increasing temperatures may be misleading. In addition available 

resources may limit the range of environmental conditions such as coolant 

composition which can be studied. In the case of the HTR the levels of 

trace impurities in the helium are a dominant factor and these can be 

notoriously difficult to predict. Extrapolations or interpolations will 

usually be necessary therefore and since there will be some associated 

uncertainty the design must incorporate substantial mar'ins whenever 

possible. However it may be difficult to ensure that the margins are 

adequate to take account of any unforseen way in which the behaviour of 

a material may change with time. Also, as we found when considering the 

Magnox reactors, the real problems may be associated with attempting to 

predict the behaviour of complex features, such as bolted assemblies 

involving a number of components and interfaces. If the possible 

problems are appreciated, they can be reduced by attention to detail 

design. For example where interface corrosion ma^ occur it is now common 

practice in UK design companies to use 'waisted' bolts in bolted 

assemblies, to ensure that a maximum and defined length of bolt will be 

available to accommodate strain. 

Summarising this aspect, where time dependent processes are involved, 

it is difficult to ensure that no problems will emerge during reactor life 

until substantial operational experience has been gained from a number of 

reactors. For this reason we believe that it is prudent, if not essential 

to design the reactor so that all components the failure of which would 

have safety implications or severe economic repurcussions must be capable 

of being inspected regularly during life and repaired or replaced if 

necessary. 
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INSPECTION nND Rr-̂ MlH OR REPLACi^KOTf 0? COMl ON-;JJTS 

Although it would be preferable if inspection and remedial work could 

be carried out by direct man access it must be recognised that access to 

the pressure circuit of a shutdown gas cooled reactor involves exposure 

to an environment which may be hostile as regards temperature, radiation 

levels and noise. 

Based upon our experience in the operation of Magnox reactors and 

the development of AGR's we now emphasize that the reactor design must 

allow maximum use to be made of remote methods for inspection and replace

ment of components. 

Remote Inspection 

Inspection techniques can range from visual methods using endoscopes, 

still photography and television, to the use of impact testing, ultrasonics 

etc. for bulk material examination and lasers or electrical probes for 

surface examination. Use of these methods without man access requires 

the provision of suitably placed penetrations into the pressure circuit 

and the layout and design of components must be such that practicable 

routes to the areas of interest exist. Associated aspects of importance 

are the incorporation of identification and datum markings to reduce the 

subjective nature of remote visual examination; the design and orientation 

of components to facilitate their inspection; provision of means for the 

precise location of test probes etc. 

'Ve have attempted to incorporate many of these features into our 

AGR's during the construction phase but in the case of the HTR we intend 

that they should be a fundamental part of the design. 

Replacement of Components 

In the case of replacement of components we consider that the 

feasibility of replacing reactor internals is one of the significant 

advantages of a prismatic core type HTR as compared with our MK I and 

MK II GCR designs. Moreover one can readily envisage making extensive 
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use of remote handling methods providing that this is recognised in the 

basic design concept. For example the core support structure and the 

high temperature insulation below, both of which are subjected to 

particularly arduous conditions with a downward core cooling flow, could 

be designed for replacement by equipment similar to that used in refuelling. 

Similar techniques could also be applied to the radial reflector and 

possibly the core restraint structure, 

Man Access 

Although we place considerable emphasis on the use of remote methods 

in order to minimise the need for man access it is likely that areas in 

the reactor circuit will remain where a possible need for maintenance can 

be visualised but remote handling procedures would be very difficult or 

impracticable. The design of the reactor must therefore allow access to 

such areas on shut down and this means providing the required physical 

space, suitable access routes, and also an acceptable environment. 

Although impermeable protective clothing with air feeds for cooling and 

breathing purposes would normally be worn during entry to the pressure 

circuit, we still consider that a respirable atmosphere must be provided 

in the pressure circuit to cater for emergencies. Similarly, although the 

cooled suits will cope with higher temperatures we regard 60 C as an 

upper limit to the acceptable ambient temperature. 

Noise is also a problem. Unless an extremely long cooling period 

had occurred some gas circulators would need to be in operation during 

access giving rise to high noise levels. VJe specify a maximum permissible 

noise level of 110 dBA in accessible areas within the pressure circuit 

and ear muffs incorporated in the protective clothing attenuate this by, 

say, a further 15 dBA. 

It is more difficult to be specific about acceptable radiation levels 

since the real criterion is the cumulative dose. However, based upon the 

dose which would be received in a useful working time our current design 

lir.it for operations which may be carried out very infrequently, say, 

once in a reactor lifetime, is a dose rate of 200 m.rem/hr. 

http://lir.it
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It '-/ill be appreciated that these criteria can hive a sirnificant 

effect upon the basic design of an rlT.̂  and also upon the type and required 

mality of fuel. 

QUALITY A.̂ SUî ANC-"J 

-'Ixperience gained from opp'^ating marnox reactors and from designing 

/iOR's has emphasised the importance of knowing precisely which materials 

have actually been used in construction. Unless this is the case the 

supporting research Drogramme on m terial behaviour will have little 

"r:lue. 

The first and relatively easy step is to ensure that the materials 

to bo used are specified in detail. It is more difficult to ensure that 

the specified materials are actually used. "/hilst major components should 

not pose a serious problem in this respect extremely strict control is 

required to guarantee that every nut, bolt and washer is as specified. 

There is the obvious danger that if a fitter finds himself short of say 

a fev/ washers he may use replacements of unspecified material. Similar 

problems apnly to v/elding rods. 

Another aspect which can be of importance is that materials made to 

the same specification may di:"fer depending upon the supplier. If more 

than one supplier is involved difficulties can arise in knovang precisely 

where the material from each has been used. 

MS mentioned previously our experience highlighted the importance 

of the design of details. Since one of the main problems was interface 

corrosion, the number of washers etc. incorporated in a bolted assembly 

was very relevant. Besides the need for the designer to appreciate the 

significance, steps must be taken to ensure that the fitter assembling 

the item strictly adheres to the design intention. Final inspection must 

therefore be equally rigorous in attention to detail. Deficiences in 

this respect added considerably to our problems in assessing the >iagnox 

reactor corrosion situation. 
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MONITORING M.iTî RIAL & COMl'ONKNT BJ^H^^VIOUR 

Whilst inspection of in-situ components provides an adequate 

qualitative guide to the behaviour of plant this usually needs i^ bf; 

augmented by more quantitative data. V/e have increasingly appreciate:- ; 

the value of exposing specimens of materials and components to as n̂- • 

as possible the same environmental conditions as they experience in t̂h*̂-

reactor with subsequent examination in the laboratory. Ideally thih r̂ ori ; 

siting specimens in the reactor circuit in positions close to tneir 

operational counterparts, and in a manner which allows them to be v/ithc,"\ 

for examination. Obviously provision of such facilities must be td.en 

into account in the reactor design. This approach may not be pract i •-r-it, 

in the case of bulky specimens such as bolted assemblies and an jlter-i^r'-

is the use of autoclaves v/ith a bleed of gas from the reactor pas:̂ iri 

through them. However this method has its shortcomings since the ^̂ 'icl̂ -,-

chemistry of the coolant and other factors may result in the conditio:;---

in the autocalve being different from those in the main reactor cirr.ic, 

NOISE .IJi) VIBRATION 

There are of course "lany aspects of HT.? design where our '"ener.l " , 

cooled reactor experience is relevant, but vibration and noise problems 

worthy of particular mention. At the start of the Kagnox station prô '-

rammes too little attention was paid to flow and acoustically induced 

vibrations. The design of the boiler tube systems were checked 

theoretically at a late stage for flow induced vibrations but the 

significance of gas circulator noise was not fully appreciated until 

damage to the circulators occurred at the Magnox station at Hinkley loint. 

Induced Vibration 

Vibration can be induced in components when the gas flov; pattern 

gives rise to local periodic pressure disturbances as a result of vort-̂ x 

shedding frequency. For example during the commissioning of Dun-^eness 

'A' Station large dynamic stresses were found to be occurring in some of 

the tubes of the superheater. This was found to be due to flow induced 

vibration of tubes, amplified by cavity resonance v/ithin the boiler srieii. 
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The pitching of the tubes precluded baffling to increase the resonant 

frequency of the cavities and model tests in a wind tunnel had to be used 

to determine the cause of the flow induced vibration and find a cure. In 

general, with complex structures there is difficulty in determining the 

parameters associated with flow induced vibration from basic data and 

model or full scale tests are often necessary. Even then problems can 

arise unless all operational conditions are properly simulated. Damage 

occurred to the insulation of a circulator bowl at '̂ jylfa during 

commissioning and this was found to be due to flow induced vibration as a 

result of vortex shedding from the inlet spokes of the circulator under 

reverse flow conditions. This occurs vfhen one circulator is shut dovm 

with the remainder running. 

Forced \/"ibration 

Forced vibrations can also occur in components as a result of 

pressure pulses in the coolant gas, the dominant source of v/hich is the 

noise generated by the gas circulators. 

As circulator power increased with reactor size the problem of 

acoustically generated vibration became more significant and was forcibly 

brought to our attention by severe dam'ige occurring to tv;o circulators 

during commissioning of Hinkley loint 'A' Station. Inspection showed th-'it 

large sections of the circulator diffuser casings had broken away and 

caused damage to circulator blading. On further inspection damage was 

found in all six circuits and extensive fatigue cracking had occurred as 

a result of acoustic excitation. Model tests showed that the primary 

cause of the high noise levels was aerodynamic interaction between the 

inlet guide vanes used for flow trimming and the blades of the rotor. 

This experience led to investigation of po.isible acoustic problems 

becoming an important aspect of gas cooled reactor design, and in the case 

of prestressed concrete vessel designs the duct and vessel insulation v̂ as 

found to be a particularly sensitive area necessitating extensive rig work. 

This type of v;ork requires simul'^tion of appropriate noise levels over the 

relevant spectrum, parameters v/hich may only be accurately established 

w'.en tests on a correctly detailed circul-jtor have been ca*^ried out. 
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With all noise and vibration problems it is difficult to ensure that 

all nossible problems have been foreseen, reinforcing our belief in the 

importance not only of in-sorvice reactor inspection but also of the 

ability to carry out remedial work, particularly during commissioning 

and the early years of operation. The ability to carry out full flow 

testing in the reactor during commissioning is also most important. 

A paper of this length can discuss only a few of the lessons to be 

learnt from operating experiences with gas cooled reactors but it is 

hoped that it v/ill nevertheless be of value in pointing the way towards 

reactor designs which have fewer problems, where the performance of 

components can be better monitored and where the inevitable failures 

can be more easily repaired. 

1, A, F. Vowles, J. Brit. Nuc. Energy Soc. 8 (fj) (I969) 

2, :?. L. i-iutter, Fourth U.N. Int. Conf. on Peaceful Uses 
of Atomic Energy. A/CONF. 49/PA68 (1968) 

3, A, H. I'/eaving, J. A, Carver, E. J. Varney, J. Brit. Nuc. Energy 
Soc. 7 (3) (1968) 

k. W. Rizk, D. F. Seymour, Proc. I. Mech. E. 179 (I) No. 21 (1964-63) 
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FRENCH GAS COOLED REACTOR EXPERIENCE ̂ """""'^ 

J. Stolz (Electricite de France) 
B. Boudouresques (Commissariat a I'Energie Atomique) 

1. INTRODUCTION 

Eight C0„ cooled power reactors are presently ope

rating in France. Two other reactors were decommissioned, for 

economical reasons : Gl (6MWe) at Marcoule, which was air-

cooled, and Chinon 1 (70 MWe). Chinon 1 was shut down in 

spring of 1973, and the core is presently defueled. Studies 

are being conducted as regards its final status, although the 

recent fuel oil costs raise would make it not unreasonable 

to restart it in the next future. 

One of the eight reactors is a 70 MWe heavy water 

moderated, C0„ cooled, calandria type unit, and will not be 

covered in this paper. The identification of the seven other 

reactors may be seen on table 1. They have already been des

cribed in many technical papers. All of them have graphite 

moderator, natural uranium fuel, magnesium clad, and are 

cooled by C0„ at pressures of 30 to 40 bars, at a maximum 

gaz temperature of about 400°C. 

The most recent reactors, at St Laurent and Bugey, 

were built well within the predicted delays and costs. But 

even so it appears that the cost of the units sent out will 

be much higher than the cost of light water reactors produc

tion. Due to this only evidence, France decided to shift to 

FWR and BWR. At this time eight 900 to 1000 MWe units are un

der construction, and six to eight units per year of this size 

or the equivalent power, will be ordered for at least the next 

five years. 

2 - DESIGN AND CONSTRUCTION EXPERIENCE 

Fuel : Experience with the natural uranium metallic fuel will 

be dealt with in section n° 4. 



TABLE 1. OPERATING PERFORMANCES 

Net capacity - Running hours on the grid : H - Net Energy output : E (GWh) Availability : A {%) 

PLANT 

CHINON 1 

70 MWe 

CHINON 2 

200 MWe 

CHINON 3 

4 80 MWe 

ST LAURENT 1 

4 80 MWe 

ST LAURENT 2 

515 MWe 

BUGEY 1 

540 MWe 

H 

E 

A 

H 

F, 

A 

H 

E 

A 

H 

E 

A 

H 

E 

A 

H 

E 

A 

1963 

473 

- 3 

1964 

3 760 

130 

26,1 

1965 

3 463 

118 

23,5 

4 367 

215 

25,5 

1966 

6 613 

363 

69,6 

4 694 

501 

29,2 

1967 

3 277 

208 

36,3 

6 920 

1 15 9 

66,5 

1 706 

139 

1968 

3 733 

254 

42,3 

6 212 

1 134 

64,8 

5 544 

1 014 

24,2 

1969 

6 026 

392 

64,6 

7 830 

1 548 

88,5 

4 845 

858 

20,7 

3 665 

1 058 

29,7 

1970 

6 979 

456 

74,8 

7 983 

1 580 

90,3 

6 372 

1 178 

28,2 

752 

126 

3,2 

1971 

3 635 

236 

42,5 

5 002 

1 012 

58,0 

6 938 

1 866 

44,5 

6 476 

2 114 

50,4 

2 686 

907 

83,9 

1972 

3 343 

226 

80,8 

6 844 

1 390 

76,7 

7 397 

2 385 

56,7 

7 797 

2 781 

66,0 

6 722 

2 766 

61,6 

3 826 

1 079 

67,6 

1973 

1 964 

131 

74,5 

7 089 

1 451 

79,0 

2 974 

972 

23,4 

6 428 

2 254 

53,8 

7 872 

3 696 

82,0 

6 454 

2 468 

52,5 

Cumulative 
as of 

12.31 ,73 

43 226 

2 511 

-

56 941 

9 990 

-

35 766 

8 412 

-

25 118 

8 333 

_ 

17 2 80 

7 369 

10 280 

3 547 
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Pressure vessels : Except for Chinon 1 and 2, which have steel 

vessels, the other reactors have prestressed concrete pressure 

vessels. In G2 and G3 their axis is horizontal while it is 

vertical at Chinon 3, St Laurent and Bugey, 

The only trouble during contruction happened at 

Chinon 1 in 1959. The vessel experienced a brittle fracture 

which opened in a shot and practically separated in two parts 

the almost achieved cylindrical portion of the vessel. 

On an other hand, the french builders have mastered 

excellently the PCRV technique, which is directly applicable 

to some HTGR types, 

COQ, circuits : While the other units have external CO™ systems, 

the St Laurent and Bugey reactors are of an "integral" type, 

where the whole of the main C0„ system is included inside the 

pressure vessel. 

Although the Chinon heat exchangers are of very 

unique design, no special trouble was encountered during 

design or construction phases of the CO2 circuits. 

Balance of plant : The steam turbines and auxiliary systems 

are of quite conventional approach, if not with conventional 

characteristics, and they have been designed and built with 

no special difficulty. 

Delays and costs : Except for St Laurent and Bugey, all other 

units have experienced longer delays and higher costs than 

predicted. It must be remembered that all units are prototypes 

- and even St Laurent 2 is somewhat different from St Lau

rent 1 -. In fact the delays and extracosts reflect better 

the optimistic thinkings of the predictors than a poor plan

ning and budgeting. 

Future : France does not intend to continue the construction 

of similar gas cooled reactors. However the PCRV technique 

might be used in the next future for HTGR or even LWR. 
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3 - OPERATIONAL EXPERIENCE 

3.1 - Performance and availability 

Table 1 gives the main results of the operation 

at Chinon, St Laurent and Bugey throughout the years, inclu

ding Chinon 1, 

The Marcoule G2 and G3 performances are truly excel 

lent, but we think that they are not a fair picture of what i 

obtainable under normal utility concerns. 

Table 1 shows that up to now these reactors were 

unable to meet the 75,34 % availability figur - 6 600 hours o 

full power per year ~ on which the computations were based to 

have them compete with fossile fuel fired plant costs. Only 

St Laurent 2 is consistent, to date, with this figur. Never

theless these plants did now become very competitive with 

fuel oil plants, even at a reduced availability, due to the 

new high price of fuel-oil. 

General reasons for not meeting the expected avai

lability lie in too many outages for repair after incidents 

which primarily affected the "nuclear steam supply system", 

which is responsible for 50 to 70 % of the down time. 

More specific comments on table 1 would be as 

follows : - Chinon 1 must be shut down for refueling, which 

penalizes availability. The results in 1972 and 1973 are good 

becafise the unit was called to the grid only at winters and 

remained available on shut down for many months. 

- Chinon 3 has suffered - and is suffering in 1973-

1974 - many troubles, and also is presently derated by about 

30 % for CO™ oxydation problems, 

-- St Laurent 1 was stopped for 12 months from no

vember 1969 to november 1970 after a fuel melt down incident. 

3.2 - Ma.jor incidents and repairs 

Reactors % At Chinon 3 the stainless steel plating covering 
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the Lava concrete insulation was broken and displaced. The 

repair was just to enter the reactor and remove the broken 

pi eces. 

At St Laurent 1, due to a misunderstanding with the 

fueling machine computer, five fuel elements melted down. It 

tonk one year to clean the reactor by direct access and to 

supply appropriate filters which now treat the full gas flow. 

Gas circuitery : Many failures did affect the external circuits 

of the reactors, which may be listed in three classes ; 

- poor thermal expansion design resulted in small pipes rup

tures at all Chinon reactors, and cracking of bellows at 

Marcoule and Chinon 2 

" gas flow induced vibrations led to fatigue failures of ca

sing sections (Chinon 1 twice, Chinon 3, St Laurent l) or to 

cracking of the guide vanes (Chinon 2, Chinon 3) or cracking 

of the circuit itself (Chinon 3, G3), 

At present time, Chinon 3 is shut down for about 14 months, 

to rebuilt entirely the CO^ ducts, elbows and bellows. 

Similar cracking was repaired on G3 at the end of 1973, 

- CO oxydation of steel led to derate Chinon 3, and to design 

for the St Laurent 1 reactor a new burst cartridge detection 

sampling system which will be utilized when the existing 

system will break inside the reactor vessel. Another few 

months outage will then be required for final installation. 

Heat exchangers t At Chinon 3, a faulty construction led to 

completely tear down the boilers after a few weeks of opera

tion. Then the new ones were affected by unacceptable vibra

tions which needed, after several months testing at low load, 

the welding of tuning capacities on every boiler. 

At St Laurent the regulating orifice plates in each 

of the 1 400 tubes in parallel worn out and had to be replaced. 

On n° 1 reactor the new throttling pieces are now again wea

ring out, and will be replaced, for the second time, this year. 
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Balance of the plant t The other equipements have had a num

ber of troubles, but not different of what also happens in 

fossile fired plants. These troubles are still the origin of 

losses of power. For instance the main turbines at St Laurent 

and at Bugey will have some reblading during next summer, 

4 - FUEL BEHAVIOUR 

4,1 - General 

Three types of fuel elements were developped for use 

in French gas cooled power reactors : 

- Fuel element where the fuel alloy, natural uranium with 1,1^_ 

in weight molybdenum, is in a tubular shape. Length t 540 mm, 

OD/ID .• 40-18 mm and 43-23 mm, 

A plug of the same alloy is welded at both ends of the tube. 

The cladding is magnesium with 0,6 % zirconium. Cooling fins 

are fishbone shaped. Centering fins are integral with the 

cladding. Each element is supported in a graphite sleeve. 

Such elements were used in the first loadings for Chinon 2, 

Chinon 3 and St Laurent 1, They are called "tubular", 

™ Similar elements, (540 x 43/23 mm), but where the casting 

graphite core is left in the tube. The fissile alloy is 

"Sicral Fl", that is natural uranium with 700 p.p.m Al, 

300 p.p.m Fe, 100 p,p,m Si, 100 p.p.m Cr, 

They are no fissile plugs at the ends. The cladding and 

finning is the same as in the tubular type. These "graphite 

core" elements were used for the first loading at St Lau

rent 2 and at Vandellos, in Spain, They are now being loaded 

in all Chinon and St Laurent reactors, 

- "Annular" fuel elements, (540 x 95 x 77 mm), made from Si-

cral Fl, They have an internal as well as an external clad

ding. The annular magnesium end plugs are welded at the 

cladding ends by electron gun technique. Both inside and 

outside finnings are fishbone type. They are used in Bugey 1 

reactor. 
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4.2 - Tubular element performance 

The elements have a quite high parasitic capture, so 

their burn-up is neutronically limited to about 5000 MWd/t, 

a value which stands for the maximum limit for a given element. 

This results in an average channel burn-up of 3500 MWd/t for 

the 15 elements, which value is increased to 4300 MWd/t with 

12-3 axial shuffling. Since the origine, more than 190 000 

such elements were irradiated, 

A number of hot cell examinations gave the variations 

in length and in diameter as a function of temperature and 

burn-up. At 5000 MWd/t the 0,D. increases by about 10 %^ while 

the I.D. may disappear, the fuel tube becoming locally a solid 

rod. 

By the end of 1973, 18 elements had shown in-reactor 

leakage. Table 2 gives information about them. Apart of the 2 

most recent leaks at St Laurent, all bursts were detected at 

low burn-ups. Although the failed element itself may have been 

severely damaged in some occasions, the leaks were easily de

tected and the failed elements easily unloaded from the reac

tors. The origine of the leaks were usually small cracks on 

the end welds of the cladding, which were not detected during 

fabrication. 

Besides fuel elements leaks, other incidents occured: 

- some plutonium diffusion across the cladding was shown in 

1963 from the increase in background noise of the burst 

cartridge detection system. This noise was created by fis

sions in the plutonium that had diffused to the outer clad

ding surface. This was corrected by adding a colloidal 

graphite coating on the inside wall of the cladding, which 

is very efficient at all temperatures and burn-ups. 

- under gas flow excitation, some center fins broke at their 

root from fatigue cracking. This was eliminated by reducing 



TABLE 2. LEAKS ON TUBULAR ELEMENTS 

Reactor 

CHINON 2 

CHINON 3 

ST LAURENT 1 

Date of 
the leak 
M-D-Y 

06.03,67 

07.16.68 

08.09.66 

08.20.66 

09.21.67 

05.14,68 

07.02,68 

08.19.68 

08,25.68 

10,28.69 

11.07.69 

01.12.71 

03.01.69 

03.30,69 

06.19,69 

09.19,69 

11.08.73 

12.04,73 

Element . 
situation 

3 

8 

4 

11 

13 

10 

9 

3 

9 

8 

8 

9 

6 

8 

3 

3 

6 

5 

Burn-up 
MWd/t 

1 

4 

4 

880 

240 

10 

10 

25 

145 

400 

365 

540 

80 

130 

770 

10 

55 

205 

210 

600 

480 

Assumed origin of 
the leak 

End weld defect 

Accidental weld hit 

End weld defect 

End weld defect 

Fuel tube defect 

End weld defect 

End weld defect 

End weld defect 

End weld defect 

Accidental corrosion 

End weld defect 

Debris on the cladding 

Accidental weld hit 

Aging 

Aging 

1 - elements are numbered bottom to top ; 1 to 12 in Chinon 2, 
1 to 15 in Chinon 3 and St Laurent 1. Gas flow is upward 
at Chinon, downward at St Laurent. 
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the clearance between the sleeve slots and the center fins 

and by blocking the fins into the slots. 

- a fuel melt down at St Laurent 1 occured from a misuse of 

the fuelling machine which resulted in flow restriction 

and consequent high temperature raise. Five fuel elements 

melted down and spread over the diagrid and boilers. 

These tubular fuel elements are presently working 

under a gas pressure od 2 6,5 bars, and they can whistand a 

maximum temperature of 620°C on uranium, and 500°C on clad

ding. 

4.3 - Graphite core element performance 

This type of fuel elements is capable of better 

characteristics, due to a lower parasitic capture and a better 

creep behaviour. They work at higher pressure, 28,5 bars, 

higher power density, 6 W/g, and higher temperatures, 640°C 

on uranium and 510°C on cladding. 

The permissible burn-up is 6000 MWd/t, which corres

ponds, with axial shuffling, to an average rejection at 5200 

MWd/t. 

By the end of 1973, the following numbers of ele

ments were irradiated : 20 000 in Chinon 2 reactor, 8 400 in 

Chinon 3, 19 500 in St Laurent 1, 58 000 in St Laurent 2, 

About 2 000 such irradiated elements were radio

graphed and 200 were destructively tested. Table 3 gives the 

main information about dimensional changes. It may be noted 

that the O.D. and volume changes are linear with burn-up 

until the element reaches the 4 000/6 000 MWd/t range, and 

then they accelerate. Also the changes are maximum for a fuel 

temperature of 400 to 500°C, 

No element of this type has shown leakage to date. 
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TABLE 3. "Graphite Core" Elements dimensional changes 

(For the maximum deflected situations) 

Burn-up 
MWd/t 

Average value of 

the diameter 

change % 

Maximum value % 

Change in length 

Increase in 

uranium volume 

% 

% 

5 000 

1 to 4,5 

4,5 

0 to 2 

3 to 13 

6 000 

2 to 6 

6,5 

0 to 2,2 

6 to 17 

7 000 

4 to 9 

10 

0 to 2,5 

10 to 25 

8 000 

6 to 13 

18 

15 to 35 

1 - computed from O.D, and length, assuming no change in I.D, 
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Better reactor performances are expected by increa

sing the fuel temperature, when allowing an internal zone of 

the tube to stay permanently in beta phase, 

4,4 - Annular element performance 

The early in-pile testing of this type of fuel in 

test reactor PEGASE did show that a good metallurgical bon

ding between the uranium and the cladding was of prime im

portance, to avoid severe damage to the fuel in case of clad

ding leakage. 

To achieve this, an aluminum coating is projected 

("shooping") on both faces of the fuel tube, then diffused 

by thermal treatment. The aluminum coating acts as metallur

gical bonding between the cladding and the fuel. As a result, 

this type of fuel has two technological limits, besides the 

neutronical limit. It is limited to a 5000 MWd/t burn-up, 

based on swelling, and is also limited to a given irradiation 

time which depends on working temperature. For instance, in 

the reactor center, where the cladding works at 500°C, the 

life time is limited to 24 000 hours. 

The reactor Bugey 1 includes about 12 600 such 

elements. By the end of 1973, after 306 Full power equiva

lent days, they reached 4000 MWd/t, and no failure was ob

served. 

5 - CONCLUSION 

The french gas cooled reactor experience was not 

completed as regards construction, for all reactors built 

were prototypes, and this type of reactors was economically 

superseded by the water reactors at the right time where the 

series benefit could have begun. Also the operating experience 

is in evolution. Major repairs are still planned, and no 

reactor core has reached its fuel equilibrium so far. But some 

aspects already look quite clear, especially two of them t 
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- the fuel record is excellent, and the existing reactors 

should perform satisfactorily for many years. 

- major problems may arise from gas flow pressure pulsations 

and resulting mechanical vibrations. 
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COMPARATIVE HTGR-DESIGNS 

H. Oehme 

ABSTRACT 

The designs with pebbles and prismatic fuel 
correspond in most basic features, which establish 
the advantages of HTGR's, The status of pebble bed 
reactors is given by the successfull operation of 
AVR-15 with a maximum gas temperature of 850° C and 
a maximum burn-up of about l45 000 MWd/to. The 
THTR-300 prototype is under construction and a 
THTR-1000 was roughly laid out and is described. 
Completed designs of HTGR's with prismatic fuel for 
770 and ll60 MW power output are available and se
veral orders were received in the US. The designs 
are based on the experience gained with the 300 MW 
Port Saint Vraln reactor-station, which is scheduled 
for acceptance this year. An HTGR with low enriched 
fuel is being designed in Great Britain. 

Both HTGR designs seem to have the same poten
tial up to gas temperatures below 1000° C. Whereas 
large numbers of full size pebbles were tested, prls-
mated elements were tested in representative sections. 
Prismatic fuel leads to some relevant advantages with 
respect to mechanical simplicity of reactor control 
and Inspectability. The design based on prismatic 
fuel is several years ahead of the pebble bed reactor 
and offered a realistic chance for international co
operation. 
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INTRODUCTION 

There are two basic HTGR-designs, which have reached or 
are past the construction phase on the scale of 300 MWg power 
plants or more: The German pebble bed reactor by Hochtempe-
ratur-Reaktorbau (HRB) and the prismatic fuel concept by the 
General Atomic Company (GAC), USA. A second design based on 
prismatic fuel is carried out by the British Nuclear Design 
and Construction Company (BNDC), but has not reached the con
struction phase yet. Within the scope of this paper I may 
mainly refer to the HRB- and GAC-designs based on my companies 
specific experience with both of these systems. I will also 
restrict myself to the steam-cycle application of the HTGR. 

Although the designs with pebbles and prismatic fuel dif
fer in many a respect, they correspond in most basic features, 
which establish the advantages of HTGR's: 

Helium as the coolant, main features of primary 
cooling system; incore materials (1. e. graphite); 
type, tendons, and basic dimensions of PCRV; most 
fuel components (graphite, fuel, coated-particles); 
basic safety concept; fuel cycle (here the British 
concept differs); conventional steam plant; indepen
dent auxiliary heat removal system. 

These common concepts and components yield an important 
mutual support of the designs with respect to the experiences 
gained in designing, constructing and operating components 
and plants. 

Figure 1 and table 1 Indicate the main systematic diffe
rences of the two HTGR-designs on the basis of a THTR-1000 MW 
concept by HRB and the GAC II60-MW-HTGR. 
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IS 

Pig. 1: Comparison of the main systematic differences 
of two typical designs with pebbles and pris
matic fuel. 
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Table 1. Main Systematic Differences of HTGR 
with Pebbles and Prismatic Fuel Elements 

THTR-1000 HTGR-1160 

Spherical fuel elements 
6 cm diameter 

On-load refuelling by 
gravity 

Shut down rods pressed 
into pebble bed 

Hexagonal fuel block 
36 X 79,3 cm 

Off-load refuelling by loa
ding machine 

Shut down rods moved by gra
vity into holes in fuel ele
ment 

Main gas blowers motor-
driven 

Blowers steam-turbine driven 

Downhill boiling in 
steam generators 

Full scale tests of 
fuel elements 

Uphill boiling 

Partial scale tests of fuel 
elements 

No incore instrumentation Incore instrumentation 
possible 

DESIGN OP PEBBLE-BED HTGR 

Status 

The development of pebble bed reactors has been restric
ted to Germany so far. The 15-MVJ-AVR test reactor is operated 
since many years at 850° C coolant outlet temperature, the 
highest temperature ever reached In a nuclear reactor, and 
the temperature is to be increased above 900° C this year. 
Together with a PWR-station it has reached the highest avail
ability of nuclear plants in Germany in 1973. The 300 MW-THTR 
prototype-plant is under construction at Uentrop since early 
1972 (fig. 2). As figure 3 indicates, this reactor incorpora
tes a ring type PCRV, vertical steam generators Inside the 
reactor cavern with downhill boiling, horizontal gas blowers 
and a pneumatic fuelling-system, that recycles the fuel balls 
up to 6 times through the core. This particular concept re
quires a pneumatic fuel handling facility below the PCRV with 
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Pig. 2: THTR-300 MWg power plant, state of construction 
in the middle of 1973. 
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Steam Generator 

Cootsnt Gas Biaww 

Prestressed Concrate 
Pressure Vassel 

Reactor Auxiliary 
BuikJing 
178m 

•(•33 55 m 

P i g . 3 : THTR-300 MW power p l a n t with r i n g - t y p e PCRV, 
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a burn-up measuring reactor. The THTR-300 does not yet have 
a containment nor independent decayheat removal systems. An 
absorbing gas is used as an emergency shut down system. Re
activity control and shut down are accomplished by 42 rods 
pneumatically driven into the pebble bed and 36 control rods 
moving in holes of the circumferential reflector. Due to the 
excellent safety features of HTGR's the THTR-300 is directly 
coupled to a 300 MW conventional block, the respective con
trol-rooms and turbine halls use common buildings. 

A large THTR-1000 has been layed out by HRB in 1972 using 
advanced features of the pebble bed HTGR but no further design 
efforts are presently devoted to this steam-cycle concept. 

Layout of a THTR-1000 reactor 

This design comprises all features of a modern HTGR-
concept: 

- wire winded pod-type PCRV 

- prestressed secondary containment 

- Independent after heat removal systems 

- emergency shut down system 

- full integration of primary circuit components 

- protection against seismic loadings and external 
pressure waves 

- special provision for repair and maintenance. 

Figure 4 shows the arrangement of the reactor which has 
a gas outlet-temperature of 750° C. The vessel is prestressed 
by vertical tendons and circumferential wire winding with 6 
main vertical steam generator- and blower-units housed in 
pods. The helium gas flows downward through the core and up
ward through the steam generator where we have downhill boi
ling. This leads to a simplified design of the boilers, which 
show stable flow conditions down to 25 % of full load accor
ding to extensive tests. 3 x 50 ^ auxiliary cooling loops re
move the after-heat in case of failure of the main loops. The 
main and the auxiliary gas blowers are motor-driven. The steam 
is reheated by the reactor coolant. 

Deviating from THTR-300 the fuel element balls pass the 
core only once (OTTO-cycle). The pebbles are inserted on top 
of the core by gravity through 24 tubes and withdrawn at the 
bottom by 3 discharge-tubes. 
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As the pebbles are not recycled the pneumatic fuel handling 
facility and the burn-up measurement reactor are eluded. The 
power distribution is shifted towards the cold upper region 
of the core, which reduces the maximum fuel temperature and 
increases the reactivity value of the shut-down and control 
rods in this core region. Thus the rods need not to be inser
ted so deep into the pebble bed and the power of the drives 
can be reduced. The side reflector is not replaceable. To 
protect the reflector bricks against an excessive combination 
of temperature and fast neutron dose a screen of graphite 
pebbles will be built up in the outer core region by a proper 
charge method. Design and performance data can be taken from 
table 2. 

The fuel element 

is shown in figure 5. The pressed element has a diameter 
of 6 cm and consists of an outer, fuel free graphite zone and 
a matrix of graphite and coated fuel particles in the center. 
The U/Th-cycle is employed and the feed- and breed material 
is used in two different particles (biso and trlso). The 
maximum temperature within the highly enriched fuel is 1120 C, 
the fuel lifetime in the reactor being 2,3 years at an aver
age specific power rate of 8 MW/m5, Recent calculations, which 
should evaluate the potential of the pebble-type fuel (pebbles) 
for core-outlet temperatures between 850 and 950° C indicate, 
that for example the Cs-137 release could be significantly 
reduced by incorporating a (U, Th) 02-mlxed particle with 
a pyrocarbon coating (biso) only. 

DESIGN OP PRISMATIC FUEL HTGR's 

Status 

GAC has advanced this concept up to its market intro
duction in the US during the last two years. The 300 MW Port 
Saint Vraln reactor is scheduled for acceptance by the middle 
of this year and detailed designs for 770 and ll60 MWg nuclear 
steam supply systems (NSSS) are available with most components 
being identical. HRB in Germany and CEA/GHTR in Prance have 
taken licences on these systems to market them in Europe. On 
the other hand BNDC/TNPG in Great Britain has laid out a re
actor station with a net output of 1350 MWg, which is expec
ted to be ordered by the CEGB in 1975. From that it seems 
reasonable, to describe the HTGR with prismatic fuel on the 
basis of the GAC ll60 MW-NSSS, 
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Table 2. Basic Design Data of Pebble Bed and Prismatic Fuel Designs 

Characteristics of the overall 

Thermal power of reactor 

Net electrical power 
(cooling tower) 

Fuel cycle 

Reheating of steam 

Primary circuit data 

Dimensions of fuel elements 

Core diameter 

Core height 

Number of fuel element 
3pheres/-blocks 

Power density (mean) 

Helium flow rate 

Helium temperature outlet 
steam generator 

Helium temperature Inlet 
steam generator 

Mean operating pressure of 
helium 

Number of shutdown and 
control rods 

Number of main coolant loops 

Number of auxiliary coolant 
loops 

Fuel loading and discharge 
tubes 

Fuel loading 

In-core Instrumentation 
and control 

First shut-down and 
control system 

plant 

MW 

MW 

cm 
m 
m 

MW/m' 

kg/s 

°C 

°C 

bar 

Prestressed concrete reactor vessel 

Design 

Tendons 

Outside diameter 

Outside height 

Test pressure 

Insulation 

Fuel element and physios 

Fuel lifetime (full 
power years) 

Maximum fuel temperature 

Axial shuffling 

Mean fuel burn-up 

Max. fast neutron dose In 
non-replaceable reflector 
(E>0,1 MeV) 

Fuel particles 

Fuel coatings 

Max. fast neutron dose 
( >0,1 MeV) In fuel 

m 

m 
bar 

years 

°C 

MWd/t 

cm-2 

cm-2 

THTR-300 

750 

300 

U/Th 

nuclear 

6 0 

5,6 
6 

675 000 

6 

295,5 

250 

750 

39,2 

78 

6 

-

15 

on-load/ 
pneumatic 

none 

pneumatic/ 
gravity 

ring-type 

circum
ferential 

2t,8 

25,5 

46 

metallic 

3 

1 250 

MEDUL 

109 000 

2,2-10^^ 

(U,Th)02 

PyC 

6,3-10^^ 

THTR-1000 

2 700 

1 000 

U/Th 

nuclear 

6 0 

8,9 

5,1 

1,8 X 10^ 

8 

1 065 

275 

750 

50 

120 

6 

3 

21 + 3 

on-load/ 
gravity 

none 

electrical 

pod-type 

wire-
winding 

27,3 

26 

ca. 55 

ceramic 

2,3 

1 120 

OTTO 

83 000 

2,0-10^^ 

UOj+ThOj 

PyC 

5.10^1 

HTR-1160 

3 000 

1 150 

U/Th 

nuclear 

36 X 79,3 

8,17 

6,31 

3 911 

8.1 

1 111 

310 

727 

50 

116 

6 

3 

73 

off-load/ 
mechanical 

possible 

electrical/ 
gravity 

pod-type 

wlre-
wlndlng 

30,6 

27,8 

51,5 

ceramic 

3,2 

1 350 

none 

98 000 

« . 10^° 

UOj+ThOg 

PyC/SlC 

9 • 10^^ 

low enriched 
HTR 

3 130 

1 350 ^' 

low enriched 

steam to steam 

12 X 75 

9,8 
6 

3 768 

~8 

1 160 

?73 

721 

19,5 

111/17 

1 

1 

51 

off-load/ 
mechanical 

possible 

electrical/ 
gravity 

pod-type 

wi re
winding 

31,5 

31 

-
ceramic 

2,25 

1 150 

none 

85 000 

-

UO2 
SIC 

-I-IO^^ 

1) Sea cooling 
2) Peac systematic 
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Layout of a II60 MW HTGR 

This design is shown in figure 6. All main components of 
the primary circuit are housed in a pod-type PCRV using ver
tical tendons and circumferential wire winding. The helium 
enters the core from the top at 310*̂  C and is heated up to 
730° C. The core is built up of 493 hexagonal columns which 
are stacked up by 3 lower reflector blocks, 8 fuel elements 
and 3 upper reflector blocks. A region of 7 of these columns 
is loaded into the core through a common penetration in the 
PCRV top slab and is equipped with a flow controlling device. 
The active core is surrounded by a replaceable ring of hexago
nal reflector columns and an outer permanent reflector region. 
Refuelling of one quarter of the core takes place annually 
with the reactor depressurized and by use of a computer-con
trolled fuel element loading machine. 

Shut down and control are accomplished by 73 pairs of 
electrically driven control rods which move in holes of the 
central stack of each fuel region. In the case of a scram the 
rods operate by gravity. A secondary shut down system uses 
neutron-absorbing sheres dropped into holes in the fuel ele
ments. To control the operation of the reactor, the core is 
properly Instrumented. 

The heat is removed by 6 main steam generators vertically 
mounted in pods with water and steam streaming upward. The 
intermediate pressure steam is used to drive the 6 main water-
lubricated gas blowers and is then reheated by helium. To 
accomplish uphill boiling the helium flow In the steam gene
rators is reversed several times. In case of failures of the 
main cooling loops 3 x 50 ^ auxiliary loops remove the after-
heat . 

The fuel element 

Figure 7 illustrates the central fuel element block 
which is 79,3 cm high and 36,0 cm across flats. The block 
comprises a central hole for the fuel lifting device, 2 holes 
for the control rods and 1 for the emergency shut down system. 
The standard fuel element contains 72 cooling channels and 
132 fuel holes of 15,5 mm diameter, respectively 15,8 mm. Two 
different coated particles are used. The breed-particles con
tain Th-232 and have pyrocarbon coatings (biso) whereas the 
feed particles contain highly enriched U-235 and have an 
additional silicon-carbid coating. 
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Fig. 6: General arrangement of HTGR-II60 MW nuclear 
steam system. 
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THE LOW ENRICHED URANIUM HTR DESIGN 

Paper 6 of this session will describe this design (fig,8) 
in some details, so that we may restrict the discussion on 
the main differences compared to the GAC-design: 

- low enriched uranium fuel 

- four main cooling loops with motor-driven blowers 
take 84 % of the helium flow 

- four auxiliary loops operate continuously and take 
16 % of the helium flow producing the house load 

- steam to steam reheating 

- downhill boiling in the main steam generators, 
uphill boiling in the auxiliary steam generators. 

- all fuel particles SIC coated 

- fuel compacts directly cooled. 

COMPARISON OP THE PEBBLE BED AND PRISMATIC 
FUEL DESIGNS 

Not all the differences of the two designs are of prin
ciple nature but depend on the different approach of the 
engineers, utilities and safety authorities. 

With respect to the fuel element and the core, the pebble 
bed seems to have an advantage at gas-outlet temperatures above 
1000° C, as they may be relevant for some process heat appli
cations. Recent investigations within the German direct cycle 
program on the other hand have shown, that both concepts meet 
the reference requirements,which were set up especially for 
the maximum fission product release, at 850° C helium tem
perature equally well and have a comparable potential below 
1000° C. Figures 9 and 10 illustrate fuel temperatures and 
the fast neutron flux in the two fuel element types at 850° C 
coolant outlet temperature. 

On-load refuelling is an advantage of the pebble bed 
reactor, but this advantage can be quantified and is not con
sidered of major importance. Numerous pebbles have been 
successfully irradiated under representative conditions and 
in full size and 80 000 fuel elements were operated in the 
AVR at 850° C gas temperature up to a burn-up of about 
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AUXILIARY lOILER. MAIN SOILER. 

Pig. 8: General arrangement of British low enriched 
uranium HTR. 
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Pig. 9: Fuel temperatures and fast neutron flux in 
the inner region of a pebble bed core at a 
gas outlet temperature of 850° C. 
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Pig, 10: Fuel temperatures and fast neutron flux in the 
gas outlet region of a prismatic fuel reactor 
at 850° C gas outlet temperature. 
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145 000 MWd/to. This yields a solid knowledge of the fuel 
element behaviour whereas prismatic fuel elements so far 
could only be tested in representative sections. Although 
there is no doubt on the proper performance of the prismatic 
fuel element, operation of the Port St. Vraln reactor will 
be important for the final proof of full scale elements. 

The different fuel element types lead to some relevant 
advantages in the mechanical characteristics of the prisma
tic fuel reactor. Whereas the shut down rods of the pebble 
bed reactor are basically insensitive to displacements in the 
core, prismatic elements allow movements of the control rods 
by gravity, they avoid heavy-load rod drives and additional 
mechanical loads on the fuel elements, the core-support and 
the control rods itself. Here one must keep in mind, that a 
load of several tons is needed to drive a control-rod into 
the pebble bed which yields corresponding loads upon the rods 
and the core. Besides, the prismatic core can be unloaded in 
distinct and partial regions, allows easy access for inspec
tion and also incore-instrumentation. In principle, damaged 
prismatic fuel elements can be detected and unloaded. Reflec
tor regions exposed to high temperatures and fast neutron 
doses are removable. 

It is felt, that the layout of the steam generators is 
an important although non-typical design difference of the 
discussed concepts; once downhill boiling as applied in German 
and British designs is finally proved, it allows an essential 
simplification of the steam generators and probably a reduc
tion of their costs. To ease the steam generator design, the 
British layout is based on steam to steam reheating. 

The overall dimensions of the two concepts like core-
cavity, PCRV or helium-inventory correspond quite well (see 
table 2). 

At present, I cannot conclude a major overall technical 
advantage of either system. Once, however, the prismatic fuel 
element has been successfully tested at full size, I would 
favour this concept for gas temperatures below 1000° C because 
of its mechanical characteristics outlined above as well as 
its advantages with respect to Inspectability etc. 

As is known, Hochtemperatur-Reaktorbau (HRB) in 1972 has 
decided to take a licence for the GAC-design and market it 
in Europe although HRB has constructed both the AVR and the 
THTR-300. This decision was largely based on strategic con
siderations rather than on technical evaluations. It was 
considered absolutely necessary, to promote the HTGR on the 
basis of a profound international cooperation in the indus
trial field and for this cooperation the prismatic design 
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offered the unique chances. Besides, the GAC design for the 
nuclear steam supply systems was several years ahead of the 
respective German work. While GAC on the other hand has ta
ken a licence for the pebble bed reactor, the leading groups 
in the US, Prance and Germany have concentrated their re
sources on designing, licencing and marketing a common reactor 
system to speed up the HTGR-break through and minimize the 
risks of all parties involved. The question of the optimum 
HTGR-concept thus needs not to be raised for the steam cycle 
plant and can be left to the development-efforts for advanced 
HTGR-applications. 
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COMPAEATIVE POWER PLANT SELECTION CRITERIA 

David J. Olver 
William V. Macnabb 

ABSTRACT 

The process of selecting between a High Temperature Gas-
Cooled Reactor nuclear steam system and a Light Water Reactor 
nuclear steam supply system for a central station electricity 
generating power plant is divided into an economic evaluation 
of the entire plant and fuel, a technical evaluation of plant 
structuress systems, components and fuel, and an analysis of 
commercial considerations. Items of significant difference 
in each category are described, and expected trends are iden
tified. Much of the evaluation can be expressed in economic 
terms, but many aspects are subjective, their importance to 
the evaluation being dependent on the characteristics of the 
particular case, and the evaluators' Judgement as to their 
relative significance to the utility. 

INTRODUCTION 

The purpose of this paper is to present a set of evaluation guide 

lines to those individuals and organizations faced with the task of com

paring the High Temperature Gas-Cooled Reactor with other types of reac

tor plants, and to describe some of the principal factors which should be 

given proper consideration in the evaluation. Taking the title of the pa

per apart, as it were: 

1. The data presented will be comparative, i.e. not absolute, 

since prices and costs are continually changing, ratings 

differ from case to case, and variations in estimating tech

niques and assumptions can affect the results very substan-
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tially. 

2. The subject of the paper is central station electricity generat

ing power plants. 

3. The selection described is between a plant using the High Tem

perature Gas-Cooled Reactor nuclear steam system as the energy 

source, and plants using other nuclear steam supply systems 

(NSSS's), particularly those of the light water type. 

4. The criteria for evaluation are for convenience divided into 

economic, technical and commercial categories. Some may prefer 

other breakdowns (or none at all, reducing everything to cost 

differences), or may put certain items into a different category 

than used here. This is perfectly valid; the Important thing is 

to assure that all of the significant features are considered. 

It is the plan in this presentation to consider as economic features 

only those things for which an actual or estimated price or cost can be 

established, and to treat subjectively such matters as quality of design, 

system and operating flexibility and reliability, previous experience, 

licensing and warranties, A score card can be used to keep track of all 

theŝ e subjective itans, with different weights assigned to give appropriate 

emphasis depending on the evaluators' judgement as to the importance of the 

item to the utility. 

SELECTION PROCESS 

Before discussing the criteria themselves, it is appropriate to es

tablish a few ground rules for the selection process. Some of these may 

seem very obvious, but they are sometimes forgotten or misunder-
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stood, and are, in any case, included here for completeness. 

1. The evaluation must consider the total plant, because the com

parison will be between plants using different reactor concepts, 

and probably different ratings, affecting virtually all of the 

plant systems and structures. This entails conceptual designs 

of the complete plants, estimates of capital, fuel, and operat

ing costs, technical comparisons of plant systems, and components 

and fuel, and evaluation of commercial terms and conditions. 

2. The plant designs must be consistent so that the comparison is 

fair. This may mean such things as adding components to one 

NSSS bidder's auxiliary systan design or recommended design to 

obtain comparable performance to that of another NSSS bidder, 

or using the same design group for determining the balance-of-

plant facilities for each NSSS under consideration. 

3. The proposed fuel designs must be compared on a consistent basis, 

as far as practical. However, some judgment is required to com

pare HTGR and Light Water Reactor fuel because of the differ

ences in design, characteristics, and available operating his

tory. 

4. Cost estimating for plant and fuel must be consistent, with simi

lar assumptions used for all alternatives being compared. 

5. Quoted NSSS option prices should generally be used for features 

which are a necessary part of the plant, thereby maximizing the 

firm price portion of the plant cost estimating. 

6. The HTGR plant cost estimate should be complete rather than a 
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series of differential quantities and prices related to an es

timate of a plant of a different reactor type, because of the 

differences in structure, system, and component designs. 

7. It is desirable to perform the economic evaluation in a manner 

which will allow consideration of incremental capability and 

energy production arising from differences in plant ratings. 

ECONOMIC FACTORS 

Capital Cost 

Table 1 shows a typical breakdown of plant capital costs for a 

High Temperature Gas-Cooled Reactor (HTGR) Plant and a Light Water 

Reactor (LWR) Plant. These numbers can vary over a significant 

range in individual cases depending on site characteristics, utility 

preferences and labor conditions. However, certain trends can be 

expected in all evaluations of this type, as follows: 

1. Site Preparation and Cooling Water Facilities. The higher 

efficiency of the HTGR plant compared to any LWR plant re

sults in approximately 30% less heat rejection and conse

quently a significantly smaller and less costly cooling 

water system, shown as a difference of 1% of the total capi

tal cost in the table. Although not quantified here, the 

environmental advantages of the lower heat rejection are 

another important consideration. 

2. Structures. There are a number of items in the HTGR contain

ment design which will affect the cost comparison - see Table 



96 

Table 1. Nuclear Plant Capital Cost Comparison 

HTGR LWR 

Site Preparation and Cooling Water Facilities 3 4 

Structures 9 10 

Reactor Plant Equipment * 24 17 

Turbine Plant Equipment 16 19 

Electrical Plant Equipment 3 4 

Instrumentation 2 2 

Escalation 23 25 

Interest During Construction 20 19 

100% 100% 

These figures are exclusive of sales tax, temporary construction f a c i l i 

t i e s , construction equipment, construction management, engineering and 

associated services, engineer-constructor 's fee, land and other Owner's 

cos ts . 

* Including PCRV 
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2. The design pressure is lower than for PWR's but higher 

than for a BWR (typically, 40 psl vs. 60 or 15), the dia

meter can be less than for PWR's but greater than for a BWR 

(typically 125' vs. 140* or 120' for 1150-1200 MW units), 

the height may be greater than for all the LWR's, particu

larly the BWR and U-tube steam generator PWR's, and the 

higher soil loading resulting from the pre-stressed concrete 

reactor vessel (PCRV) may require more extensive excavation 

and foundations, particularly in poorer soil conditions. 

The higher center of gravity of the HTGR containment inter

nal structure results in higher loadings under seismic ex

citation, particularly overturning forces. 

The massive concrete structure in the reactor service build

ing, which is used for spent fuel storage, also gives higher 

soil loading than for LWR fuel buildings, with similar in

creases in excavation and foundation costs. 

Since the HTGR NSS produces superheated steam at 2500 psig, 

rather than around 1000 psig with little or no superheat, the 

turbine plant components and hence the turbine building are 

significantly smaller. 

These differences are summarized in Table 3 which shows the 

relative costs for containment shell and internal structures, 

auxiliary and fuel buildings, and turbine buildings for typi

cal HTGR and LWR plants of comparable size. 
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Table 2. Containment Comparison 

Type Structure 
Design 
Pressure 
(Psig) 

Inside Inside 
Height Diameter 
(Ft.) (Ft.) 

BWR 
(1220 MWe) 

Pressure 
Suppression 

Free Standing 
Steel Vessel 

15 187 120 

PWR U-Tube 
(1220 MWe) 

Dry Post Tensioned 60 195 
Concrete 

140 

PWR Once-Thru Dry 
(1220 MWe) 

Post Tensioned 
Concrete 

60 210 140 

HTGR 
(1150 MWe) 

Dry Post Tensioned 
Concrete 

40 215 125 

Ratings are nominal - not based on heat balances for specific plant con

ditions. 
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Table 3. Comparison of Structure Costs 

Containment 
Shell & Internals 
(Per Unit) 

Auxiliary 
& Fuel Bldgs. 
(Per Unit) 

Turbine 
Building 
(Per Unit) 

BWR 2.5 1.6 1.4 

PWR 2.75 1.1 

HTGR * 1 

* Excluding PCRV 

Table 4. Fuel Cost Breakdown 

HTGR LWR 

Net Depletion Cost 

Fabrication 

Spent Fuel Recovery 

Indirect 

35 

15 

8 

42 

38 

15 

10 

37 

Total 100 100 
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Reactor Plant Equipment. The biggest factor in this item is 

the much greater scope of supply in the HTGR nuclear steam 

system, compared to the LWR NSSS's. This results in a base 

price (without escalation or interest during construction), 

for the HTGR which typically may run approximately 60% high

er than an average LWR base price. Probably the most impor-

than single item cost-wise is the use of a pre-stressed con

crete reactor vessel for the HTGR which houses not only the 

reactor but also the steam generators, and main and aux

iliary helium circulators. This one structure inherently 

provides built-in supports for the primary equipment, mis

sile protection, and biological shielding, items which must 

be provided for outside of the NSSS on LWR plants. 

Turbine Plant Equipment. There has been considerable uncer

tainty over the availability of an 1150 MW 2500 psig tandem-

compound turbine-generator for the HTGR, since fossil plant 

ratings are only now beginning to approach this size. How

ever, it is expected that for plants with commercial operat

ing dates in 1982 and later, such machines will be offered 

by domestic and foreign suppliers. Pricing is still some

what uncertain, although turbine-generator vendors are now 

moving to rectify this, particularly because of the higher 

pressure HP exhaust, and the additional controls needed to 

tie in operation of the helium circulator auxiliary turbine 

drives. The HTGR turbine-generator is a 3600 RPM machine 
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and is therefore significantly less costly, probably of the 

order of 12-13%, than an equivalent LWR turbine-generator. 

Further, moisture - separator/reheaters are not required for 

the HTGR due to the superheated cycle and integral reheat 

sections in the steam generators. 

In the condensate and feedwater systems, the HTGR plant has 

several advantages arising from the higher pressure steam 

cycle and low feedwater temperature and flow— smaller con

densate pumps, smaller and fewer feedwater heaters, and no 

requirement for heater drain or auxiliary feedwater pumps. 

However, the HTGR feed pumps have a higher discharge pressure 

than the LWR feed pumps, the cycle uses a deaerator, and re

quires condensate booster pumps to limit the deaerator in

stallation height and provide the required NPSH for the 

feedpumps. Consideration should be given to the extent of 

spare pump capacity throughout the condensate and feedwater 

systems, since the different configurations appropriate to 

different plant types may make exact equivalency difficult. 

Electrical Plant Equipment. The key criterion in the electri

cal system is the magnitude of the plant auxiliary load, the 

HTGR having a much smaller requirement (less than 50% of a 

typical LWR), due mainly to the fact that the primary coolant 

circulators are steam turbine driven, whereas the primary 

coolant pumps and reactor recirculating pumps of the LWR's 

are electric motor driven. 



102 

Another factor having an important influence on the elec

tric system design is the safeguards system configuration. 

The HTGR uses a three train system with a minimum of two 

trains required for post-accident operation; a variety of 

different configurations are offered by the LWR vendors. 

No generalized statement can be made here except that some 

configurations proposed by certain LWR vendors appear to 

have greater spare capacity and thus greater flexibility 

and overall reliability; this, however, must be viewed in 

terms of the different requirements which apply to each type 

of plant. 

Instrtmientation. The extent of the instrumentation in the 

base nuclear steam system can vary widely between reactor 

vendors, and may change from bid to bid by a single vendor, 

A range of instrumentation options can be made available, 

including computer hardware and software items. Where a parti

cular bid includes a smaller instrumentation package than 

the competitors' bids, additional items must be added to the 

balance-of-plant instrumentation accounts. 

Escalation. Escalation can be divided into any number of dif

ferent catagories for detailed examination, but the inherent 

inaccuracy in the evaluators' crystal ball justifies only a 

relatively small ntmiber of items. For the purpose of this 

paper, three categories will be considered - the nuclear 

steam supply system, the turbine-generator, and the balance-
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of-plant. The much larger NSS package offered for the 

HTGR, and the consequent higher price, combined with dif

ferences in the payment schedule between HTGR and LWR of

ferings, result in an HTGR NSS escalation which may approach 

twice the escalation of equivalent LWR offerings. On the 

other hand, since the HTGR turbine-generator and balance-of-

plant costs are lower, escalation on these items is of the 

order of 12% and 14% less respectively than for LWR's. The 

combined effect of the three items represents an approxi

mately 2% lower share of the capital cost for HTGR plant es

calation than for LWR plant escalation. 

8. Interest During Construction. The higher HTGR NSS price com

bined with a payment schedule requiring cash outlay from 

early in the plant schedule, results in a cash flow with 

heavier front end loading, and forces the IDC portion of the 

capital cost one percentage point higher than for LWR's as 

shown in Table 1. 

Fuel Cost 

Table 4 shows a typical breakdown of fuel costs for a High TCTI-

perature Gas Cooled Reactor and Light Water Reactor. As is the case 

in plant costs, fuel costs can change from one situation to the next; 

however, the variability among LDffi. costs is much less than between 

LWR and HTGR. The principal reason for this is that each LWR has 

similar sensitivities to changes in the fuel cost components whereas 
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the HTGR is different from all the LWR's. Some of the more impor

tant of these factors are as follows: 

1. Net Depletion Cost. Presently proposed HTGR's are designed 

to achieve a higher conversion ratio than LWR's through use 

of the Thorium/U-233 cycle. As a result of this, the HTGR 

is less sensitive to changes in uranium costs than the LWR. 

Care must be taken to accurately estimate the value assign

ed to the recycle material in order to assure consistency 

between the two systems. In this regard, the variation in 

the result caused by differing assumptions about recycle ma

terial value can be reduced by analyzing a "self generated" 

recycle case. 

2. Indirect Cost. The average value of the fuel Inventory car

ried in the HTGR core during irradiation is usually greater 

than in an LWR. As a result the indirect costs are a great

er percentage of the total for the HTGR for the same assump

tions regarding cost of money. This can be especially impor

tant in a jointly owned project financed by different groups 

with different costs of money - the HTGR gaining as the frac

tion of low cost money increases. Inclusion of a leasing 

arrangement in the evaluation may also be an important factor 

3. Capacity Factor. Because of its higher inventory value, the 

HTGR fuel cost is more sensitive than the LWR to capacity 

factor assumptions. Generally speaking, a high capacity fac-
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tor (80-85%) in a comparative evaluation favors the HTGR. 

It is important for the evaluator to determine whether or 

not the plant is planned for base load operation at a high 

plant factor or whether some "load following" capability is 

expected. 

Since the fuel cost is usually calculated over the expected life 

of the plant, forecasts of each cost component become an integral 

part of the evaluation. This may mean predicting the cost of uran

ium, separative work and reprocessing 40 years into the future. It 

was mentioned previously that changes in costs for these items do 

not significantly alter the relative economics of various LWR offer

ings (BWR vs PWR). However, the magnitude and trend with time of 

costs for uranium (as an example) can have a significant impact on 

the relative costs between the HTGR and LWR. Therefore, a detailed 

projection of future market prices of nuclear fuel is an essential 

part of a comparison between these systems. Note that escalation 

must be included in these predictions because the absolute fuel cost 

difference is related to the absolute value of the dollars paid for 

fuel materials and processing. 

Operating and Maintenance Costs 

It is difficult to identify specific values of these costs for 

different nuclear power plant types, since there has been no direct 

experience of, and little knowledge of what can be expected, with 

units of the current design and capability. In many evaluations, no 
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distinction is made between alternates, or this part of the operat

ing costs is ignored. In any case, it is unlikely to have any sig

nificant influence on the selection process. 

Other Economic Considerations 

Some evaluators will want to assign values to the potential for 

schedule delays (for a variety of causes such as licensing, equip

ment deliveries, and changes in design), the potential for design 

changes due to licensing, and the potential for not meeting perform

ance warranties, taking into account any partial protection offered 

in the warranties. These values would then be treated as penalties 

or bonuses for adjusting the plant capital and fuel cost figures. 

Since, as was pointed out earlier, no real basis can be determined 

for assigning actual values to the effects of unknown future events, 

and since such items can quickly assume very large dollar amounts 

swamping other more quantifiable differences, it is recommended that 

this procedure not be adopted. If the evaluators nevertheless wish 

to pursue this avenue, a simple parametric study might be conducted 

to identify any consistent pattern over a range of possible events. 

Inevitably there will be differences in the ratings of the of

ferings, and these must be considered in the total evaluation if any 

capacity above that of the minimum can be utilized in the system, 

or transmitted to the utility's neighbors. It is customary to ac

complish this by assigning values to incremental capacity and incre

mental energy, giving penalties in the form of added cost to all 
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units smaller than the largest for the lower MW capacity and lower 

energy projection over the life of the plant. Fuel costs are usual

ly Insentitlve to plant size but can be adjusted to a common base, 

if desired. Since the replacement energy value is usually based on 

operating units with higher fuel costs, this procedure favors the 

larger plants which are probably already more economical. However, 

consideration should be given to the larger reserve capacity which 

the larger units will require. 

It is clear to the authors that many of the differences could be 

minimized by including in the NSSS specification the utility's re

quirements and method of evaluation for warranties. It is also recom

mended that the basis of the economic evaluation be included in the 

specifications in order to permit the bidders to more nearly normal

ize their responses. 

NON-ECONOMIC FACTORS 

Technical-Plant 

General. The HTGR reactor has some features which provide a larger 

degree of inherent safety than LWR reactors do; these include: 

a. High temperature capability of the core 

b. High heat capacity of the moderator 

c. Low stored energy in the coolant 

d. Stable coolant having no effect on core physics or chemistry 

Thus the loss-of-flow accident imposes a slower transient, and the 

limiting accident is probably plant depressurization. 
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The response to load transients will probably be of importance to 

most systems, therefore consideration should be given to step and 

ramp change and load rejection capabilities of the NSSS alternatives. 

Only minor differences would be expected in step change character

istics, but for ramp load changes, the Vendors may offer different 

rates over different load ranges over different core lives. All of 

the nuclear steam systans, LWR and HTGR, can be made capable of sus

taining a full load rejection without reactor trip. However, pro

posals may vary in the extent to which the equipment required for 

full load rejection is included in the package. 

The HTGR PCRV avoids the need for water access required for delivery 

of LWR pressure vessels and steam-generators or for fabrication of 

such vessels in the field, thus permitting greater flexibility in 

the siting and construction of nuclear power plants. The PCRV must 

also be considered as part of an overall plant constructability and 

scheduling evaluation which should investigate complexity of con

struction, extent of construction effort, flexibility of activity 

scheduling, and potential for delays. 

For sites in high seismic zones, the seismic rating of NSS components 

and systems, and the implication of these ratings on balance-of~plant 

systems and structures, will need examination. 

Components. Any evaluation of plant components must consider the ade

quacy and complexity of the design, the extent of completed and plan

ned research and development, and the expected reliability and main-
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tainability, including accessibility for in-service inspection, and 

maintenance. Inherent in these factors is a review of manufacturing 

and operating experience with similar units under similar circum

stances. Clearly, many of the major components in the HTGR plant, 

particularly those in the primary system, are significantly different 

from their LWR counterparts. Since much of the experience with gas-

cooled plants has been in Great Britain, UK practices and experience 

are of great value and interest. The component evaluation should in

clude at least the following: 

a. Steam Genera tors 

b . Main C i r c u l a t o r s 

c . Auxi l ia ry C i r c u l a t o r s and Var iab le Speed Drive System 

d. Control Rod Drive Meclianisms 

e. Fuel Handling Equipment 

f. PCRV 

Systems. Some of the plant auxiliary systems perform functions which 

are unique to the particular concept and can therefore be evaluated 

only on their own merits. Other systems, however, perform functions 

which are required for both LWR and HTGR plants, although the manner 

in which they perform the function may be quite different due to dif

ferences in the primary system concept, and design criteria and per

formance requirements may vary from one t3rpe of plant to another. 

All systems should be compared on the basis of their ability to meet 

their own criteria and performance requirements, plus such aspects 

as flexibility of operation, maintainability and reliability. 
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Systems such as radioactive waste, component cooling water and emer

gency service water perform very similar functions in the HTGR plant 

and in the LWR plants, and utilize similar types of components and 

methods; thus they can be compared directly. Evaluation of the cool

ant cleanup, shutdown cooling and emergency shutdown systems is more 

difficult because of the inherently different approach dictated by 

the helium gas coolant. Likewise, although the basic functions are 

the same for HTGR and LWR plants, the nature of the coolant requires 

that the fuel handling components and fuel storage facilities be sub

stantially different for the HTGR than for LWR plants. Even the 

capacity of spent fuel storage must be carefully evaluated (this, of 

course, has capital cost implications); lower storage requirements 

are traditionally recommended for the HTGR. 

Safety and Licensing. It has never been possible to predict the 

trend of licensing concerns and changes, except that it seems it must 

always get worse, if it is ever to get better. Even more so, is it 

difficult to judge whether the fate of the HTGR will be better or 

worse than LWR's in future regulatory actions. There are those who 

argue that there have been few opportunities to review the HTGR de

sign in Washington, and that there has been little time therefore to 

think up the thousands of questions and ever new concerns that are 

so commonplace with Light Water Reactors. On the other hand, many 

will say that the HTGR has inherently superior safety characteristics 

which will make licensing a much easier task. The evaluators must 

reach their own conclusions on these issues, and more importantly, be 
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fully up-to-date on the status and nature of all licensing issues 

for all types of reactors under consideration. 

Technical-Fuel 

A technical comparison of nuclear fuel offers should involve in

vestigations of operating experience, experience of the engineering 

staff, licensing considerations, and a comparative evaluation of mar

gins in the nuclear, thermal, flow and mechanical design of the fuel. 

Each technical subject should be addressed separately to develop a 

relative standing among the fuel designs for each technical category. 

From these evaluations an overall ranking can be developed. 

It is difficult, if not impossible, to put both the LWR and HTGR 

fuel on the same technical basis for comparison in several of the 

above mentioned areas. The principal reasons for this are as follows: 

1. Basic Design Differences, The fuel design is basically dif

ferent for HTGR and LWR. The former utilizes particle fuel 

in a graphite matrix contained in graphite blocks cooled by 

heliimi. The latter uses ceramic pellets Inside metal tubes 

placed in a water environment. Even the fuel materials are 

different - low enriched uranium and plutonium oxide in the 

LWR and highly enriched uranium carbide and thorium oxide in 

the HTGR. Comparisons of certain aspects may not be possible. 

For example, the question of departure from nucleate boiling 

in the LWR has no exact counterpart in the HTGR. 
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2. Different Design Methods. Not only are the fuel designs dif

ferent, but the methods used to analyze the designs are 

usually not the same. For example, an evaluation of irradia

tion capability requires use of different computer codes for 

the HTGR and the LWR. Generally it is not possible to cor

relate these results so one must make an absolute comparison 

between design limits and calculated behavior. 

3. Different Design Criteria. Between the HTGR and LWR and even 

among LWR fuel suppliers, the design criteria are not the 

same. When one analyzes a design relative to a given limit, 

it becomes difficult to assess the "true" amount of conser

vatism contained in the design features. 

From this brief discussion it is obvious that a technical rank

ing is the result of engineering judgments and as such is usually 

not translated into a set of cost differences. It is very important, 

however, to identify design strengths and weaknesses and to assess 

their degree of importance. If the evaluators consider certain weak

nesses in the technical area to be significant, that fact can change 

the overall ranking in the selection process, especially if the dol

lar differences resulting from the cost analysis are small. 

Commercial 

Services. Various services can be offered by the NSSS vendors, in

cluding engineering assistance, fuel management services, engineer 

and operator training, construction assistance, and testing and 
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star tup ass is tance. Depending on the u t i l i t y ' s needs, these ser

vices may have a greater or lesser value. The offerings wil l in 

any case be different for each vendor, so no general conclusions 

as to the advantages or disadvantages of one system can be made, 

except for the PCRV, design of which i s included in the HTGR NSS 

base scope. 

A par t icular point should be made, however, of Vendor offerings 

in regard to base-l ine and subsequent in-service inspections. The 

proposal may cover the i r performance by the Vendor's own staff us 

ing the Vendor's equipment, or may cover respons ib i l i ty only with 

the work subcontracted to another company, or may merely recommend 

that the u t i l i t y contract with another company. The evaluation of 

such proposals should consider the des i r ab i l i t y of u t i l i z i n g a t 

leas t the same techniques for base-l ine and subsequent inspections 

in order to avoid unwarranted inconsistencies. 

Other Terms & Conditions. Payment schedules, escalat ion and warran

t i e s have been discussed in the economic section of th is paper. One 

further point to be mentioned here i s the necessi ty to compare the 

labor and material indices on which escalation i s to be based, and 

the base month for commencing escalat ion. Other a r t i c l e s wi l l cover 

patents , termination of work, insurance, r espons ib i l i t i e s of the par

t i e s . Owner's r i g h t s , and many other legal necess i t i e s . Suffice to 

say that these should a l l be carefully analyzed, and may become the 

subject of future contract negot ia t ions . 
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CONCLUSION 

By highlighting the most significant criteria in the selection of 

a nuclear steam supply system for a central station electricity generat

ing station, and by listing other important, but less significant items, 

it is hoped that guidance has been provided to future evaluators. It 

should be apparent that a rigorous investigation is a complex and de

manding effort drawing on the experience of personnel in many disciplines, 

and covering economic, technical and commercial considerations. Much of 

the analysis can be quantified and direct comparisons can be made in dol

lars. Much, however, is difficult to quantify, or if quantified, is based 

on subjectively assigned assumptions, and must therefore be treated sub

jectively. The true art of this whole effort is in combining the objec

tive and subjective to produce a balanced recommendation based on an op

timum choice of parameters for each of the plants being evaluated. 
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EVALUATION OF HJIR'S FOR EUROPEAN APPLICATIONS 

_[_ J_I_ _|_1.J- .L.J„,_L 

M . Audinet , N . Guennec , J . Pelce, J . Rastoin 

INTRODUCTION 

The act iv i ty in France on the high temperature reactors could be considered 

to a large extent a continuity of our previous act iv i t ies in the natural uranium gas 

cooled graphite reactors f i e l d . 

The similarity of the programmes drawn up by G . A . , C . E . A . , and 

G . H . T . R . led t o o joint effort in the framework of the agreements signed in 1972 

and 1973. 

In France, the focus is on the different possible H.T.R. applications for 

e lectr ic i ty generation (steam cycle and direct cyc le) , dual purpose plants and process 

heat plants. A large effort was devoted in particular to the preparation of a steam 

cycle power plant tender. 

The tender is prepared by an engineering team made up of staff from the 

G . H . T . R . (French Industrial Group for High Temperature Reactors), which is in 

charge, and the Technicatome Company (a subsidiary of C .E .A . a n d E . D . F . ) . The 

C . E . A . lends its backing, both for a programme of its own on the most specif ical ly 

nuclear aspects (core, act iv i ty of c i rcui ts, safety, e tc , , ,) and for the execution of 

a programme, worked out joint ly by G . A . and the C . E . A . , intended to confirm the 

val id i ty of the main options taken in the system (the contents of this programme are 

set out in another report (ref, 1), The CORHAT (High Temperature Reactor Fuel 

Company), recently created, is responsible on behalf of the G . H . T . R . for preparing 

a tender for fuel element supply. When adapting a G . A . type station for use in 

France or in Europe the fol lowing problems must be examined 

+ G . H . T . R , 

++ Technicatome 

+++ Commissariat a I'Energie Atomique 
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- general conditions governing regulations, safety, European needs, 

- special conditions relative to certain large components, 

- the fuel cyc le . 

SCHEDULE OF ACTIVITIES 

The engineering team is working to the fol lowing t ime-table : 

- presentation of a preliminary tender for a complete station early 1974, wi th a very 

direct adaptation of the G . A , NSSS. 

- presentation of a f inal tender for a nuclear boi ler, in principle by late 1974. 

The preliminary tender already takes into account certain necessary readapta-

tions and gives a good idea of prices. 

A l l components were put out to tender, not only the NSSS components but 

also those of the rest of the station. The documents for the latter were based on studies 

carried out either by the engineering team itself or by companies acting on its behalf 

under contract. The sectors for which research contracts were passed are as follows : 

- confinement enclosure, 

- main water-steam pip ing, 

- general control systems, 

- e lectr ic i ty production instal lat ion, including cooling tower and auxi l iary boi ler , 

- engineering of main buildings, reactor service bui ld ing, control building and 

annexes, turbogenerator room (with a single supporting base for the turbo-alternator 

group), 

- general electr ical instal lat ion. 

The engineering team then prepared a technical document (texts, drawings 

and plans) presenting a reference power station in detai l on which European e lec t r i 

c i ty producing companies can judge the merits of the H.T.R. This document is being 

presented to Electricite de France (E.D.F . ) as wel l as to several other interested 

ut i l i t ies . On these grounds we are now in a position to send out tenders at customer's 



117 

request for supplies ranging from the American type NSSS to the complete H.T.R. 

stat ion. 

It should be noted that our work is carried out in more and more close coor

dination wi th our German partners from H.R.B. 

GENERAL EUROPEAN CONDITIONS 

So-called European conditions can in fact vary from one country to another. 

However it seems possible to define certain features of the H.T.R. which are different 

in most Western European countries from those prevail ing in the U . S . A . , concerning 

the fol lowing aspects in particular : 

- the electr ic feed current frequency 

- rules, codes and construction standards 

~ safety requirements 

- def ini t ion of the nuclear systems. 

Rules, codes and standards of construction 

Various codes exist in different parts of the wor ld , AS ME in the U . S . A . , 

MERKBLATT in Germany, S N C T in France amongst others. !n many European coun

tries it is possible to use the main U.S. codes and standards. 

Harmonisation problems arise wi th certain national regulations however 

(some of these w i l l be mentioned below with regard to prestressed concrete vessels). 

For certain fields st i l l not covered by international codes and standards the 

regulations are different in the U .S .A . and in the European countries. This applies 

for example to mechanical equipment and c iv i l engineering. However the necessary 

adaptations can be made without serious consequences. 
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Safety requirements 

The safety rules are similar to those used in the U .S .A . 

Special measures may have to be taken to guard against missiles from outside 

in some cases, precautions must be taken so that core cooling is maintained in the event 

of an air crash on any part of the station. 

Nuclear steam supply system 

Depending on the individual habits and wishes of the customer the nuclear 

system limits may be defined slightly different from one case to another, though 

without affecting the responsibility on a l l components contributing towards safety. 

Although the def ini t ion depends on the c l ient , the limits of the European 

nuclear system are usually wider than those of the G . A . NSSS, 

This is due to differences in the customary use of man power since in Europe, 

unlike the U . S . A . , the different construction firms can bring the necessary workmen 

to the si te. 

The nuclear system includes more equipment, in particular : 

- the prestressed concrete vessel (engineering part), 

- part of the main water-steam piping (at least as far as the confinement enclosure), 

- the coolant water systems for the reactor and auxi l iary loop, 

- some auxi l iary systems. 

It also comes wi th a wider range of services. A l l the equipment supplied is 

mounted, connected up, tested and put into service, whereas in the U.S. NSSS only 

the metal parts of the vessel are mounted and the supplier guarantees only a part ic ipa

t ion in the start up tests. 
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EUROPEAN CONDITIONS FOR CERTAIN COMPONENTS 

!t should be noted that to bui ld H.T.R. components i t is unnecessary to 

invest in large plants and heavy equipment. For example the steam generator cons

truction shops do not require large in i t ia l investments. The manufacture of a nuclear 

system can thus be started relat ively quickly without the preliminary need to amortize 

the in i t ia l outlay on a series of components. 

The European situation for six essential components of an H.T.R. station is 

examined below. 

The pressure vessel 

This is considered as including : engineering, metal parts and heat insulat ion. 

The Europeans, especially the British and French have considerable expe

rience in the research and development of prestressed concrete vessels for gas - cooled 

reactors such as G 2 and G 3 bui l t in 1958, Chinon 3 in 1963, St-Laurent 1 in 1966, 

St-Laurent 2 in 1967, Bugey 1 in 1968, a l l bui l t in France and Vondellos bui l t in 1969 

in Spain, 

For the pressure vessel itself the problems can a l l be treated by computation 

means (three-dimensional codes) and experiments (1/10 scale mock-up undertaken by 

the C E . A . ) (see ref. 1), Some features related to existing regulations or practices 

may require special consideration in some European countries ; however they are not 

major and could be solved easi ly. 

The long-term behaviour of the thermal insulation must be checked, especiall 

in the hot zones, and for this purpose two hot ducts mock-up (duct connecting the 

central cavi ty to the cells) are being tested at the C . E . A . in the loops CHELA and 

CARMEN 2 (ref. 1) . 
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Stack and internal structures 

The graphite stacks of the French natural uranium graphite gaz cooled reac

tors were of the hexagonal prismatic type. The stabil i ty of such stacks has been studied 

theoretical ly and experimentally and the results can be largely transposed to G . A . 

type H.T.R. 's , especially where earthquake resistance is concerned. 

The technical and economic problems involved in graphite production, ma

chining and boring of prismatic blocks, mounting, are well known and the construction 

of a H.T.R. can benefit by the experience gained. 

Fuel loading equipment 

The Europeans and particularly the French are experienced in the use of on 

load handling equipment, i . e . under pressure, at temperature and under nominal out 

put conditions. 

For the H.T.R. the entire act ive part must be renewed, instead of only e le 

ments in f ixed channels. However the fact of working wi th the reactor shut down, 

depressurized and cooled by a reduced flow of helium simplifies matters greatly by 

el iminating the troublesome problems of vibrations and aerodynamic stresses. 

Apart from the main handling tool the equipment is a direct product of earlier 

experience. 

Steam generator 

The main features are the fol lowing : 

- steam generator in 6 modules of high unit power : 500 MW thermal, 

- module wi th a main single-passage cluster and a super-heating cluster, 

- hairpin helium circui t to re-establish an ascending water-steam emulsion direction 

during vaporisation. 
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A joint G . A . - C . E . A . test programme is being carried out on mock-ups 

(ref. 1), The intention is also to place instruments on one module of the first station 

bui l t in Europe, fol lowing the example of the U .S .A . The combined weight, diameter 

and length of a module may necessitate its transport in two parts to certain European 

sites and f inal assembly on the spot. 

The advantage of helium superheating is st i l l debated by some cl ients. The 

complexity bound up wi th up h i l l boi l ing must be weighed against a certain simplicity 

connected wi th down h i l l boi l ing (already adopted for the Schmehausen T H T R ) , The 

tests mentioned include experiments wi th down h i l l boi l ing in particular at low power 

level which could constitute a later solut ion. 

And this solution can constitute a mapr future improvement. The steam gene

rators of Schmehausen are in construction at the Mantes fabrication shof of C C M and 

C C M is in position to fabricate steam generators for large H T G R . 

Main blowers 

The Europeans have considerable experience of both turbo-blowers and moto-

blowers used wi th gas reactors. A 30 MW test loop had been bui l t for this purpose in 

France at St-Denis for the N U G G reactor blowers. 

The turbo-blowers of the H.T.R. present a certain novelty however, part icu

larly by their water bearings. The test loop bui l t component important of these by 

G . A . assurances on the operational behaviour at San Diego to verify the performances 

of the main blowers shall give suff icent. 

Turbo-alternator group 

The french company C E M expect to be able, by the time the first station is 

bui l t in Europe, to propose a single unit 3 000 t /mn , 1 200 MW electr ic turbo-

alternator group. 
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The turbine has a single shaft wi th a HP element, a MP element and three 

LP elements, a l l w i th double f low, and a pressure drop to the condenser of about 

80 mbar. These H P and M P elements resemble the corresponding elements of the 

1 200 MW groups now in construction or recently put into service in the U .S .A . for 

fossil fuel stations. By having a rotation speed of 3 000 t /mn , there is no need to 

duplicate the shaft under low pressure as in the US turbines to which we refer (turning 

at 3 600 t /mn) , 

The alternator is entirely cooled by water circulat ing in the stator conductors 

and in the hollow coils of the rotor. This technique has reached a stage of development 

represented by the construction of a 300 MWA prototype, 

THE FUEL CYCLE 

General considerations 

in Europe the conditions governing the use of the fuel cyc le , and possibly 

even the choice of the type of cycle itself, can differ from one country to another. 

More precisely, atthough the conditions in the long run w i l l be similar in the U .S .A . 

and in Europe, a problem w i l l nevertheless exist unti l a wide market is established. 

It is l ikely that the project w i l l take longer to start up in Europe than in the U . S . A . , 

which means that during an interim period the fuel cycle economy may be quite 

di f ferent. 

It is accepted today in France and in the FR G that on a long-term basis the 

Th cycle (Th-U 235-U 233) should be more economical than the low enriched U cycle 

(U 238-U 235-Pu). 

It is necessary however to have no important cost problems l inked to the 

use of highly enriched uranium and to the refabrication of U 233 fue l . 
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Parameters of the cycle 

Let us examine some important parameters of the cyc le . 

The basic materials 

The main problem concerns the supply of highly enriched U 235 ; the problem 

is the same for low enriched U 235 (10-12 %) in the U cycle i f the same separation 

technique is to be used. However even though commercial solutions ore not yet clearly 

def ined, economically va l id technical solutions w i l l exist and should be ready for 

appl icat ion by 1982-1985, part icularly when the problem of supplying relat ively 

large quantities arises. It should be noted that these demands could afterwards remain 

modest for a long time If i t Is found that plutonium obtained from l ight-water fuel can 

be recycled. 

Fabrication of non-active fuel 

The fabrication cost of non-active fuel elements w i l l hardly be affected by 

the size of the plants In view of the modular nature of these latter. In addit ion these 

costs w i l l soon be wel l known, especially in France because of a current effort to 

develop faci l i t ies which w i l l be representative of industrial condit ions. 

Under these circumstance the CORHAT w i l l be in a position to propose a 

tender for the first fuel load and the first reloads. 

Storage and reprocessing 

Reprocessing fo be economically viable requires a large scale capaci ty. 

France has faci l i t ies which could be adapted for the reprocessing of H.T.R. 

fuels. It might be possible when necessary to use a large part of the existing UPl plant 

at Marcoule, the capacity of which is close to the present capacities assessed. 

Such an operation would have the fol lowing advantages : 
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- existing reprocessing lines could be adapted for thorium-based fuel reprocessing at 

l i t t le extra cost, 

- the installation of a head-end, though corresponding t o o large Investment in the 

case of H.T.R. 's , w i l l benefit from the existing logistic support, 

- the Marcoule site should pose no problems for the extension of the existing plant : 

not only the head-en but also an act ive fuel element refabrication plant. 

Whereas normally i t would be more profitable to postpone the construction of 

a complete reprocessing plant for a long time (cost of bu i ld ing, choice and develop

ment of a site), al lowing a large stock to bui ld up, here the reprocessing could start a 

few years earlier and the storage capacity thus brought down to the future normal 

volume of the plant. 

Refabrication of act ive fuel 

Refabrication wi th U 233 is only economically feasible in a fair ly large 

capacity p lant . 

It seems however that this operation is not urgent since the economic conse

quences of immobilising U 233 appear be sl ight. 

It w i l l certainly be advisable to place top priority on gaining a technical 

mastery of this f ie ld before launching on the construction of a first plant. 

Possible consequences on the choice of fuel cycle 

The above arguments are based on a fair ly significant growth rate of the 

H.T.R. market. 

If a European agreement can be obtained, at least between two countries 

positively committed to H.T.R. 's construction present estimates on H.T.R. develop

ment situate the working of the reprocessing plant at about 1990, wi th remanufac-

turlng at the same time or later. 
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In general the cost of the open Th cyc le , without U 233 refabricat ion, is 

about the some of the cost of the U cyc le . A number of other, factors not necessarily 

economic factors, may lead to a temporary choice of the U cycle : famil iar i ty wi th 

uranium-plutonlum cycles in France, allows easily the conversion from one cycle to 

another in the same reactor without excessive expense. 

However whi le it is recognised that the cost of the closed Th cycle Is appre

ciably better than that of l ight-water reactors i t is nevertheless probable that , in spite 

of the penalty attached to either a Th cycle left open for a very long time or a U 

cyc le , the cost of the H.T.R. cycle remainscompetitive wi th respect to that of the 

l ight-water cyc le . 

CONCLUSION 

The experience gained in France on natural uranlum-graphlte-gas cooled 

reactors, both on the level of industrial construction and from the safety and opera

t ional v iew-point (ref. 2) , can be used to make a rel iable estimate of H.T.R. promo

t ion conditions in France and more generally in Europe. 

An examination of the G . A . 1 160 MW system reveals the need to adapt 

certain options and conditions to the European context. However i t is found that 

although these adaptations require a special effort this should not lead to a significant 

price difference on the reactor as a whole or even on the complete station. 

However, Independently of these adaptation problems the cost of H.T.R. 

stations compares differently wi th that of l ight-water stations in Europe than In the 

U .S .A . : manpower and engineering cheaper in Europe, smaller price difference on 

the alternator groups, . . . ; on the other hand certain elements remain favourable to 

H.T.R. 's , for example the fact that no previous investment In large component manu

facturing shops is necessary, possibility to have on the same site more MWe because 

the better e f f ic iency. 
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We are convinced moreover that in the long run the thorium fuel cycle (Th, 

U 235, U 233) should be considerably more advantageous in Europe than the light 

water fuel cycles. 

These conclusions are essentially va l id in a ful ly developed market, a condi 

t ion which depends not only on the interest shown by European clients for this type of 

station but also on the extent to which the European countries col laborate. 

Indeed even though i t w i l l be some t ime, before the growth rate of the pro

ject reaches an important leve l , close collaboration between the European partners 

should quite soon produce the benefits of mass production. This w i l l affect both the 

cost of the power station components and that of the fuel cyc le . 

Concerning this latter i t is possible that the use of a completely closed tho

rium cycle cycle w i l l require a considerable effort, but it should be remembered that 

some faci l i t ies already exist, and France in particular possesses means adaptable for 

example to storage and reprocessing on an already equipped and site (Marcoule plant 

U P l ) . 

The techniques developed the first-generation steam cycle electronuclear 

stations could also serve to promote other applications which are becoming of increa

sing Interest : plant producing electr ic i ty w i th gas turbine ; dual purpose plant pro

ducing heat and e lect r ic i ty , plant producing large-scale amounts of fuel gas. Special 

interest is shown more and more for these applications and w i l l contribute certainly 

largely to the future success of R.H.T. 
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FUEL MANAGMENT FLEXIBILITIES OF THE Th-U^ ^ ̂  CYCLE' 

L. L. Bennett, Oak Ridge National Laboratory 
R. K. Lane, General Atomic Company 

INTRODUCTION 

This paper describes fuel management aspects of the Th-U^^^ cycle 

by examining the fuel cycle optimization and fuel management flexibili

ties of the HTGR now being commercially offered. Particular emphasis is 

given to varying the thorium loading in order to minimize the fuel cycle 

costs in a changing economic climate and, when coupled with other opera

tional flexibilities, to minimize potential penalties due to the recently 

announced requirements for long-term enrichment scheduling. 

The ability to appreciably change the fertile loading in the HTGR 

without the necessity of changing the fuel element configuration is imique 

to the HTGR among currently offered thermal reactors. As quantitatively 

demonstrated later, this unique feature leads to a highly versatile fuel 

cycle. 

REFERENCE FUEL MANAGEMENT 

The HTGR is an advanced converter reactor operating on the thorium-

Txraniixm cycle and utilizing "fully enriched" uranium (93%) as makeup 

fissile material. Present-day light water reactors use the low enrich

ment {^ 2.5 - 3.5^) uranium-plutonium cycle, of course. The uranium-

plutonium cycle could be used in the HTGR, and is, in fact, being studied 

in Europe. However, for U. S. conditions, it appears to be less attractive 

than the thorivca-Txranium cycle. 

The relative advantage of the thorimn-uranium cycle over the uraniiam-

plutonium cycle is due in large part to the fact that the thermal neutronic 

characteristics of u^^^ are far superior to those of either plutoniimi 

or U^'^. U^^^ yields about 10^ fewer neutrons per absorption than U^^^, 

and Pu^^® yields about 20^ fewer neutrons per absorption than U^^^. 

*Research sponsored by the U. S. Atomic Energy Commission under contract 
with the Union Carbide Corporation. 
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The distinguishing characteristics and typical parameters for the 

HTGR thorium cycle and the PWR uranium cycle are shown in Table 1. 

Recycle Operation 

Selectively recycling only the bred uranium in the HTGR significantly 

reduces the amount of U^^^ required for makeup, and also minimizes the 

buildup of U^^® in the system. At equilibri\xm, recycle saves about 300 

kgs U^^^ per year in an Il60-M¥(e) HTGR, or about kO% reduction relative 

to non-recycle operation. During equilibrium non-recycle operation, 

kO% of the total power over cycle is generated from U^^^ fissions in situ. 

This increases to 60% \inder equilibrium recycle conditions. Because of 

the resulting resource and economic savings, the reference HTGR fuel cycle 

is based on recycle of the bred U^^^ at the earliest opportunity. 
« o ft 5 ̂  •> 

U is a neutron poison formed by radiative neutron capture in U 

Excessive buildup of u^^^ is avoided by limiting the recycle of feed 

virani-um remaining (residual from makeup) in the discharged fuel. By 

using fissile makeup and fertile particles with different types of coatings, 

it is possible to separate the bred U^^^ from the residual enriched 

uranium at the reprocessing plant. Specifically, the SiC coating on the 

fissile makeup particles, which contain the residual enriched uraniimi, 

provides the mechanism for separating the fissile makeup particles from 

the fertile particles. The contents of the fertile particles are repro

cessed and the U^^^ is recycledj the contents of the fissile makeup particle 

are reprocessed and the residual enriched uranium is either sold or recycled 

one more time and then "retired". 

Current Fuel Cycle 

As noted initially, the HTGR is an "advanced converter", and its 

development has been motivated by the need to utilize fuel resources 

more efficiently than is possible in light water reactors. The HTGR 

is able to conserve -uranium, supplies of which at this time appear to be 

limited, while generating power at attractive costs, which is necessary 

for commercial success. 

file:///inder
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Table 1 . Comparative Fuel Cycle C h a r a c t e r i s t i c s 
for Typical HTGR and PWR P l a n t s 

Thorium Cycle 
HTGR 

U235 

93% 
Th2 3 2 

u"% u"^ 

8.1+ 

39 

\ 

Annual 

1/lt 

Uranium Cycle 

PWR 

U235 

'^ 3.3% 
U23e 

Pu"% Pu"^ 

105 

33 

3 
Annual 

1/3 

I n i t i a l f i s s i l e m a t e r i a l 

Enrichment of feed uranium 

F e r t i l e m a t e r i a l 

Bred f i s s i l e m a t e r i a l 

Core average power d e n s i t y , 
W/cm^ 

Thermal e f f i c i e n c y , % 

Fuel l i f e t i m e , years a t 80^ 
capac i ty f a c t o r 

Refueling frequency 

Frac t ion of core re fue led 

Average fue l exposiire, 
MWD/MT of heavy meta l 95,000 33,000 
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However, while the HTGR has a conversion ratio larger than present-day 

LWRs, it is important to realize that minimum energy costs are not necessarily 

consistent with maximum conversion ratios. Optimizing the fuel parameters 

and fuel management strategy to obtain minim-um fuel cycle costs is a compli

cated procedure that is affected by many time-dependent variables, such as 

urani-um costs, separative work costs, fuel fabrication and processing costs, 

interest rates and plant capacity factors, etc. 

Higher conversion ratios (and lower depletion costs) can be achieved by 

designing the core to contain larger amounts of fertile material. However, 

heavier U^^^ loads early in the plant life would also be required to main

tain a critical core, resulting in higher interest charges on fuel. These 

opposing trends constitute a typical tradeoff problem, as indicated below. 

Higher Fertile Load 

Higher Fissile Load 

Higher Conversion Ratio 

I 
Higher Inventory Cost 

Lower Depletion Cost 

vs 

Lower Fertile Load 

Lower Fissile Load 

Lower Conversion Ratio 

I 
Lower Inventory Cost 

Higher Depletion Cost 

This tradeoff of interest versus depletion charges would mean, for example, 

that the optimum for a public utility, with its lower working capital charge 

rate, would be at a higher conversion ratio than the optimum for a privately 

owned utility. 

The fuel management scheme with lowest fuel cycle costs under present 

conditions, consistent with current thermal and material performance limits, 

is described in Table 2. 

Figure 1 shows typical results for different C/Th ratios, and illustrates 

the tradeoff of conversion ratio and fuel cycle cost in the HTGR. Although 

the conversion ratio at C/Th = 200 is about 0.07 higher than the reference 

value, the levelized fuel cycle cost is higher. This is due to the fact 

that heavier thorium loadings require higher total fissile loadings and 

thus higher fuel inventory changes, particularly in the initial core. 
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Table 2. Optimum HTGR Fuel Cycle Parameters 
Under Current Economic Conditions 

Core average power density, W/cm^ 8.1+ 

Average C/Th ratio 211+/238 
(initial core/equilibrium recycle) 

Fuel lifetime,* years h 

Refueling interval,* years 1 

Fraction of core refueled 1/1+ 

Fertile load, kg/MW(e) 

Initial core 32 

Equilibriim core 29 

U^^^ requirements 

Initial core, kg/M¥(e) 1.1+0 

Equilibrium annual makeup,* kg/MW(e) 0.33 

Average conversion ratio 

Initial cycle 0.69 

Equilibrium cycle 0.66 

At Q0% average capacity factor. 
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At current fuel prices and average working capital rates of typically 15^, 

as assumed to obtain the results shown in Figure 1, there is no economic 

incentive to increase the conversion ratio by increasing the thoriimi loading 

This situation will, of course, change if enriched uranium prices increase 

with time, as is expected to occur. 

HTGR FUEL MANAGEMENT FLEXIBILITIES 

The four parameters used to characterize the various HTGR cycles in 

fuel management studies are: 

1. C/Th ratio (thorium loading) 

2. Power density 

3. Fuel residence time 

1+. Refueling frequency 

For any combination of the other 3 parameters the C/Th ratio, i.e., 

the thorium loading, is the most important and flexible variable for opti

mizing the fuel cycle cost axid for minimizing power peaking effects in 

freshly loaded fuel. This parameter is especially useful due to the freedom 

and ease with which it can be changed in any reload batch or region of a 

given reactor. The power density and fuel residence time are more fixed 

for a given reactor plant. 

The effects of changes in these fuel cycle variables on the fuel cycle 

cost are shown in Figure 2, The data in Figure 2 pertain to the equilibritrai 

cycle with annual refueling. For the same fuel lifetime and C/Th ratio, 

an increase in power density (and specific power) results in some lowering 

of the fuel cycle costs due to the reduced quantity of fuel to be fabricated 

and reprocessed each year. At shorter fuel lifetimes, the effect of power 

density on fuel cycle cost is more pronounced. 

The dotted lines in Figtire 2 define those fuel cycles yielding accept

able fuel temperatures for a specific assumption on the coolant flow and 

for the relatively simple fuel-zoning schemes used in the reference design, 

i.e., the cases for which the product of power density and age peaking 

factor are less than or equal to the reference design value. These results 

show the importance of the thorium loading flexibility for optimizing the 

cycles considered. The ability to vary the thorium loading by reload 

interval can be utilized to minimize fuel cycle costs when urajiium costs 

are changing. 
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Semi-Annual Refueling 

The flexibility for varying the refueling frequency in the HTGR is not 

discussed in detail in this paper but has been recently reported on along 

with other aspects of fuel utilization in the HTGR. Frequent refueling 

(e.g., at least as often as semi-annual) is possible in the HTGR with the 

same refueling equipment required for annual refueling. 

In the HTGR, semi-annual refueling usually results in higher age 

peaking factors, hence higher peak fuel temperatures. The age peaking 

factor is that part of the total power peaking factor which is due to the 

fact that fresh fuel has a higher fissile density than the average fuel. 

The age peaking factor can be reduced by increasing the fertile load. A 

relatively heavy thorium loading would be utilized in a semi-annual refueled 

HTGR, about 10 to 15^ more than with annual refueling. 

Such a scheme will result in an increased conversion ratio since the 

agerage fission product inventory in the core will be less and the require

ments for control poison will be reduced. The effect on the equilibrium 

conversion ratio of semi-annual refueling (with recycle) is approximately 

as follows: 

Annual refueling 0.66 

Semi-annual refueling 0.T6 

Since resoixrce utilization is proportional to (l - conversion ratio), ore 

and enrichment requirements are reduced 1^% at equilibrium with semi-annual 

refueling. 

Fuel cycle cost calculations show that semi-annual refueling reduces 

the HTGR levelized fuel cost (first 15 years of operation) by about 0.10 

mills/kWh(e), relative to annual refueling. Thus, use of semi-annual 

refueling gives improved fuel utilization plus lower fuel costs. 
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FLEXIBILITY RELATIVE TO ENRICHMENT COSTS, AVAILABILITY AND SCHEDULING 

The long-term projection of enrichment requirements as required by the 

AEC in 19T3 is a difficult optimization task. Such a projection requires 

best estimates of fut\ire plant startup dates, plant availability, system 

demand, uranium cost considerations, etc. 

Since this task is difficult and subject to -uncertainty, it becomes 

very important that reactor fuel management and/or operational flexi

bilities exist which minimize the potential penalties due to errors in 

long-term projections, enrichment cost changes, off-nominal availability, 

etc. 

The flexibility which the HTGR has for minimizing these penalities 

results from the following characteristics: 

1. The ability to change the fertile loading (thorium) by 

region or reload interval. 

2. The constant enrichment (93^ U^^^) utilized in the makeup fuel. 

3. The interchangeability of U^^^ makeup and U^^^ recycle fuel. 

1+. The large stretch or coastdown capability of the HTGR. 

5. The positive reactivity feedback resulting from reduced average 

steady-state power operation. 

Thorium Effect on Equilibrium Enrichment Requirements 

Under equilibrium recycle conditions increased thorium loading yields 

an increased core conversion ratio and a reduced U^^^ makeup requirement. 

As uranium costs increase there would be an incentive to obtain higher 

conversion ratios to further reduce the U^^^ makeup requirement. 

The relative enrichment requirement of the 1+ year annual cycle as a 

function of the equilibrium loading C/Th ratio varies essentially linearly 

with the thorium loading. Increasing the thorium loading by 20^ leads to 

about a 10^ reduction in the yearly enrichment requirement at equilibrium. 

Accommodation of Off-Nominal Enrichment 

Under the conditions of the proposed long-term enrichment scheduling, 

it is likely that a utility with several operating nuclear plants may, in 

any given year, have an off-nominal amount of enrichment available, i.e., 

more or less than required to obtain the desired irradiation cycles. 
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Total average cost penalties to the utility may be high due to off-nominal 

enrichment availability. 

The ability to physically make thorium and/or enriched uranium adjust

ments somewhat independently in the HTGR leads to a high degree of flexi

bility for acconmodating off-nominal (+ or -) enrichment or extending a 

given cycle for the nominal uranium loading. 

The current reference design thorium loading is characterized by a 

C/Th ratio of 2ll+ in initial core blocks and 238 in reload blocks. Accountin 

for radial and axial zoning factors the practical limit of thorium loading 

would be reached for certain core regions at an average C/Th ratio of '̂  200 

or about 20^ higher than an average reference reload segment. Decreases in 

thorium loading of about 20^ for one or two cycles could also be made 

although this could not be done indefinitely due to the equilibrium cycle 

power peaking at end-of-cycle which would result. Some examples of flexi

bility are shown in Figure 3 where uranium makeup and power peaking per

turbations following a ± 10^ thori\im perturbation are shown. Actually two 

successive 10^ increases followed by two 10^ decreases were assumed. The 

actual HTGR thori\im adjustment flexibility is about twice that shown in 

Figure 3. Similar results are obtained for either one-time adjustments or 

for repeating plus and minus yearly changes in the reload thorium loading. 

The age peaking variation is minimal and acceptable for such thoriimi 

adjustments. 

For adjustments in only one or two cycles, increases in thorium loading 

lead to a corresponding U^^^ makeup increase being required. This is the 

opposite effect of what happens at equilibri-um where, for example, a higher 

thorium loading each cycle results in a reduction in the u^^^ makeup 

requirement, due to the larger amount of U^^^ being bred and recycled. 

The reverse of the above variation can also be utilized to obtain an 

extended cycle for the nominal U^^^ reload requirement if this is desired 

from refueling or other scheduling considerations. A plus or minus 10^ 

thori\im reloading adjustment with the nominal U loading changes the 

effective full power days per cycle by about ± 25 EFPD's. These results 

were all calculated for an ll60 MW(e) HTGR non-recycle case starting at 

the 5th cycle, at which time the average U^^^ makeup requirement was about 

TOO kgs/year. Therefore a ± 6^ makeup flexibility which typically results 

would represent ± 1+2 kgs U^^^ per year. This is about 10^ of the average 

makeup requirement after recycle operation starts. 
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Feed and Breed Fuel Characteristics 

All HTGR's require a constant enrichment (93^) in the makeup fuel 

regardless of time in cycle or position in the reactor; only the quantity 

of uranium blended with thorium is varied. The value of the uranium does 

not change with thorium blending as is the case with blending in the low 

enriched LWR fuel. Excess enrichment piirchased for one HTGR may be used 

in any other HTGR; thus exchange of enriched uranium is not complicated 

by variable enrichment considerations. 

Neutronically, bred u^^^ is more similar to fully enriched makeup fuel 

than is bred plutonium to low enriched uranitmi. For utilities with twin 

plant HTGR's there is a large degree of flexibility for exchanging bred 

or makeup fuel between plants. Thus one plant at a given reload could use 

the bred fuel component of both plants while the second plant could be 

reloaded later entirely on makeup fuel. 

Coastdown Capability 

The ability to obtain appreciable energy at the end of cycle by coast-

down operation is an important flexibility both from an operational stand

point and from a fuel utilization standpoint. The reactivity necessary to 

enable such operations comes from three primary sources. 

1. Reduced neutron captixre rate in Xenon-135. 

2. Lower core temperature. 

3. Lower neutron poisoning in the intermediate nuclide Pa ^^. 

The net effect of these reactivity contributions will, for example, 

from the reactivity point of view, permit operation at 50^ power for about 

175 additional days in the HTGR. The relative importance of the three 

mechanisms noted above is shown in Table 3 along with the comparable values 

for a PWR. Steady-state operation at reduced average power yields positive 

reactivity gains from the temperature defect, a reduced xenon concentration 

and a lower Pa^^^ concentration in a manner similar to that which occurs 

during coastdown operation. For example, the U^^^ makeup requirement to 

obtain 292 equivalent full power days (EFPD's) per load is about 5^ lower 

than the nominal value if it is assumed that the reactor operates at 80^ 

power for 365 days rather than at 100^ power for 292 days. 
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Table 3. Reactivity Contributions to Coastdown Capability 

Xenon e f fec t 

Temperature e f fec t 

Pa^^^ e f f ec t 

To ta l 

HTGR 

R e a c t i v i t y 
Effect a t 
50^ Power, 

Ak 

0.006 

0.005 

0.019 

0.030 

Poss ib le 
Addi t iona l 

Operat ion a t 
50^ Power 

(days) 

35 

30 

110 

1T5 

PWR 

R e a c t i v i t y 
Effect a t 
50^ Power, 

Ak 

0.006 

0.012 

0.018 

Poss ib l e 
Addi t iona l 

Operat ion a t 
50^ Power 

(days) 

h3 

90 

135 
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Thorium Shim for Power Matching 

The flexibility for redistributing thorium between blocks composed of 

dissimilar fuel to match power generation rates is an additional degree 

of flexibility over-and-above the more general total core thorium loading 

flexibilities discussed earlier. This flexibility is utilized in the 

HTGR after U^'^ recycle operation commences. 

Neutronically, about 1.1+ grams of u^^^ is equivalent to 1 gram U^^^ 

in bred fuel in an HTGR, Thus, the neutronic parity of U^^^ is 1.1+ or 

almost IT/12th the U^^^ value.^ 

The matching of bred U^^^ block neutronic or power sharing charac-

teristics to those of U^^^ makeup block characteristics has been studied 

in some detail. The two types of fuel can be matched neutronically by 

either reducing the fissile loading per block in the recycle blocks, 

roughly by the ratio of the neutronic parity of U^^^, or by a combination 

of intermediate fissile loading reductions coupled with an increased thorium 

loading block in the recycle blocks. Figure 1+ shows the combination of 

fissile and fertile loading ratios which neutronically match the two types 

of fuel. 

Figure 1+ indicates that when the fresh U^^^ loading per makeup block 

is about 1.1+8 times the U^^^ loading per recycle block, then the thorium 

loadings should be about equal (Point B) for neutronic parity. This would 

correspond to a core in which the recycle U^^^ is diluted by being dis

tributed in a relatively large number of recycle blocks. If the u^^' were 

instead concentrated in fewer blocks (e.g., to reduce refabrication charges), 

then the situation woiild tend toward Point A. In this case, the U^^^ loading 

per recycle block is only about 15^ lower than the u^^^ loading per makeup 

block. Neutronic parity would require compensation by increasing the 

relative thorium loading in the recycle block to about 60^ greater than 

that in the makeup block. 

It should be noted that the total core thoriiim loading is being held 

constant. Thus, in moving from B to A in Figure 1+, thorium is being 

shifted from fresh makeup blocks to recycle blocks to maintain neutronic 

parity. 
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A) Th/U = 9.4 in Fresh Fuel 

B) Th/U = 10.3 in Fresh Fuel 

0.9 

Figure 1+ 
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Thorium and Uraniim Loadings to Neutronically 
Match Recycle and Non-Recycle Fuel Blocks 
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CONCLUSION 

Although only selected cases have been considered in the work reported, 

it is apparent that there are many possible combinations of coastdown and 

reduced power operation during cycle coupled with thorium and/or uranium 

adjustment which could be utilized in an operating HTGR to either change 

the timing of required reloads or to accommodate off-nominal amounts of 

enrichment and still obtain maximum design exposTires. 
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THE LOW EMRICHED H.T.R. 

G.M. Insch 
A.J. Joyce 

INTRODUCTION 

Two principal fuel cycles have been proposed for the H.T.R. - the 

thorium/uraniiom (Th/U) and the low enriched uranium (L.E.U.) cycles. 

The first uses over 90^ enriched uranium as the initial fissile material, 

mixed with thorium as the fertile material producing U o which is fed 

back into the same reactor. The second uses uranium of about 9% enrich

ment, U c as the initial fissile material and U n̂ as the fertile 

material producing plutonium. In the U.K., however, the plutonium is 

usually assumed to be sold for use in a different type of reactor, 

notably the sodium cooled fast reactor. 

This paper makes some comparisons between H.T.R.s using these two 

fuel cycles, and describes a design developed in the U.K. to use the 

L.E.U. cycle. 

DESIGN IMPLICATIONS OF FUEL CYCLE CHOICE 

Fuel Element 

Studies carried out in the U.K. show that a fuel element design 

generally similar to that used by G.G.A. for Fort St. Vrain is suitable 

for both L.E.U. and Th/U fuel. Optimum core power densities are 

similar, about 8 Mw/m , the precise value depending on the assessment of 

permissible fuel temperature, faiiLt behavioiir, etc. However, optimum 

parameters differ significantly. Most important is the optimum ratio 

of carbon to heavy metal, which is much greater for the L.E.U. cycle 

when the fuel densities in the pellets are comparable. Because of 

fuel temperature limitations, optimum fuel pellet linear rating is 

about the same. Hence fuel elements for both L.E.U. and Th/U fuel tend 

to have the same pitch of fuel pellet and coolant holes, but the L.E.U. 

element has smaller diameter pellets and less mass of fuel. Typical 

near optimum parameters are shown in Table 1. 
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LEU 

0.6 

350 

Ik 

6 

112 

3 

h 

92 

26.8 

Th/U 

0.58 

265 

l6.5 

5 

83 

k 

5 

91 

36.0 

Table 1 - Typical Optimum Parameters 

Heavy metal density in fuel pellets (gm/cc) 

Ratio of carbon to heavy metal atoms 

Fuel pellet diameter (mm) 

Smallest graphite ligament (mm) 

Fuel rating (MW/te) 

Dwell time (years) 
_2 21 

Fast neutron dose (EDN n cm x 10 ) 

Fuel burn-up (GwD/te) 

Mass of fuel charge (te) for 3,000 MW (Th) 

The choice of heavy metal density gives a conservative packing 

fraction of particles, using in each case kernels in the range 

500-800 microns, and the U.K. developed pellets based on a graphite 

matrix derived by particle overcoating and hot pressing. The remaining 

parameters effectively derive from the optimum carbon to heavy metal atom 

ratio, though generating costs are not sensitive to small changes from 

the optimijm. 

It will be seen that, because of the difference in optiminn 

moderating ratio, to maintain the similar optimum core power densities 

the L.E.U. fuel rating is increased relative to the Th/U fuel. This 

leads to a shorter dwell time to reach a similar fuel burn-up, i.e. 

typically 3 years rather than h. However, despite the burn-ups being 

similar the higher moderating ratio of the L.E.U. system results in a 

softer spectrum and a lower fast neutron dose to the fuel. This may 

be important if high fuel integrity throughout burn-up is required, and 

if fast dose is the most critical cause of particle coating failure. 

This paper assumes, however, that the fuel life is burn-up limited at 
21 

90-95 GWD/te average, and that fast doses of 5 x 10 are acceptable. 

Fuel Management 

Figure 1 shows point reactivity variation with burn-up for typical 

Th/U and L.E.U. cycles, with burnable poison burning out after about 

15 GWD/te, which would suit refuelling twice a year. It will be seen 
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that the characteristics of the two cycles are similar. Both lose 

reactivity, after the poison burn out, at about the same average rate. 

Though the curves are slightly different in shape this is comparatively 

trivial for burn-ups under 100 GWD/te. Hence, from a reactivity point 

of view, to a close approximation the same fuel management schemes 

will be suitable for both cycles. 

The age factor for Th/U fuel is considerably greater than for L.E.U. 

fuel, giving rise in this example to a radial form factor 10-12^ greater. 

The effect of this on fuel endurance, though it is not accurately quanti

fiable, is believed to be approximately offset by the slightly reduced 

fuel temperature in the Th/U case resulting from the smaller graphite 

ligament and larger pellet diameter. However, if the same maximum 

coolant temperature from any column is specified, a large increase in 

column flow control range and about 15^ increase in gas circulator power 

is required. 

As explained above, however, consideration of maximum desirable 

burn-up tends to favour a 3 year dwell time for L.E.U. fuel and k years 

for Th/U fuel. The additional fuel costs involved in once yearly or 

twice yearly refuelling compared with continuous refuelling are found 

to be very similar for both fuels. The longer dwell time for the Th/U 

fuel results in only one-quarter of the core being removed per year 

compared with one-third for the L.E.U. fuel, and there is a consequent 

saving in refuelling time per annum of perhaps 3 days. 

Control Requirements 

Moderator temperature coefficients of reactivity in the operating 

range are between 0 and 2 mn/ C for the L.E.U. and between 1 and 2 mn/ C 

for the Th/U fuel. Fuel temperature coefficients are 2 or more mn/ C 

negative in each case, so that the overall temperature coefficients are 

always negative. The difference in temperature coefficients is not 

considered to have any significant effect on the control system. 

The worth of a given array of control rods is important, and 

whether this differs between the two fuel cycles. The worth of a complete 

control rod array depends on the conrpetition for neutron capture between 

the fuel and the control rods. It, therefore, depends on the mass of 
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fuel and its absorption cross-section, and also the neutron spectrum. 

For the typical examples of the two cycles a particular array of rods 

takes up 21.5 niles in the L.E.U. case and 23 niles in the Th/U case, 

when the core is unpoisoned at 150 C refuelling temperature. Figure 2 

illustrates the more realistic case of moving from all rods out, fiilly 

poisoned at normal operating temperature, to all rods in, unpoisoned at 

refuelling temperature, the L.E.U. reactivity change is 13.3 niles and 

that for the Th/U is 11.7 niles, so that the L.E.U. appears to have an 

advantage of about lU^, but this ignores protoactinium 233 which is 

present only in the Th/U case. Protoactinium is a poison with a half 

life of about k weeks, and a worth of about h niles at full power. If 

the reactor has been at full power for a considerable time prior to shut

down, then up to 5 weeks after shut-down the reactivity margins with the 

control rods inserted will be greater than for the L.E.U. case. If, on 

the other hand, the Th/U reactor has been operated at low power for a 

considerable time, this shut-down margin benefit from protoactinium 

cannot be fully claimed. Figure 2 illustrates these shut-down reactivity 

variations, and in each case appears to show very ample margins. However, 

these margins have to be sufficient to permit some faults in control rod 

handling, and depending on the pessimism of assumptions regarding such 

faults it may be found that these margins are not over-generous. The 

values are typical, and wo\ild vary somewhat according to the design of 

fuel elements and control rod systems. They show that the Th/U scheme 

might be preferred in that usually it provides greater shut-down margins 

initially together with time to put control rod faults right if they are 

discovered. If, however, control rod faults occur after the reactor has 

been shut down for many weeks the situation is worse than for the L.E.U. 

scheme. 

Since prolonged operation at less than half power is most unlikely, 

and since the rate of increase in reactivity due to protoactinium decay 

in the Th/U case is very slow and would be balanced off by a very gradual 

increase in core temperature, there seems to be little to choose between 

the two schemes with respect to control rod requirements. 
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Fuel Costs 

Fuel costs are not considered in detail because this cannot be done 

usefully without quoting manufacturers' confidential information. However, 

some of the important facets and general conclusions will be discussed. 

The cost of the first charge of the graphite blocks is about equal 

for both cycles. The same block size and pattern of fuel, coolant and 

control rod holes can be used. The Th/U block has rather larger fuel 

holes and smaller graphite ligaments, which might lead to greater scrap 

rates and so marginally higher cost. Replacement graphite costs will be 

less for the Th/U cycle because of the h year dwell time, and total fuel 

block graphite costs are estimated to be about 13% less for the Th/U cycle 

than the L.E.U. cycle. 

Fuel pellet manufacturing costs are dominated by the cost of particle 

manufacture and the radiation protection required for personnel. 

In the L.E.U. cycle all fuel particles are the same, typically 800 

micron UO kernels with pyrocarbon/silicon carbide/pyrocarbon coatings. 

The uranium is about 9% enriched, and any recycled material it may contain 

will not be significantly gamma active. 

In the Th/U cycle it has been proposed that different particles be 

used for the fertile and fissile fuel. In this case criticality consider

ations severely limit the manufacturing batch sizes of the fissile 

particles, and their handling, until they can be guaranteed safely mixed 

with the fertile particles. If small or low density fissile kernels are 

used coating times will be comparatively long. These problems cause the 

Th/U particles to be considerably more expensive to make than the L.E.U. 

particles. Use of different particles permits reclamation of U o but 

rejection of U /- which is a poison bred from U :-

It may be that use of a single particle, despite the penalties of 

recycling U /-s will prove more economic. 

U „ , a product of thorium after neutron capture, initiates a decay 

chain eventually producing a 2.6 Mev gamma, with about 75 years half life. 

Consequently reprocessing and fabrication of fuel containing urani-um bred 

from thorium must be carried out behind heavy shielding. This causes 
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considerable extra expense relative to the L.E.U. fuel. 

Taking into account the greater fuel mass in the first charge, the 

additional difficulties of different particle sizes, and reprocessing and 

fabricating gamma active fuel, fuel pellet costs are estimated to be some 

kO% higher than for Th/U than L.E.U. 

Total enrichment costs, less credits reclaimed for U and plutonium, 

crediting Pu at $9/gm, are estimated to be about 10% less than for the Th/U 

than the L.E.U. fuel. 

Taking all these differences into account the L.E.U. cycle appears in 

the U.K. to be some 3% cheaper than the Th/U cycle, and adoption of the 

L.E.U. cycle avoids any need in the U.K. to develop and build plant outside 

present experience to deal with manufacture of gamma active fuel. 

LOW ENRICHED URANIUM H.T.R. DESIGN 

General Description 

The H.T.R. station described in this paper comprises one helium 

cooled reactor driving two main 666 M.W. turbines and two auxiliary 

turbines which produce the house load and a small exportable output. The 

station nett output is 1,350 M.W. Special attention has been given to 

safety, plant protection and provision for repair and maintenance. 

The design employs high integrity fuel with moderate operating 

temperatures and ratings chosen to limit in-service particle failure to 
h . . . . . 

very low levels, of the order of 1 m 10 . The object is to limit radio

active contamination of reactor components to low levels, so that there 

will be no undue difficulties in carrying out repair or maintenance work. 

The boilers and circulators are relatively easily replaceable using remote 

handling equipment. 

Figure 3 shows the general arrangement of the reactor. The vessel 

is of prestressed concrete, cylindrical, with boilers and helium circu

lators housed in pods in the wall, very similar to the vessels \mder 

construction in the U.K. at Hartlepool and Heysham. Prestressing is by 

vertical tendons and circumferential wire winding. There are k main 

boilers through which some Qk% of the helium is circiilated, and k 

auxiliary boilers which operate continuously taking the remaining 

l6% of helium flow. Gas flow is downwards through the core. Fuelling is 

file:///mder
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Fig.3. General arrangement of reactor. 
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carried out off load, annually with a 3 batch system, through an array of 

penetrations in the vessel cap. 

Table 2 - Selected Performance Parameters 

Reactor power 

Reactor gas inlet temperature 

Reactor gas outlet temperature 

Helium flow through reactor 

Helium pressure 

Main circuit pressure drop 

Boiler feed temperature 

Main boiler steam flow/reactor xr../,... i. ̂  __ •, ̂  

MW 

°C 

°C 

Kg/sec 

b a r 

b a r 

°C 

Kg/h r 

°C 

b a r 

°C 

b a r 

MW 

MW 

3^32 

273 

72l| 

11+60 

^ 9 . 3 

0.81+ 

182 

l+.O X l o ' 

538 

160 

1+59 

93 

38 

1351 

0.39^ 

Steam temperature at turbine inlet 

Steam pressure at turbine inlet 

Auxiliary boiler steam outlet temperature 

Auxiliary boiler steam outlet pressure 

Total gas circulator power input 

Nett generated output 

Nett efficiency 

Steam Cycle and Boiler Design 

Figure h shows the basic steam cycle arrangement, which it is 

necessary to understand to appreciate the boiler arrangements. 

The main boilers provide steam which passes to the main turbines. 

After passing through the H.P. and I.P. cylinders, this steam is taken 

to a steam to steam reheater where it is reheated to 2̂ +6 C before being 

ret\arned to the L.P. cylinder. Exhaust steam from the H.P. cylinder is 

also used to drive the main boiler feed pump. 

Steam from the auxiliary boilers is split, part to drive two 35 M.W. 

condensing turbine generators, part to drive two auxiliary boiler feed 

pumps, and the remainder to the reheater to reheat the main turbine steam. 

The exhaust from the reheater is used for feed heating. The two 35 M.W. 

turbine generators supply the helium circulators and other house loads, 

and export the remainder of their output. 

The main boilers are not required to operate steaming below about 

20% full load. The reactor is started up using the auxiliary boilers 
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only, and in the event of a reactor shut-down or trip, the main boiler/ 

circulator units are shut down, the boilers emptied, and as a matter of 

routine prepared for recommissioningj the main turbines will be tripped 

out. In the case of a reactor trip stored heat and after heat from the 

reactor will maintain the auxiliary boilers .steajning for an hour or more 

driving their associated turbine generators, feed and C.W. pumps, thus 

maintaining continuity of all necessary cooling flows for the safety and 

protection of the reactor. Subsequently the grid or the diesel instal

lation will provide the necessary power. 

The main boilers (illustrated in Figure 5) are arranged with down-

flow of water and steam and upflow of helium. The use of downflow 

boiling is supported by test work which has shown that flow will be 

stable in their operating range of 100% to 20^ full load. The heating 

surface is arranged in concentric miilti-start helices and is supported 

by straps from radial arms welded to a central support column at the cool 

top end of the unit. The concentric coils are wound alternatively 

left and right hand. Each tube is fed individually from a tube plate 

in the central feed header. The feed tube bundle is housed in the 

central support spine. At exit from the spine the tubes are disposed 

in flexibility coils before entering the economiser. The superheater 

tubes are reduced in number by trifurcations at outlet and the outlet 

tails formed into flexibility coils in the lower part of the pod. The 

tails are fitted into 6 superheater outlet headers at the bottom of the 

pod. Tube materials are successively silicon killed carbon steel, 

2l% Cr - 1% Mo alloy and Incoloy 800. 

The auxiliary boiler units are arranged with upflow of water and 

steam, and downflow of helium, by an arrangement of internal gas passes. 

The silrface is helically wound as in the main boilers, but supported 

from the cool bottom end. The tube materials are silicon killed carbon 

steel and 2^^ Cr - 1% Mo alloy. Because of the lower steam temperatures 

and pressures the scantlings of these boilers are much lighter than for 

the main boiler and less susceptible to thermal shock. This accords 

with the arrangement by which in faults causing reactor trip the main 

boilers are taken out of service and the transient fault cooling duties 

carried by the auxiliary boilers. 
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Fig.5. Main boiler and gas circulator. 
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The heli\am circulators are electrically driven. The main \mits 

have axial impellers, and the auxiliary units centrifugal impellers with 

variable speed motors. 

Graphite Stack and Refuelling 

The fuel element is illustrated in Figure 6. The fuel pellets are 

ll+ mm diameter, 28 mm long, containing the particles with a 25% packing 

fraction, in a graphite matrix of 1.7 gm/cc. The fuel block is hexa

gonal in shape, 1+20 mm across flats and 750 imn long. All blocks in 

the active core are identical and contain 126 fuel holes ll+ mm in diameter. 

There are 1+2 coolant holes 25.5 mm diameter and 36 coolant holes 19 mm 

diameter. The control rods and reserve shut-down absorber pass through the 

10l+ mm diameter central holes in the blocks. There are 6 holes in each 

block, one at each corner of the hexagon, for biornable poisons. 

The active core consists of 1+71 columns each containing eight 

stacked fuel elements. There are reflector and shield bricks above and 

below each fuel stack, and graphite hexagonal brick columns of similar 

size to the fuel columns form a removable radial reflector. Radial 

shielding is provided in larger outer columns shaped to form a regular 

boundary. Each column is supported on a graphite strut which bridges 

the coolant outlet plenimi, and rests on a load bearing ceramic 

insulation layer. 

Refuelling penetrations in the vessel cap each give access to a cell 

of 12 columns. Refuelling takes place annually off load, depressurised, 

in a 3 week period. During each refuelling the fuel blocks of 1+ adjacent 

columns in each cell of 12 are renewed. This arrangement permits use of 

a robust telescopic fuel lifting tool with direct vertical entry from the 

penetration into the space it clears. The tool carries a stout probe type 

grapple at its lower end capable of being moved laterally to insert into 

the central lifting holes in the graphite blocks. 

On load flow adjustment, coolant outlet thermocouples and gas sampling 

for fission product activity, are provided for each set of 1+ columns. 

1+ control rods and 2 R.S.D. absorbers are assigned to each cell of 12 

colimins, providing for reactor shut-down with large margins against react

ivity faults. 

file:///mits
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ADAPTABILITY OF L.E.U. DESIGN TO TH/U FUEL 

By drilling the fuel holes of the fuel element to a slightly larger 

size to accommodate the larger pellets preferred for the Th/U cycle, a 

near optimum Th/U arrangement would be obtained. There would be a 

reduction in the graphite ligament to about 5 mm, but G.G.A. has success

fully produced fuel elements with similar ligaments. No other change in 

the fuel element would be required. 

Control rod requirements are very similar, and it is believed that 

the provisions in this design would also be adequate for the Th/U cycle. 

Because of the age factor difference mentioned earlier, to maintain 

the same maximum coolant outlet temperature, the reactor would have 

initially to be designed with about 15^ spare circiolator power which 

woiold have to be available as pressure rise, not flow. This would 

probably require a substitute impeller. The column flow control woiild 

have to be designed with a much greater range, otherwise the majcimum 

column outlet temperature would rise by about 50 C, or the reactor would 

have to be derated by about 3 or k%. 

No other significant changes appear to be required. Thus with the 

above-mentioned relatively minor modifications the reactor described 

could be adapted to suit the Th/U cycle. 
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HTGR COMPONENT TESTING i 

J. CHABOSEAU Y. CORNILLE 

A. CHAPELOT L. PATARIN 

INTRODUCTION 

This paper describes tests on HTGRs components which are 
carried out within the framework of a R and D program in FRANCE, mainly 
in cooperation with GENERAL ATOMIC. 

This program takes advantage of the previous effort made in 
FRANCE on the components of graphite moderated natural uranium reactors, 
cooled by C0_, (called in French UNGG reactors). 

The UNGG line consist of as many as nine reactors in FRANCE 
and SPAIN. The components testing has required the construction of very 
important facilities in the premises of the three interested parties, 
namely ELECTRICITE DE FRANCE (EDF), COMMISSARIAT A L'ENERGIE ATOMIQUE 
(CEA) and French INDUSTRY. Many UNGG components were new concepts (PCRV, 
graphite stack, steam generators, circulators, fuel handling machines . . . ) . 
Most of them are found again with the required adaptations in the HTGRs. 

Among the notable UNGG components tests, one can mention the 
steam generator tests performed by EDF, the circulator tests by EDF and 
CDMPAGNIE ELECTRO-MECANIQUE (Fig. 1), the fuel handling machine tests by 
CREU50T-L0IRE (Fig. 2), the PCRV model tests by 5PIE, the graphite stack 
tests by EDF and CEA (Fig, 3). The UNGG program for components as well as 
for fuel has culminated in providing the french teams with research faci~ 
lities and a considerable experience in gas cooled reactors. 

These facilities and experience are proposed by FRANCE for the 
joint development of new gas reactors cooled by helium. They are now 
used either for isolated particular tasks (for the german THTR for ins
tance ~ thermal insulation of the hot boxes at the exit of the core, con
trol rod mechanism, graphite vessel) or in the framework of general agree
ments with DRAGON Project in Europe and GENERAL ATOMIC in the USA. 

Thus, the french effort devoted to gas reactors is undergoing 
a renewal. Today, this effort is aiming at the development of HTGRs with 
steam cycle, which represents a starting point for a series of very at
tractive advanced gas cooled nuclear systems (Direct Helium Cycle, Heat 
process, GCFR). 
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Fig. 1 - EDF Circulators test facility at SAINT-DENIS (FRANCE) 
Pressure 66 bars (958 psi), temperature 300°C (572''F), cooling 
system capacity 30 MW. 



164 

Fig, 2 - CREU50T»L0IRE Fuel handling machine for ST-LAURENT 1 
REACTOR. 



Fig. 3 - Meqhanical testing of CHINON 3 graphite stack. Quali
fication of CEA blocks keying system during thermal expansion 
of metallic restraint and support structures. 
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The agreement between CEA-GHTR (*) and GA brings together the 
resources and the results of the UNGG, PEACH BOTTOM and FORT-SAINT-VRAIN 
reactors for the development of large HTGRs. 

A fairly comprehensive joint french-american program for 
components and fuel development has been established, which should gua
rantee reliable operating conditions for the power plants equiped with 
HTGRs. The following paragraphs describe the french part of this program, 
with exception of fuel development (the fig. 4 shows the main objectives). 
The american partner GA deals completely with some conrponents such as circula
tors, control rods mechanism and refueling equipment. 

CORE AND ASSOCIATED INSTRUMENTATION 

The core of an HTGR consists of many large hexagonal fuel 
blocks, approximately 4,000 in the case of a 3,000 MW(t) reactor. This 
array of blocks and the associated reflector elements at the top, bottom 
and sides of the core constitute the active part of the reactor and occu
py a volume the dimensions of which are approximately 27.B feet in dia
meter and 20.B feet in hight. Since there are some BO different fuel re
gions within the active core of a 3,000 MW(t) HTGR, it is necessary to 
provide some means to control the gas exit temperature from each region. 
In this regard an orificing system has been located at the inlet of each 
region to adjust the coolant flow. The individual flows within a fuel re
gion of seven columns are joined at the core outlet in a complex geometry 
of intersecting holes. The adequacy of the mixing of the helium flows 
within a fuel region and between regions and the monitoring of temperatu
res of these mixed flows is an area of interest. The clearances between 
the hexagonal blocks allow for the changes in graphite dimensions during 
the life of the fuel elements and constitute a problem with respect to by
pass flow and to seismic excitation. The design of the seismic restraint 
for the core and its behaviour are particular areas of interest. Further, 
the core must be suitably supported by a system which is essentially made 
of graphite and ceramic and is capable of withstanding the shocks and high 
core outlet temperatures. Finally, one needs information to control the 
flow valve setting at each fuel region inlet : this consists of signals 
fed back from thermocouples at the core regions exit and from self-
powered neutron detectors. In accordance with these design requirements, 
the joint GA/CEA program includes the tests described thereafter. 

(*) Groupement Industriel Frangais pour les R§acteurs S Haute Temperature 
(CREUSOT-LOIRE, COMPAGNIE ELECTRO-MECANIQUE, PECHINEY-UGINE-KUHLMANN, 
CERCA). 
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Seismic stability 

Using the VESUVE facility at 5ACLAY a model core was construc
ted and a spring restraint system associated with the design was tested. 
This program is at the stage of data reduction and the information is not 
available at the moment to determine the effects of spring stiffness on 
the response of the core. This work will be used in conjunction with the 
GA program which has been undertaken in the United States to understand 
the seismic behaviour of the core. 

Lateral core structure 

In the series of tests proposed to be done in FRANCE an attempt 
will be made to model the behaviour of the lateral regions of the core by 
using air flow simulation of the hot helium flow with adequately adjusted 
Reynolds numbers. Measurements will be made of the induced block vibra
tions and local pressure drops. An indication of the sealing efficiency 
of the lateral structure will come from the results of this test. 

Core support posts 

A series of tests is already started to investigate the mecha
nical behaviour of graphite posts as a function of the length to diameter 
ratio when loaded in compression and as a function of verticality defect. 
The object of these tests is to verify the failure mode of the graphite 
under conditions truly simulated. 

Flow distribution 

There are two complementary tests involved in determining the 
flow distribution in the core. 

The most important of these tests involves the construction of 
a full scale single fuel region of the core (7 columns) with a complete 
orifice valve device on the top reflector and the full bottom reflector 
structure. This test will be done with simulated flow conditions in he
lium and appropriate Reynolds numbers. The CARMEN 2 helium loop facility 
at SACLAY (Fig. 5) will be used for this test. Prior to this test indivi
dual air flow tests will be done on components such as the orifice valve 
and the top reflector section to determine individual pressure drops. 

Concurrently with this test a program will be devoted to the 
design of the core outlet region which involves the testing of two alter
native methods of temperature determination using thermocouples. One me
thod will employ a vertically inserted thermocouple with a probe protru
ding below the mixed flow region of the core outlet. The other method will 
employ an horizontal thermocouple positioning device. The object of these 
tests is not to determine the performance of the thermocouple per se, but 
to determine the effectiveness of the gas mixing and the correlation bet
ween the temperature measured by the sensing probe and the true mixed 
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mean temperature. Obviously, this requires a great deal of instrumentation 
such as heat fluxmeters and thermocouples to determine in detail the mass 
flow and temperature distribution. 

Thermocouples for coolant outlet temperature measurement 

In this case, a near-actual simulation of reactor conditions 
will be brought about by the use of helium loop furnaces operated in the 
OSIRIS swimming pool reactor at SACLAY. Environment in terms of gas com
position, temperature and total neutron fluence for the expected life of 
the thermocouples will be obtained. The behaviour of the specimens will 
be monitored during this irradiation. It is anticipated that this test 
will give an accurate indication of the reliability and life time of ther
mocouples. 

Self-powered neutron detectors 

The self-powered neutron detectors will be tested in a similar 
way to the thermocouples in the OSIRIS reactor. Again, a true simulation 
of environment in terms of gas composition, thermal cycling and total 
neutron fluence will be obtained. Again, the performance of the specimens 
will be monitored in view of establishing the reliability of these devices. 

PCRV AND THERMAL BARRIER STRUCTURES 

The large 2,000 and 3,000 MW(t) HTGRs employ a pre-stressed 
concrete reactor vessel (PCRV) of the multi-cavity type which has been 
successfully pioneered in Europe. This vessel uses the concept of a gas-
tight membrane surrounded by a concrete structure with conventional 
bonded reinforcement and a prestressing system which puts the vessel in 
compression and balances out the internal pressure forces during reactor 
operation. In the PCRV concept considerable reliance must be placed upon 
the adequate performance of a thermal barrier system which limits the heat 
flux from the hot coolant gas into the concrete structure. The total 
coverage of the reactor cavity employs variants of a basically similar 
concept, with the exception of the core support floor. The basic concept 
involves the use of a compressed fibrous blanket which is sealed with 
moderate thickness metal sheets. The intention is to avoid the loosening 
of the fibrous barrier material and the direct contact of hot helium with 
the PCRV liner steel. In the United States the pre-stressed concrete 
reactor vessel concept has been used with the FORT-SAINT-VRAIN 330 MW(e) 
reactor. However, the large reactor uses several essentially different 
characteristics in its PCRV design and many of these features require 
testing. The French program is aiming at proving out many of the concepts 
employed in the multi~cavity PCRV. Details of the CEA tests follow. 



171 

1/10 Scale PCRV model 

A 1/10 scale model of the 3,000 MW(t) PCRV will be constructed 
and hydraulically pressure tested in a range of pressures established to 
produce ultimate failure. The accuracy of simulation in a 1/10 scale model 
is obviously compromised to some extent due to considerations of aggregate, 
tendon and penetration representation in such a small scale model. Similar
ly, the bonded reinforcement will be simulated. A further compromise will 
probably be made in the design of the steam generator closure plugs. These 
will likely be solid steel representations of a composite steel and con
crete structure. The intention is to pressurize the model in three basic 
stages. The first stage being zero to maximum cavity pressure, the se
cond being a cycle of zero to twice maximum cavity pressure and the final 
test will be from zero to failure pressure, this being expected to exceed 
three times maximum cavity pressure. An effort will be made to develop 
the failure to the ultimate failure mode of the vessel by inserting a 
membrane within the model which allows to pressurize to the first cracking 
failure mode and then by pressurizing the impermeable membrane to demons
trate the final failure of the vessel. 

Steam generator cavity closure plugs 

One fifth and 1/20th scale models will be constructed for this 
component of the PCRV. The intention of the test program is to demonstra
te the behaviour of the plug within its restraining boundaries under 
initial failure conditions and then to test the backup system of a bayo
net locking fitting. 

PCRV Liner 

Much work had previously been performed at GENERAL ATOMIC in 
relation to the liner of the FORT-SAINT-VRAIN pressure vessel. It has 
been considered, however, that further work should be performed on liner 
structure buckling mode and the CEA program is intended to supplement the 
earlier work. Some additional tests will be performed on cylindrical li«« 
ners which employ no shear anchor studs to prevent buckling. The reason 
for this design approach is that the thickness to diameter ratio of the 
steam generator cavity liner is sufficient to avoid the use of shear 
anchors. Consequently, 1/12 scale cylindrical models of the steam genera
tor cavity liners with different diameter to thickness ratios will be 
tested in compression to determine their buckling characteristics and 
verify the design conditions for the large HTGR. The plate liner tests, 
which simulate the main core cavity liner, which of course has a very 
large diameter and employs only 3/4" thick steel, will cover the normal 
areas of investigation such as the effects of studpitch, mis-match in 
welds between adjacent plates and the effects of missing stud anchors. 
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Thermal barrier structures 

The large HTGR differs considerably from the FORT-SAINT-VRAIN 
reactor in that the multi-cavity PCRV requires the use of many horizontal 
cross ducts between the core cavity and the pods. The major effort at CEA 
is to demonstrate the adequacy of these structures, in particular the hot 
ducts. A supplemental program is being undertaken to extend areas of ear
lier knowledge on thermal barrier general behaviour. 

Hot duct 

Initially the hot duct structure tests will use a 0.6 scale 
model in a small helium loop at SACLAY, called CHELA, where it is inten-
ted to measure and demonstrate the thermal performance of the barrier 
structure. This will be followed by a full-scale test in the CARMEN 2 
facility under pressure, temperature, speed and pressure drop conditions 
experienced in the reactor. After demonstration of the thermal and mechanical 
behaviour of the hot duct assembly under normal reactor conditions, there 
will be deliberate damage produced in the welded attachments to the liner 
which will permit by-pass flow of helium through the insulation behind the 
cover sheets. The performance change of the structure under these condi
tions will be explored. The final testing of the structure will be to rai
se the temperature as high as possible in the loop (about 1000''C) and in
vestigate the final performance of the structure under very adverse condi
tions. 

Fibrous materials 

A criterion of performance of the thermal barrier is that 
blanket material under compression shall not relax, to prevent helium 
channelling through and behind the blanket. The spring load applied by 
the blanket on the cover plate and fastening structures must keep a suffi
cient value . In this regard a first series of tests is being performed on 
small samples to measure the relaxation characteristic under periods of 
exposure which simulate temperature gradient conditions across the thermal 
barrier for periods up to 20,000 hours. These tests will be performed in 
helium of reactor purity but the pressure conditions will be slightly in 
excess of one atmosphere. The thermal performance and resilience or rela
xation characteristics will be measured in the running and at the end of 
the test. In a further series of tests, panels of the exact design will 
be submitted to conditions simulating over-temperature due to thermal 
transients corresponding to the activation of the emergency core cooling 
system. The final testing is to reach the panels destruction by one hour 
long overheating. 
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Fastening structures 

In the mechanical design of the thermal barrier there are many 
sliding interfaces in which contact pressures vary from moderate to ap
preciable values approaching a thousand pounds per square inch. Pas"*̂  e><~ 
perience has shown that the use of such materials as nitrited nitralloy 
and plasma flame sprayed chromium carbide and nickel aluminide coatings 
prevents self-welding. A friction and wear study program, will be under
taken at CEA on various material couples to be used in the design under 
conditions of helium impurities. The effects of dwell times in cycling on 
friction and wear behaviour of these couples will be investigated. 

Ceramic structures 

A final area of interest in the thermal barrier system invol
ves that region in the lower core support floor where the temperatures 
are the highest. In this case a ceramic system is used, very largely 
consisting of fused silica blocks. A small program will be undertaken at 
CEA to get more precise information upon the actual conductivity in he
lium of this fused silica material as a function of temperature and mate
rial source. These measurements will be done on American and European 
products. Looking forward to the future development of the HTGR and its 
possible application to the direct cycle helium turbine system and as source 
of process heat, CEA has an internal program for a largeruse of fused si
lica and other ceramic materials in the highest temperature regions of 
the HTGR. From this work it is conceivable that a ceramic hot duct design 
may eventually evolve, 

STEAM GENERATORS 

The steam generators for the large HTGR consist of either four 
or six modules, for the 2,000 and 3,000 MW(t) plants respectively. These 
modules consist of a once-through, helically-coiled steam generator sys
tem with integral reheat, made of chrom-molybdenum steels and Incoloy 800. 
Superheater outlet conditions SIS^C, 172 bars (2,500 psig) steam result in 
this design. Since this system requires accurate control of helium and 
steam flow in order to prevent instabilities and local hot spots, there 
are several areas of component development which require supporting test 
programs. These test programs are being carried out at CEA in order to 
understand such design parameters as helium mixing, in particular at the 
reheater section, boiling stability, vibrations and acoustic excitation. 

Gas mixing 

Hot streaks are coming within the helium flow from the core 
outlet or are generated within the steam generators due to plugged tubes. 
An experiment to determine the degree of gas mixing within the bundles 
must be carried out. In this instance, a geometric model of a segment of 
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the steam generator tube bundles in a rectilinear simulation is to be 
made for test with heated air flow. Hot streaks will be injected within 
the model and sufficient instrumentation will be employed to accurately 
determine temperature and flow maps. The simulation of the plugged tube 
effects will be made using electrically-heated stainless steel tubes 
inserted within the bundle model. 

Boiling stability 

Two principal test programs will be employed to determine the 
boiling stability behaviour of the helically coiled tubing. In the first 
case, tests will be carried out on the existing facilities of the ZEBULON 
loop in France. The ZEBULON loop utilizes a sodium potassium eutectic heat 
transfer medium and has been employed for the development program of the 
sodium cooled fast breeder reactors. This program initially looks at up
hill boiling which is the actual feature in the current standard large 
HTGR. If it can be successfully demonstrated that instabilities can be 
deflected and induced within the system and furthermore related back to 
predictive computer codes, the tests will continue at a later date into 
examination of downhill boiling. Downhill boiling would of course permit 
an interesting improvement of the steam generators and represents quite 
an incentive to do further work. Following the initial testa on the 
ZEBULON loop, the CARMEN 2 loop will be employed in the steam generator 
program to study boiling stability in sections of real steam generator 
tubing as anticipated in the large HTGR. In this case, normal helium flow, 
temperature and pressure conditions will be obtained in the loop. The 
temperatures and pressure drops under a variety of flow conditions will 
be measured within the steam generator tubing. In this program, the 
cooperation of C.CM.-SULZER and NPPC (Panama City, Florida) will take 
place to develop the tube bundle and the associated steam system which 
is connected with the CARMEN 2 loop. This large scale test will have the 
additional advantage that the aspect of the tubing on both the helium and 
steam side will be examined at the conclusion of the test program. Fur
thermore, the problem of insuring against fretting damage at the tube 
support tube junction can be studied within this program. 

Vibrations 

Models will be constructed simulating various portions of the 
steam generator geometry and subjected to gas flows within an air blower 
test rig in order to measure the induced vibrations and also measure 
acoustic sources, their intensities and spectral distribution. The test 
results will be compared to computer calculations given by codes now 
used in the design of the steam generator. The program will also pro
duce information from the aerodynamic characteristics within the steam 
generator bundle and allow determination of lift coefficients on tubing. 
It is a matter of interest that considerable attention has been paid to 
these vibrations effects for the design of the large HTGR steam generator 
by GA and others in Europe and the United States. For instance, the tube 
spacing is very important for eventual coupling phenomena between tubes. 
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As mentioned before, in the discussion of the CARMEN 2 boiling stability 
test, the vibration program will allow the knowledge of the vibration 
level of steam generators under true full flow conditions within the HTGR 
and therefore to predict their mechanical behaviour, 

CONCLUSION 

After this brief description of the main objectives of the 
joint CEA/GA development program on HTGR components one can appreciate 
the magnitude of resources used for validating the design of such major 
components as the core structure, the pressure vessel and the steam gene
rators. 

We are convinced that this program will contribute efficiently 
to the reliability of large HTGRs, 

The same facilities and the acquired experience will be use-
full too in the future to improve the behaviour of the components and to 
achieve better economics of construction as well as exploitation. Also 
the performances of such facilities as for instance the CARMEN 2 multi
purpose gas loop should allow FRANCE to contribute to the development of 
helium advanced nuclear systems. 
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PRESENT THORIUM-CYCLE CONCEPTS AND PERFORMANCE LIMITATIONS* 

T. D, Guldenf 
J. L. Scott** 
C. Moreautt 

ABSTRACT 

Fuel for the thorium-cycle HTGR has evolved from the 
partially segregated fuel used in the Peach Bottom and Fort 
St. Vrain reactors to complete segregation of fissile and 
fertile species in separate coated particles for the current 
generation of large commercial HTGRs. The extensive fuel 
development and test programs for the early HTGRs provide a 
technology base for the ciirrent fuel. All significant 
changes from this base technology, which have resulted from 
efforts to optimize the fuel cycle, have now been success
fully demonstrated in irradiation tests to and beyond peak 
design exposures. The performance of the fuel particles is 
limited by irradiation-induced mechanical stresses and by 
chemical reactions, including the amoeba effect. Models 
are available to describe most of these phenomena with vary
ing degrees of accuracy. Normalization of the models with 
experimental results provides a firm basis for predicting 
fuel performance. A number of potential improvements in the 
coated particle fuel are under investigation both in the 
United States and Europe. These developments offer signifi
cant promise for improving HTGR fuel with respect to per
formance, fission product retention, and economics. 

INTRODUCTION 

1-7 A number of recent papers have reviewed the evolution and status 

of HTGR fuel technology in the U.S. and Europe. It is evident from 

these that there are many more instances of commonality in the fuel 

developed at the various centers than there are differences. In par

ticular the block fuel element design, similar to that developed by 

General Atomic Company (GAC), is becoming very generally accepted for 

*¥ork supported in part by the USAEC under Contract AT(oi|-3)-l6T, 
Project Agreement 17. 
tGeneral Atomic Company. 
**Oak Ridge National Laboratory, 
ttCommissariat a I'Energie Atomic, Grenoble. 
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the current generation of commercial reactors. This high degree of 

commonality is not really surprising in view of the high degree of inter

national cooperation through the Dragon Project in E\irope, and coopera

tion between GAC and Oak Ridge National Laboratory (ORNL) through the 

USAEC in the United States. 

Differences in approach at the various centers become more apparent 

in the fuel compacts and fuel particles, although even here there is much 

in common in design principles and performance criteria. Differences in 

the fuel arise from the great flexibility of the HTGR system in the 

selection of fuel cycle. The particular cycle most appropriate to the 

local conditions in each country can be selected, without affecting the 

overall plant design in a major way. The thorium cycle has been empha

sized in the United States, Germany, and recently, France, while the low 

enriched cycle has recently received primary emphasis in the United 

Kingdom and elsewhere. 

A comparison between low enriched fuel, as developed by the Dragon 

Project, and the GAC thorium-cycle fuel is shown in Table 1. Obvious 

differences can be seen in the larger kernel and the kernel porosity 

used in the low enriched fuel. The large kernel leads to a relatively 

large power output per particle. However, in spite of these differences 

the power density in the low enriched coated particle and in the thorium-

cycle fissile particle is quite similar. The power density in the 

thoriiim-cycle fertile particle is considerably lower. The somewhat 

lower fuel loadings in the thorium-cycle coated particles leads to a 

requirement for a higher particle packing fraction in the fuel compact 

to obtain the same heavy metal loading. This is obtained through the 

use of a fuel rod with coated particles in random close packing. The 

rods are produced by a hot injection process, and fuel loadings are 

adjusted by the use of inert "shim" particles. The lower packing fuel 

compacts for the low enriched system are made by an overcoating and 

compaction process. The resulting compacts have a comparatively high 

strength, which was particularly important in early United Kingdom HTGR 

designs that required the fuel element to meet certain structural 
3 requirements. The particles m the overcoated compacts tend to be 
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Table 1. Comparison Between Thorium-Cycle and 
Low Enriched Fuel Characteristics 

Characteristic 

Fuel kernel 

Enrichment, % 

Diameter, ym 

Porosity, % 

Peak burnup, % FIMA 

Coating 

Thickness, ym 

(Volume fuel)/ 
(volume coated parti cle) 

U.K. Low 
Enriched 

UO2 

~5 
800 

-20 

-10 

TRISO 

190 

0,27 

Fuel 

GAC Thorium-
Cycle Fuel, 

Fissile/Fertile 

UC2/Th02 

93/0 

200/500 

~0 

75/7 

TRISO/BISO 

170/160 

0.05/0.22 

Coated particle operating 
parameters 

Power per particle 
(average), watts 

Power density (average) 
watts/cm-^ of particle 

0.2 

226 

0.02/0.02 

263/85 

il rod parameters 

Process 

Particle volume, % 

Heavy metal loading, 
g/cm3 

Overcoat/ 
compaction 

<l+0 

-0.8 

Hot injection 

6̂5 
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surrounded by matrix material with a circumferential texture that may 

act to improve particle performance. 

The hot injected fuel rods, with their relatively low matrix density 

of'vlg/cm , are well suited to the GAC fuel element design that does not 

impose any structural requirements on the fuel rod. The hot injection 

process, being a relatively conventional single-step process, has a 

significant cost advantage over the more complex overcoating and compac

tion process used in the United Kingdom. The thermal conductivity of the 

hot injected fuel rods ranges from i| to 8 Btu/ft-hr- F. There is poten

tial to increase this, perhaps by as much as a factor of 2, which would 

result in a significant reduction in fuel rod centerline temperatures. 

Development of higher thermal conductivity fuel rods for U.S. HTGRs is a 

long-term development goal. 

A large number of irradiation tests in the U.S. and in Europe have 

demonstrated that either approach produces a satisfactory fuel. This 

again demonstrates the flexibility in choice of fuel for the HTGR, An 

example of the reference fuel particles for the thorium-cycle HTGR, 

irradiated beyond peak design exposures, is shown in Fig. 1, 

Within the thorium cycle there is still room for flexibility in 

choice of fuel type. Fuel for commercial plants in the U.S. has evolved 

toward completely separable fuel; that is, the U~235 is always kept 

separate from the thorium and the bred U-233 through the use of different 

fissile and fertile particles. This is the optimum fuel from a neutronic 

standpoint, and it maximizes the utilization of fuel resources. In the 

German AVR and THTR reactors, in the Peach Bottom reactor, and to a 

lesser extent in the Fort St. Vrain reactor, fissile and fertile 
7 

materials have been mixed in the fuel kernels. This approach involves 

some compromise neutron!cally. However, it has certain other potential 

advantages in fabrication, and possibly in performance. The low-burnup 

highly refractory nature, and low rate of oxygen liberation due to 

fission, may make the fully mixed (Th,U)0 particle, such as that being 

fabricated for the THTR, the most thermally stable of all the potential 

fuel particle candidates in either the thorium-cycle or low enriched 

systems. This is obviously of interest for future applications if not 
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for current commercial reactors. The choice of fuel kernel type for 

any given application will be based on a balance of factors including 

performance requirements, fabrication and refabrication costs, and any 

neutronic penalties. 

In addition to the mixed oxide fuels, a number of advanced fuel 

concepts are being examined at various centers. These advanced concepts 

variously offer promise to reduce fabrication costs, improve fuel thermal 

stability, and improve fission product retention. Some of the more 
0 

promising concepts are ion-exchange resin-derived fissile kernels, 
9 

kernel doping for fission product retention, kernel doping for reducing 

the amoeba effect in oxides and carbides, ' and improved barrier 

layers. With potential improvements on such a broad front, the future 

for HTGR fuels looks very bright indeed. 

FACTORS AFFECTING FUEL PERFORMANCE 

With the adoption of low-temperature isotropic pyrolytic carbons, 

derived from propylene, propane, and various other hydrocarbons, and with 

recent improvements in the measurement and specification of crystallite 

anisotropy in pyrolytic carbons, the irradiation stability of pyrolytic 

carbon coatings has ceased to become a limiting factor in fuel perform

ance at normal operating temperatures. As long as pyrocarbon properties 

such as crystalline anisotropy are carefully specified, performance to 

and beyond full exposure can be assured. Examples of successful irradi

ation tests to as much as 25^ beyond current peak design fast neutron 

fluences are given in Table 2. These results confirm that there is con

siderable margin in coated particle operation beyond the current design 
21 2 

limit of 8 X 10 n/cm (E > O.lB MeV). The fast fluence exposure in 

test reactor experiments is corrected for the HTGR spectrum by means of 
11 

a constant graphite damage model. The magnitude of the correction is 

typically 10 to 15^ as shown in Table 2. 

The significant factors limiting fuel performance are conventionally 

categorized as mechanical effects and thermochemical effects. To a 

first approximation, these may be treated as independent of each other. 



Table 2. Examples of Successfiil Irradiation Tests Beyond Exposure Limits 

.Burnup 
[% FIMA) 

Fuel Type 

Irradiation 
Irradiation Temperature — 
Capsule (°C) Fissile Fertile (E>0.18 MeV) 

% Beyond 
Fluence Peak 

(1021 n/cm2) Design 
Fluence 

HTGR, 

TRISO/TRISO (Th,U)C2/ThC2 
Fuel rod 

TRISO (Th,U)C2 
Unbonded 

TRISO ThC2 
Unbonded 

BISO Th02 
Unbonded 

BISO ThOg 
Unbonded 

BISO Th02 
Unbonded 

F-30 

F-30 

F-30 

HT-lit 

HT-llt 

HT-15 

1050 

1250 

1250 

'1100 

^ 1 0 0 

'1100 

19 

19 

' 12 

-12 

' 15 

9.U^ 

9.1^ 

9 .1^ 

8.6^ 

10^ 

11 

11 

11 

7.5 

17.5 

25 

Equivalent graphite damage fluence (E > O.I8 MeV) 
HTGR 

(0.89)[fluence (E > O.I8 MeV)..,™,], 

^Equivalent graphite damage fluence (E > O.I8 MeV) ^̂  = (0.85) [fluence (E > O.I8 MeV)̂ ^̂ ,̂ ^̂ ]. 
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Several recent papers have reviewed the phenomena limiting fuel 
1 7 12 

performance in both the thorium-cycle and low enriched cycle fuel. ' ' 

Mechanical Design of Coated Particles 

Coated Particle Stress Models 

Early coated particle designs were empirically established from 

irradiation test results. However, it soon became apparent that more 

sophisticated design tools were required in order to properly design and 

interpret irradiation tests, and in order to extrapolate over a range of 

irradiation conditions and coated particle designs. The evolution of 
12 13 

coated particle models has been reviewed in detail by Hick, et al. ' 

The earliest coated particle stress models applied to simple two-

layer (BISO) coated particles and considered stresses arising from either 
Ik 

internal pressure alone or a combination of internal pressure and 

anisotropic dimensional changes. The Prados-Scott model as modified 

to account for irradiation-induced creep in the pyrolytic carbon is 

used in essentially its original form today as a BISO particle code. 

17 The next generation of coated particle stress models, due to Kaae 

and to Walther, considered multilayer (TRISO) coated particles. These 

codes in their various forms are very flexible and are capable of treat

ing a wide variety of phenomena, including transient creep and the frac

ture of individual coating layers. Stevens has derived explicit solutions 
19 20 

for stresses and strains in BISO and TRISO coated particles, which 

result in greatly reduced computation times and make possible the use of 

Monte Carlo techniques to evaluate the effects of statistical variations 

21 
in coated particle parameters. Homan has demonstrated that the predic
tions of the Walther code and the Kaae code are in quite good agreement 
when a consistent set of input assumptions is used. 

All of the coated particle models have a common shortcoming of being 

very dependent on rather uncertain input data and assumptions. Some of 

the most important uncertainties are in the irradiation-induced creep 

and dimensional change rates of pyrolytic carbon and in the models used 
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22 
for fission gas release from the fuel kernels. Kaae has recently 

pointed out that restraint of pyrolytic carbon during irradiation can 

significantly affect subsequent dimensional changes and consequently the 

calculated stress profile. This is clearly a very significant effect 

that could invalidate any extrapolations of stress model calculations 

over fluence. Another shortcoming in the models is the assumption of 

perfect spherical symmetry. Actual production fuel particles deviate 

from perfect sphericity to varying degrees. This can result in stress 

intensification factors of 2 or more for typical production coated 
23 2k 

particles. Koss has shown that variations in pyrocarbon anisotropy 

with thickness can also have an important influence on the performance 

of nonspherical coated particles. 

Recently in recognition of the fact that the coated particle stress 

codes have reached a much higher stage of development than the input data 

and assumptions, there has been a trend toward the development of simpler 

codes that can be solved manually. ' Alternately the models have been 

employed in a manner that minimizes the impact of uncertainties in input 
27 data and assumptions. This involves normalization of model calculations 

to the results of irradiation tests and the exercise of restraint in 

extrapolation over irradiation conditions. Although the coated particle 

stress models are not currently used generally as quantitative design 

tools, they have considerable value in the design of experiments, the 

interpretation of experimental results, and parametric studies of coated 

particle design. Considerable progress is being made in directions that 

will eventually allow use of the coated particle models as absolute 

design tools. 

Normalization of Model Calculations to Irradiation Results 

28 

Kaae, et al. first demonstrated a good correlation between calcu

lated stress and irradiation performance for both BISO and TRISO particles 

They showed the onset of failure in pyrolytic carbon (methane derived) 

coatings at batch average calculated stresses of -25,000 psi for both 

types of particles. A weakness in this type of analysis, which was 

pointed out in the paper, is the use of the average calculated stress 
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for the batch to correlate with failure fractions of a few percent or 

less. Clearly the tails in the coated particle stress distribution are 

more influential than the average in determining performance at this 

level. 

27 In order to circumvent this difficulty, Gulden, et al. performed 

a statistically based correlation of the irradiation performance of UC 

TRISO particles with the distribution of stresses which arise from the 

distribution of kernel and coating parameters within a coated particle 

batch. It was demonstrated that by maintaining the fraction of particles 

with calculated end-of-life tensile stresses in the SiC layer greater 

than 30,000 psi less than 1%, failure fractions of a few tenths percent 
o 

or less were assured under peak irradiation conditions of 1250 C, 

75^ FIMA, and 8 x 10̂ "̂  n/cm^ (E > O.lB MeV). A subsequent study"̂  using 

density-separated coated particles, to select fractions with very narrow 

stress distributions, showed that it was indeed the particles in a coated 

particle batch with the highest calculated stresses that are most "at 

risk," and that 30,000 psi is a conservative failure criterion for the 

SiC layer. 

This type of correlation is necessarily somewhat empirical since it 

includes all factors which lead to high stress tails in the coated 

particle population. Nonetheless, it provides a useful design basis. 

These treatments implicitly assume that the distribution of SiC layer 

strengths may be represented by a step function. This is a reasonable 

approximation since the variation in stress due to the distribution of 

kernel and coating parameters is much broader than the distribution of 

SiC layer strengths. Others have proposed performance criteria in terms 
29 

of the distribution of SiC strengths. More exact treatments in the 

future will undoubtedly consider both the distribution of coated particle 

parameters and of SiC layer strengths. 

12 13 
Graham and Hick ' have correlated the irradiation performance of 

coated particles at the 50^ failure level with calculated stresses. This 

procedure eliminates some of the uncertainty involved in correlating 

performance with the tail of the stress distribution. However, it 

requires irradiation results with rather high failure fractions. A 
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limiting SiC hoop stress criterion of-1+0,000 psi was derived from this 

work. Considering differences in particle type and geometry, and in 

stress model input data, this agrees well with the value of approximately 

30,000 psi derived from the GAC work. Measured mean strength values for 

Sic coatings vary from -15,000 psi to ~80,000 psi depending on the 
29 30 

method of preparation and the type of measurement. ' The Dragon cor-
12 

relation also suggested a creep strain limit of -10^ for methane-
derived pyrolytic carbon coatings. No such limit apparently exists for 

12 
low-temperature carbons derived from propylene or other hydrocarbons. 

Additional correlations between stress model predictions and irradi-

rfc 
32 

31 ation performance have been reported by Bongartz and Hougaard, and by 

Thomson 

Design and Performance of BISO Coated Particles 

The performance characteristics of BISO particles are much different 

than those of TRISO particles as a result of the absence of a restraining 

SiC layer. Coated particle dimensional changes must be considered, as 

well as stress in the pyrolytic carbon layer. A parametric study of 

stresses and dimensional changes in BISO particles as a function of 

coating design is shown in Fig. 2. Two points are apparent: (l) the 

stresses are relatively insensitive to coating design over quite a wide 

range until the pyrocarbon coating becomes very thin, and (2) dimensional 

change is quite sensitive to coating design, generally increasing with 

decreasing pyrocarbon thickness. Since the peaJs calculated stresses are 

rather modest, being in the 20,000 to 30,000 psi range, the dominant 

factot- in BISO particle design is the dimensional change. Strengths in 
33 bending of low-temperature isotropic pyrocarbons average -70,000 psi. 

The relative insensitivity of BISO particle integrity to particle 

design and to calculated stresses has been confirmed by a series of 

cooperative irradiation tests by ORNL and GAC in the Target position of 

the HFIR, This uninstrimiented facility provides very rapid turnaround 

and is extremely valuable for performing comparative tests. Selected 

results from this test series, shown in Table 3, demonstrate that 
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Table 3- Variation of BISO Particle Performance with Particle Design Parameters -
Selected Results From HFIR Target Experiments^'^ 

Test 
Designat ion 

H r - 1 3 , U 

HT-13,1^ 

HT-13,1^ 

HT-13,1^ 

HT-19 

HT-l8,19 

HT~13,lJ+ 

HT-13,1^ 

Sample 
Source 

ORNL 

ORNL 

ORNL 

GAG 

GAG 

GAG 

GAG 

GAG 

Goated P a r t i c l e Parameti 

K e r n e l 
Sample Diameter 
Nxuiiber (ym) 

1+00-1-38 

1+02-25-50 

1+02-32-61+ 

1+252-06-012 

65I+2-O2-O23 

65l|-2-01-023 

1+252-01-011 

1+252-03-012 

1+00 

1+00 

1+00 

500 

500 

500 

500 

500 

To ta l 
Coating 

Thickness 
(ym) 

39 

75 

96 

151^ 

159 

155 

139 

159 

Pyrocarbon 
Densi ty 
(g/cm3) 

2 .0 

2 ,0 

2 .0 

1.82 

1.91 

1.82 

2.02 

2.0 

ers 

Pyrocarbon 
Anisotropy 
(Re la t ive ) 

Low 

Low 

Low 

Low 

Low 

Medium 

Medium 

High 

. 
Observed 
Percent 
F a i l u r e 

At %6xlO^-^ 
n/cm^ 

(E>0.l8 MeV) 

0 

0 

0 

0 

-

1+6 

32 

100 

At >8xlO^^ 
n/cm^ 

(E>0.18 MeV) 

0 

0 

0 

0 

0 

63 
100 

100 

Detailed results are to be published. 

Results shown are for a fuel irradiation temperature of ~1100OG. 

"Anisotropy values are estimated from pyrocarbon coating conditions. 
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variations in BISO particle design have an insignificant effect on 

performance compared to variations in pyrolytic carbon crystallite 

orientation, which is dependent on the deposition conditions. Crystallite 

orientation, which cannot now be explicitly treaî ed by the coated particle 

models, is closely specified to ensure reliable coated particle perform

ance. The selection of coating geometry is primarily influenced by 

factors other than stress, such as dimensional change. 

The series of BISO particle design tests in the HFIR is continuing 

in an effort to fully define BISO particle performance as a function of 

coating parameters. 

The BISO particle is treated analytically as a hollow spherical 

shell containing a pressure. In reality the shrinking pyrocarbon layer 

in a BISO particle probably interacts to some extent with the densifying 

buffer layer and possibly with the swelling fuel kernel (although the 

latter can be shown to be a relatively small effect for realistic particle 

designs). The net effect of these interactions is probably an overesti

mate of BISO particle dimensional change by the analytical models. This 

appears to be confirmed experimentally. 

Thermochemical Performance of Coated Particle Fuels 

The Amoeba Effect in Carbide Coated Particle Fuels 

The thermochemical performance of coated particle fuels in both the 

low enriched system and the thorium-cycle system is dominated by the 
2 3 7 

amoeba effect under most normal operating conditions. ' ' Other 

phenomena involving reaction of fuel and fission products with the coat

ing layers have also been identified at elevated temperatures, but the 

amoeba effect remains the controlling mechanism under most conditions. 

The amoeba effect in carbide coated particle fuels has been shown to 

be controlled by solid-state diffusion of carbon in the carbide fuel 

phase under the influence of a temperature gradient. The rate of 

migration due to the amoeba effect in carbides has been shown to be 
1 7 

unaffected by irradiation. ' Consequently, out-of-pile data may be 
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used to characterize the amoeba effect in carbides. As a result of this 

experimental simplicity, the amoeba effect in carbide coated particles 

is quantitatively understood and is predictable under all applicable 

conditions. 

The Amoeba Effect in Oxide Goated Particle Fuels 

The amoeba effect in oxide coated particles is not as well under

stood and presents a much more difficult experimental problem. Gas phase 

carbon transport resulting from oxygen liberation during fission is 

known to occur in oxide coated particles subjected to a temperature 

gradient. However, models for the amoeba effect based solely on gas 

phase carbon transport are not entirely consistent with experimental 
3 35 observations. ' Based on this and on various empirical observations, 

it has been proposed that solid-state mechanisms may play a significant 
35 role m the amoeba effect m oxides as well as m carbides. However, 

as yet no completely satisfactory model for the amoeba effect in oxide 

coated particle fuels has been developed. The design of critical experi

ments to define the controlling mechanisms for the amoeba effect in 

oxides has been greatly hampered by the inability to adequately reproduce 

the effect out-of-pile with unirradiated particles. 

In the absence of an adequate theoretical model, an empirical 

approach has generally been taken toward the description of the thermal 

performance limits of oxide coated particle fuels. The Dragon Project 

has developed a correlation for low enriched fuel between the onset of 

measureable fission gas release and a failure parameter dependent on the 
12 

power rating of the coated particle, the temperature gradient, and time. 

This correlation has been demonstrated over a wide range of temperatures; 

as long as the functional dependence of performance on the various 

critical parameters is well defined, this type of empirical correlation 

provides an adequate basis for core thermal design. 

The amoeba effect has been observed and characterized in a number 
235 36 37 38 

of irradiation experiments on fully enriched U 0„. ' ' These migration 
3Q 

rate data are shown along with the mean migration rate data for UC in 
Fig. 3. To provide a frame of reference, an approximate envelope of 
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maximum allowable kernel migration rates for the HTGRs being offered 

commercially by GAG is also shown. The data are shown as a temperature 

and temperature gradient normalized amoeba migration rate (the kernel 

migration coefficient). This parameter has a theoretical foundation 

relative to the amoeba effect in carbide coated particle fuels; its use 

for oxides is purely empirical and is not intended to imply a specific 

mechanism. 

It is apparent that the temperature dependence of the amoeba effect 

in UO is much lower than that in UC . As a result the migration rate 

at low temperatures is higher than that in UC . At peak HTGR operating 
o o 

temperatures of 1000 C to 1300 C, there is insufficient margin in UO 

performance to allow its use in the current GAG HTGR designs. 

Recently amoeba migration has been observed by ORNL in ThO at high 

temperature and at high burnups.37,38 Amoeba migration in ThOg has also 

been observed at GAG in long-term postirradiation thermal gradient 

anneals of coated ThO particles. The rate of migration of ThO has been 

demonstrated to be much slower than that in ThC at temperatures above 

1300 C. ' It also appears to be at least a factor of 5 to 10 slower 

than the rate of amoeba migration in UO at reactor operating tempera

tures. A preliminary kernel migration coefficient curve for ThO , 

derived from GAC and ORNL data, is also shown in Fig. 3. 

The relatively slow rate of amoeba migration in ThO may be related 

to a low rate of oxygen liberation during fission of U-233. It was 
1+0 

pointed out by Flowers and Horsley that as a result of differences in 

the fission product yield spectriim, the liberation of oxygen during 

fission will generally decrease as the mass of the fissioning species 

decreases. This is supported by experimental and theoretical values of 

oxygen release during fission from the three principal fission isotopes, 

given in Table k, which show oxygen release decreasing in the order 

Pu-239 >U-235 > U-233. 

Experimentally observed oxygen release values are consistently and 

significantly lower than the theoretical values. The formation of 

complex fission product oxides involving molybdenum has been proposed 



Table 1+. Experimental and Theoretical Values for 
Oxygen Release During Fission 

Oxygen Atoms Liberated per Fission 

Temperatnre ^ " ^ S ^ U-235 U-233 

(°C) Theoretical^ Exp. Theoretical^ Exp. Theoretical^ Exp. 

1000 0.12 0.002 0.0007 

1200 0,18 0.009 0.0008 

ll+OO 0.23 0.031 O.OO3I+ 

1500 0.63 0.13 0.08 

1600 0,28 0.076 0.0052 

From Ref. 30; essentially identical numbers are given in Ref. 31, 

From Ref. 6. 

c 
Work done at OSGAE Seibersdorf under contract to General Atomic Company. 
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to account for the discrepancy.̂ -'- If the thermal performance of oxide 

coated particles is limited by gas phase carbon transport as a result of 

oxygen liberation during fission, ThO or recycle fissile particles, 

which fission through U-233, should be the most stable fuel kernel types 

This is consistent with the observed high degree of thermal stability of 

ThO particles. In the low enriched system, fissions in Pu-239 lead to 

a relatively high oxygen release per fission. 

Recent irradiation results obtained at ORNL showed no difference in 

amoeba migration rate between (Th,U-235)0 and (Th,U-233)0 . The 

influence of oxygen liberation on the thermal stability of oxide coated 

particle fuels is under investigation at a number of laboratories. The 

results of this work should lead toward a better understanding of the 

mechanism of the amoeba effect in oxide coated particle fuels. 

Fission Product-Coating Reactions 

At peak normal operating temperatures and above, reactions between 

fission products and the coating layers begin to influence the perform

ance of carbide fissile particles. This is illustrated in Figs. 1+a and 

1+b, which show an incipient reaction in a UC TRISO particle irradiated 

at 1300 C for 6200 hours to a burnup of 70^ FIMA. Electron microprobe 

scans on the same particle, shown in Figs. 1+c and 1+d, illustrate that 

the reaction zone is rich in cerium and neodymium. Other rare earth 

fission products including lanthanum and praseodymitun were also detected 

in the reaction zone; no fission product elements other than the rare 

earths were detected in significant concentrations. 

Recent studies at ORNL have revealed similar reactions in low 

enriched ion-exchange resin-derived carbide fissile particles. However, 

in this case palladium was also found to play a major role in the reac

tion. Palladimn attack has never been observed in fully enriched parti

cles; this difference in performance is probably due to differences in 

the fission product yield spectra from different fissile species. The 

palladium yield is approximately a factor of 7 greater from Pu-239 than 

from U-235. 
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Fig. 4. High Temperature Fission Product Attack in a TRISO 
Coated Particle Irradiated for 6200 hours at 1350°C to a Peak Burn-
up of '\'70% FIMA. 
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Fission product attack of this type is not observed in fully enriched 

oxide particles. In this case rare earth fission products are apparently 

retained in the fuel kernel as oxides and are not available to react with 

the coatings. 

Fission product coating attack is not a limiting factor for current 

HTGR designs. However, it could become more significant for advanced 

HTGR designs that may require higher fuel temperatures. 

DIRECTIONS FOR IMPROVED AND ADVANCED FUELS 

The results shown in Fig. 3 indicate that fully enriched UO has 

inadequate performance margin near peak HTGR operating temperatures as a 

result of excessive amoeba effect. However, dilution of the oxides with 

thorium to improve the refractory nature of the kernels and to reduce 

the rate of oxygen liberation during fission will significantly improve 

the thermal pê 'formance. A fully mixed thorium-cycle fuel particle at a 

thorium-to-uranium ratio of ~10:1 should behave in a very similar manner 

to a pure ThOo particle. This approach of complete mixing of fissile and 

fertile material in a single coated particle is being used in fuel for 

the THTR in Germany. This approach incurs significant penalties in the 

case of fresh fuel due to contamination of the U-233 recycle stream with 

U-236. No such penalty is incurred in the recycle case. Consequently 

mixed oxides are of significant interest as a recycle fuel particle. The 

mixed oxides with their relatively low burnups also provide a good base 

for future product improvements such as kernel dopants to reduce the 

6 5 9 
amoeba effect or to improve retention of metallic fission products, ' 

As a result of the potential of mixed oxides for improved fuel in 

the future and for recycle, an extensive program has been jointly under

taken by the Commissariat a I'Energie Atomique and the General Atomic 

Company to develop and qualify mixed oxide fissile particles for use in 

the HTGR. This program involves an extensive series of irradiation tests 

at Saclay and at Grenoble, as well as a number of additional programs in 

French facilities. This joint effort represents an important integral 

part of the fuel development program for the thoriiim-cycle HTGR. 
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SUMMARY AND CONCLUSIONS 

Fully segregated coated particle fuel has been successfully tested 

to and beyond peak design HTGR exposiires. 

Normalization of coated particle model calculations to irradiation 

test results provides a basis for coated particle design and specifica

tion to avoid any significant failure as a result of irradiation-induced 

stresses. 

The amoeba effect in carbide coated particle fuels is quantitatively 

understood and provides a basis for core thermal design. Models for the 

amoeba effect in oxide coated particle fuels are less well developed. 

However, the availability of a large body of experimental results allows 

for an adequate empirical description of the amoeba effect in oxides. 

Long-term operation of carbide coated particle fuels above peak HTGR 

design temperatures can result in chemical attack of fission products on 

the SiC coating. This phenomenon is of particular importance for 

advanced HTGRs that may operate at higher fuel temperatures. 

Fuel improvements on a broad front are currently under study and 

should lead to improved operating flexibility and improved economics 

in the future. 
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HTGR FUEL DEVELOPMENT AND TESTING 

E, Balthesen 
K, Ehlers 
K.G. Hackstein 
H. Nickel 

ABSTRACT 

The German HTR fuel element and graphite development program 
has the principal objectives of providing, at the appropiate 
stages of HTR systems development, fuel elements for the ope
ration of the AVR research reactor, for the prototype plant 
THTR-300 now under construction, and for the planned advanced 
HTR systems with the integrated helium turbine as well as with 
the generation of nuclear process heat. Extensive production 
and irradiation experience has been gained with pyrocarbon 
coated Th-U-mixed oxide particles. Progress in the manufactu
ring of molded matrix/fuel-particle compositions has been uti
lized for the development of fuel elements of different geome
tries. The successful irradiation behaviour of the spherical 
fuel elements has been confirmed by the results of an exten
sive irradiation program. The results show a remarkable trans
ferability of the material behaviour of different fuel element 
types. The development potential of these fuel bodies is as 
yet not exhausted. For graphite block fuel elements, an eco
nomical pitch coke based nuclear grade graphite has been selec
ted for an extensive irradiation program. 

INTRODUCTION 

In the German Federal Republic HTR fuel element development and 

testing has the objective of providing in due course fuel elements 

which meet all requirements for high temperatur reactors in operation, 

under construction, or planned. Major efforts so far have concerned the 

development of Th-U-mixed oxide, pyrocarbon coated particles, and fuel 

elements of molded matrix/fuel-particle compositions in various geome

tries. Operation of the experimental AVR-reactor requires the prepara

tion of follow-up loadings by means of which spherical fuel elements 

of standard, improved and advanced design will be tested in large num-
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bers. The production of fuel elements for the THTR-300 first core loa

ding has started according to plan, after an extensive and successfull 

irradiation testing program. For HTR power plants using graphite block 

fuel elements, apitchcoke based graphite, selected for economical and 

technical reasons, is being tested. Fuel elements for the planned HTR 

power plant with fully integrated gasturbine are being developed which 

will conform to more stringent requirements with respect to fission pro

duct retention and increased gas exit temperature. Simultaneously the 

development of fuel elements for advanced HTR plants generating nuclear 

process heat is initiated. 

The work is carried out in joint programs by the companies NUKEM/HOBEG, 

Hochtemperatur-Reaktorbau GmbH, Sigri Elektrographit and the KFA Julich, 

and sponsored by the German government, 

COATED PARTICLE FUEL 

The development of coated fuel particles in West-Germany has con

centrated on Thorium-Uranium mixed oxide kernels with pyrocarbon coa

tings. This particle concept is being applied to follow-up loadings 

of the AVR and to the production of the THTR-300 first charge. Expe

rience has been gained from the manufacture of more than 5 tons of ker

nel material, from numerous irradiation experiments, and the usage of 

more than 60.000 elements in the AVR-reactor. The versatile NUKEM/HOBEG 

process for kernel manufacture (emulsion process) (fig. 1) can be rapid

ly adapted to any scale of production by addition of further reaction 

columns. The yield value is between 95 and 99 % at nominal kernel dia

meter of 400,um and standard deviation of 12/um. The density of 98 % 

theoretical varies by less than +̂  2 %, the Th/U ratio (AVR = 5; THTR = 

10) by less than j;; 0.3 %. A kernel sphericity, expressed by the diame

ter ratio d max/d min, smaller than 1.1 is achieved for 91 % of the ker

nels. The ultimate compression load is 1.2 - 2.5 kp, and the ceramogra-

phic examination shows a uniform distribution of 10,um grains. Coating 

is carried out in program-controlled fluidized beds. The extensive ir

radiation experience accumulated with methane derived coatings has led 

to incorporation of these coatings in the THTR first core loading; the 
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HDI layer densities in this loading range from 1.80 to 1.87 g/cm . The 

optically measured anisotropy shows the well known dependence on the 

layer thickness i.e. on the deposition rate (fig. 2). 

In addition to the economic reasons, the oxide kernel is preferred to 

the carbide kernel because the former generates lesser heavy metal con

tamination in BISO coated particles. Because no particle breakage occurs 

in the manufacture of molded fuel elements, the contamination of the 

elements depends only on the particle contamination (fig, 3). The ad

vantage of the oxide particles is the more important the smaller the 

fraction of particles which fail during irradiation. In many irradiation 

experiments on molded fuel specimens using this particle concept, expe-

cially in the spherical elements of the THTR design, no particle breakage 

was detected up to far beyond the THTR target figures of burn-up (14 % 
21 -2 fima) and fast fluence (6.3 x 10 cm , E>0.1 MeV). The fission gas 

release, measured during irradiation and in post-irradiation annealing 

tests, is governed by production-generated contamination (fig. 4). The 

results also demonstrate the remarkable retention capacity of the ma

trix; only 1 % of the Xe 133 originating from contamination and a even 

lesser fraction of the shorter-lived nuclides are released. Because this 

irradiation behaviour indicated possible improvement towards reduced 

activity in the primary circuit by reduction of the particle contami

nation, basic research studies on the contamination mechanism were 

carried out. Evaporation of kernel material during coating was found 

to be the cause of the pyrocarbon contamination. Sealing of the kernels 

by a thin, high density propene-derived initial layer, deposited at the 

lowest possible temperature, led to reduction of the contamination le

vel by two orders of magnitude. The remarkably good irradiation beha

viour of the particles may be the results of the relatively low tem

perature levels in pebble-bed reactors, or of the small temperature 

gradient developed due to the good thermal conductivity of the matrix 

material. Furthermore the relatively low volume loading (THTR = 12 %) 

causes a complete embedding of the particles in the matrix material; 

this effect may result in a stress relaxation in the coating layer. 

The effect can be followed via the irradiation-induced increase of ani-
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sotropy in HDI layers, which has been observed to be smaller in matrix-

molded particles then in particles irradiated as loose individuals. The 

LTI-coatings intended as replacement for the HTI layers in subsequent 

THTR charges have been proved to be suitable in accelerated tests in 

the R2 reactor at Studsvik. These tests with 4 molded fuel elements 
4 and a total of 4 x 10 particles were conducted under THTR-equivalent 

temperature conditions, up to a burn-up of 16 % fima and a fast fluence 
2 1 - 2 

of over 9 X 10 cm , E>0,1 MeV. Neither particle breakage nor amoeba 

attack or homogeneity change in the outer layer could be detected. The 

irradiation experiments on THTR reference particles did not yield suf

ficient information for the investigation of fracture mechanisms and 

comparison with corresponding model descriptions. Supporting experimen

tal work therefore was undertaken to investigate the correlation of 

deposition conditions, material properties and irradiation behaviour of 

pyrocarbon. 

The different states of particle movement in fluidized beds (spouting, 

bubbling, slugging) were identified by pressure measurements in the de

position region. The possibility of a feed-back of the pressure measure

ments was utilized to provide automatic control of the gas flow which 

allowed maintenance of optimum deposition conditions, and eventually 

led to homogeneous deposits despite large volume changes in the particle 

bed. 

In order to understand the frequently observed correlation between depo

sition rate and irradiation resistance of pyrocarbon, microporosity 

measurements by small-angle-X-ray scattering have been performed. Layers 

deposited at high rates, and which exhibit a good irradiation behaviour, 

have a relatively low concentration of small "pores" ahd high concentra

tions of large pores in the pore-size range of 10-1000 8. 

Pyrocarbon examined by means of plasma or wet chemical oxidation methods 

displays regions of different oxidation resistance which obviously have 

different proportions of relatively "well-ordered" and "poorly ordered" 

material. A disordered distribution of these regions prolongs the life

time of coated particles under irradiation. Fig. 5 allows comparison 

between a pyrocarbon layer cross section before and after plasma oxida

tion and the corresponding fine profile of anisotropy taken beforehand. 
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For HTR concepts with particular requirements regarding solid fis

sion product retention, specific fuel kernels were developed having 

additives in the form of refractory oxides which act as a getter for 

the fission products. The release of strontium and barium can be re

duced by two orders of magnitude with 5 w/o alumina present in U0_ ker

nels as demonstrated in out-of-pile treatment (100 hours, 1200 C). In 

the case of cesium under the same treatment, a back-diffusion from the 

buffer layer into the kernel was observed when Al„0-+SiO„ was added to 

the U0„ kernels. In irradiation experiments at 1000 C up to a fast 
22 -2 fluence of 2 x 10 cm , E>0.1 MeV, with U0„ particles having 1 w/o 

A1„0„ added, the release of barium was reduced by a factor of 10. Be

cause the experiments were without any significant burn-up, a certain 

amount of Ba, equivalent to 10 % fima, had been added beforehand. At 

present, the retention property of doped kernels at particle breakage 

and aspects of replacing the costly SiC interlayers are under examina

tion in irradiation experiments. 

MOLDED FUEL ELEMENTS 

In the development of fuel elements, the efforts of the NUKEM/HOBEG 

company have been concentrated on the manufacture of a molded composited 

system from coated particle/matrix mixtures. Extensive experience in 

this flexible process technology allows the manufacture of spherical 

fuel elements (AVR, THTR), of directly cooled compacts (for pin-in-block 

concepts), fuel rods for multi-hole graphite block elements and complete 

prismatic fuel element blocks (monolith). The components of the reference 

matrix are 70-80 % natural graphite, 10-20 % graphitized petrol coke 

powder plus 10 % phenol resin binder. Normally - and at present in THTR 

production - the pressing powder is obtained by introduction of a metha-

nolic phenol resin solution into graphite powder followed by volatisa-

tion of the solvent. However a recent development allows manufacture of 

equal matrix material by synthesis of the binder initial components 

phenol plus hexamethylenetetramine during preparation of the pressing 

powder. Thereby the manufacturing process and the raw material supply 

is simplified and reduced in cost. 
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By far the greatest experience has been gained with manufacture and ir

radiation testing of the semihydrostatically pressed spherical fuel ele

ments. Their functional capacity has been tested - frequently under 

more stringent conditions than expected in the THTR - in the AVR (more 

than 60.000 in number), in longterm tests in the Dragon reactor (85 

specimens)5 in high flux rig tests in the R2 reactor at Studsvik (24 

specimens), and special irradiation experiments in the FRJ2 reactor at 

Julich (29 specimens). The irradiation testing of integral fuel elements 

with these composite system having strong interaction of fueled and un-

fueled regions is more necessary than in other possible HTR fuel ele

ment concepts. The excellent irradiation behaviour of elements following 

the THTR reference design has been confirmed by further results especial

ly from the tests described in the following table: 

Test 

DR~K3 

DR-K4 

R2-K7 

R2-K9 

number 
of spec. 

25 

25 

4 

4 

duration 

720 fpd 

742 fpd 

418 fpd 

345/299 

max. 
burn-up 
% fima 

16 

14 

15 

16 

max. fast 
fluence 
1021cm~2 

E> 0. 1 MeV 

5.1 

7.8 

9.2/9.4 

8.7 

fuel temperature 
range (°C) 

1400-*.1000 

1300 -^ 900 

simulating THTR, 
temp,hist, 
700 - 1200 

THTR temp, hist. 

coating 
type 

HTI 

HTI 

LTI/HTI 

HTI 

Dimensional changes of the fuel balls remained under 2 %, showed a slight 

anisotropy and are in good agreement with irradiation results obtained 

on unfueled matrix specimens. The mechanical strength remained in the 

spread of pre-irradiation test results. The elements completely maintai

ned their integrity regarding composite structure, matrix, and coated 
-4 

particles. The relative release of cesium remained in the region of 10 

10~ , in R2-K7 even below 5 x 10 . The overall picture of the results 

formed a sound basis for starting production of the THTR elements. Per

formance limits for the molded spherical elements beyond the THTR tar

get figures of power, temperatur, burn-up and fast dose have yet to be 

established. 
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Nevertheless 9the comprehensive irradiation testing up to extreme load 

conditions did not reveal a certain kind of damage recently detected 

in the AVR. A growing number of elements of the molded type show par

tial delamination of a 0.2 mm thick outer layer after several passages 

through the core. Extensive examination work on irradiated and un-irra-

diated elements indicates the effect to be caused by simultaneous ex

posure to corrosive attack, irradiation, and mechanical load. 

Although the fuel properties relevant to safety are not affected, as a 

first counter measure the corrosion resistance was improved by increa

sing the temperature level in final manufacturing heat treatment from 

1800°C to 1950°C. 

The "directly cooled compact", tested in smaller irradiation programs 

(Dragon, FRG2-Geesthacht, R2-Studsvik), met the requirements in irradia

tion behaviour and demonstrated a noticeable transferability of results 

obtained from a molded composite fuel body to similar bodies of diffe

rent geometry. Based on this experience NUKEM/HOBEG developed the 

molded prismatic "monolithic" fuel element. In contrast to the holed 

graphite block, the monolith presents itself as a compact molded body 

of nearly isotropic graphite matrix. The coated particles are molded 

into the matrix of the fuel zones; the fuel zone matrix is continuous 

with the fuel-free zone material, and consequently the connection bet

ween fueled and nonfueled zone is continous and gap-free. As a result 

a high grade of flexibility is ensured with respect to the design and 

lay-out of fuel zones and coolant channels. 

The element is manufactured by a combined cold/hot pressing technique 

(fig. 6). First, binder resin containing graphite powder is processed 

into so-called iso-granules by pressing and regrinding. These iso-gra-

nules are pre-molded into a block containing the channels for cooling and 

fuel zones. After insertion of pre-pressed fuel bodies, the complete 

block is densified to final dimensions. A high temperature treatment 

follows, at temperatures up to 1900 C. Over 100 blocks of 1/2 scale have 

been manufactured on a laboratory line, and a remarkably homogeneous 

property distribution was achieved (fig. 7). Monolith segments (fig, 8) 

are undergoing irradiation in the Peach Bottom Reaktor (350 mm long, 
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Properties 

density (g/cm^) 

compr.strength 
(MN/«i2) 
radial 
axial 

bending str. 
(MN/m2) 
radial 
axial 

tensile str. 
(MN/m2) 
radial 
axial 

dyn.E-Modul-10~4 
(MN/m2) 
radial 
axial 

spec.el.resist. 
(mQ •em) 
radial 
axial 

thermal cond. 
at 20°C(W/cmOK) 
radial 
axial 

thermal cond. 
at 1000OC(W/cm°K) 
radial 
axial 

therm.expansion 
20-500OC(l/°K-10 °) 
radial 
axial 

number of 
samples 

245 

34 
34 

60 
65 

62 
46 

60 
59 

71 
68 

68 
68 

6 
6 

39 
39 

Min. 

1,68 

28 
27 

4,0 
8,1 

2,7 
2,8 

0,84 
0,52 

1,46 
2,09 

0,38 
0,38 

0,29 
0,25 

2,00 
3,34 

Max. 

1,72 

35 
38 

16 
14 

7,3 
6,4 

1,2 
0,62 

1,71 
2,63 

0,67 
0,59 

0,34 
0,25 

3,12 
5,07 

mean 

1,70 

32 
32 

13 
11 

5,3 
4,3 

0,57 

1,59 
2,40 

0,54 
0,46 

0,34 
0,25 

2,6 
4,2 

stand, 
deviat. 

0,008 

1,9 
2,7 

2,3 
1,3 

1,1 
0,9 

0,057 
0,026 

0,063 
0,109 

0,08 
0.07 

0,017 

0,28 
0,40 

variat. 
coeff.(%) 

0,47 

6,1 
8,4 

17 
12 

20 
21 

5,4 
4,5 

4,0 
4,5 

15,1 
14 

5,0 

il 
9,5 

Fig. 7 Properties of the matrix of monolithic block fuel elements 
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Fig. 8 Irradiation samples for the monolithic block test program 
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70 mm diameter) and in the Dragon Reactor (15 specimens, width across 

flats 130 mm, length 325 mm), without any trouble so far. 

Cost analysis with respect to manufacture and fuel cycle proved this 

fuel element cxsHcept to be economically attractive for steam cycle plants. 

Because of the excellent heat transfer between fueled region and matrix, 

the peak fuel temperature in the monolithic fuel element is reduced by 

200°C compared to that in electrographite blocks. This is an evident 

advantage with regard to the fission product release from coated par

ticles in direct cycle plants. The experience in manufacture of molded 

fuel bodies was also utilized in manufacture of fuel rods from natural 
2 graphite plus 3 % binder (pressing at 100 kp/cm , material density 

3 

1.4 g/cm ). Particle volume loadings of over 50 %, as required for 

graphite block elements, have been achieved. The rods are tightly seated 

in their channels after carburisation in the graphite (very good heat 

transfer) and have a HM-contamination of less than 5 x 10 .A heat 

treatment of 1000 C max. is sufficient for removal of the gaseous pro

ducts of the binder resulting from carburisation. 

GRAPHITE FOR BLOCK TYPE FUEL ELEMENTS 

Besides the molded fuel elements, materials for block type multihole 

fuel elements are being developed and performance tested. The SIGRI 

Company selected the pitch coke graphite AS2-500 from several nuclear 

graphites developed to the production stage. The behaviour of this 

graphite meets all requirements, and has a longterm availability at eco

nomical costs. The company has gained extensive experience in production 

(15.000 tons per year) and machining of pitch coke graphite for thermal 

and chemical usage. 

Seventy-five tons of nuclear graphite, 450 mm diameter by 2000 mm length, 

were manufactured by extrusion in 1973/74 in 3 charges. Characterization 

of over 10.000 test samples resulted in a rather narrow scatter of pro

perty figures, a proof of uniform structure of the material. With re-
3 gard to neutron economy, the high density (1.75 g/cm ) and purity (ash 

content below 500 ppm) assure an acceptable fuel cycle cost. The good 
2 mechanical properties (UTS» 10 MN/m ) render a substantial safety margin 
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with respect to the operational and shut-down stress (5 MN/m , calculated 

for AS2-500) in the graphite components. 

Irradiation testing is carried out in reactor experiments with and with

out fuel. A statistically representative collection of specimens was 

chosen from the pre-characterized raw samples by means of an extensive 

data information system according to criteria of material properties 

and sampling position in the raw block. 

Data on small specimens are obtained from studies of the relationship 

between temperature (400-1200 C), dose (up to 5 x 10 cm EDN) and spe

cimen dimensions. These tests yielded also data on thermal and mechani

cal properties. The results were processed into input-data for HTR core 

lay-out. The program includes investigation into possible property chan

ges in irradiation temperature cycling and into the creep behaviour. 

21 -2 

The measured property changes with the fast dose (3 x 10 cm EDN) ac

cumulated to date are in good agreement with the known irradiation be

haviour of pitch coke graphites, and show a particularly narrow scatter. 

An irradiation program has been started with large size specimens and seg

ments with the objectives of demonstrating the mechanical integrity of 

the 1160 MWel fuel element block (8-row-design) made from AS2-500 gra

phite and of proving the validity and the permissibility of transferring 

the property behaviour as established on small size specimens. For in

stance irradiation of a shortterm first block experiment (fig. 9) of 

24 fuel-stacks with highly enriched U0„-fuel and 13 cooling channels 

commenced in the Dragon Reactor in February 1974. The target dose is 
2 1 - 2 

1 X 10 cm EDN, at which, according to stress calculations, the stress 

level exceeds that expected in peak stress situation in a power reactor 

built with AS2-500 graphite. 

A graphite block (140 x 200 x 300 mm) without holes but with well de

fined gradients in temperature (1250 - 700 C) and fast neutron flux 

(factor of ten) is undergoing irradiation. This test will be evaluated 

with respect to stress calculation predictions and should yield improved 

criteria for judgement of stress. The experiment fits the overall irra

diation program in such a way that by means of the data set from the 

small size specimen program the behaviour of this large size specimen 

can be predicted and compared with the experimental results. 
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Fig. 9 Samples for the irradiation experiment Dragon GBl 
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HTR FUEL DEVELOPMENT AND TESTING IN THE DRA.GON PROJECT i — — 

L. W. Graham R. A. Saunders 

M, S. T. Price E. Smith 

ABSTRACT 

A few basic principles give to the HTR a sound technical 
basis which is now leading to a realisation of the worth and 
potential of the system. Important amongst these are a replaceable 
core structure of graphite, carrying fuels with the minimum of 
parasitic materials and the use of heliiom, clearing the way to very 
high operating temperatures. 

The Dragon Reactor occupies a unique position in the 
development of the HTR, Experimental fuel elements have been 
continuously evolved in parallel with the progress of designs for 
power reactors. Steady development of fuel by the Dragon Project 
and the successful operation of many large graphite structures 
have contributed to the present situation of commercial exploitation 
of the steam cycle HTR and are also encouraging exploration of the 
technical problems associated with higher coolant temperatures 
leading to a VHTR concept. 

INTRODUCTION 

Work on a graphite moderated high temperature reactor (HTR), cooled 
1 

by helium and using ceramic fuel began ac AERE, Harwell early in 1956 . 

The promising results obtained during initial studies led to the proposal 

that the European Nuclear Energy Agency of the OEEC (now the Organisation 

for Economic Co-operation and Development) might foster an international 

co-operative venture to design and build a high temperature reactor 

experiment. 

The Agreement establishing the Dragon Project signed by Austria, 

Denmark, Euratom (at that time representing Belgium, France, Italy, 

Luxembourg, Netherlands and West Germany), Norway, Sweden, Switzerland 

and the United Kingdom, came into force on April 1, 1959*, 

*Eire became a member of the Dragon Project via Euratom on April 1, 1973, 
at which date Norway ceased to be a signatory. 
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The design and construction of the Dragon Reactor Experiment began 

immediately. The reactor first achieved criticality in August 1954 and 

power operation began in mid-1965« 

In parallel with work on the reactor, the Project has also undertaken 

a large research and development programme. Whilst providing supporting 

information for the Dragon Reactor, the R & D programme has been primarily 

concerned with the evolution of the commercial HTR and accordingly a large 

programme of work on power reactor fuel and fuel elements has been a 

central feature, 

FEATURES OF THE DRAGON REACTOR EXPERIMENT 

The Dragon Reactor Experiment was constructed to demonstrate the 

principles on which the HTR is based. The core size was chosen as the 

smallest which would fulfil the objectives, the 20 MW of heat produced 

being dissipated in air coolers. The helium coolant at a pressure of 

20 atm enters the bottom of the core at 350 C and, for a total flow of 

about 10 kg/s, emerges at a mean temperature of 750 C, The mean core 
3 3 

power density is 14 MW/m , the peak value being in excess of 20 MW/m , 
3 

compared with a value of-^e-S MW/m in commercial HTR's. 

For the initial cores there was an annual reload of nearly all the 

elements. Currently, the reactor operates on cycles of 60 days at 

power, followed by periods of 14-21 days for maintenance and loading of 
21 2 

fuel. The peak fast neutron dose is then typically 1.4 x 10 n/cm /y 

DIDO Nickel Equivalent (EDN). 

To facilitate the design of experiments, the mean core fissile 

material rating at the start of each cycle is held constant at 1,25 kW/g 

U-235, Since the total inventory of fissile material varies somewhat 

as different experiments are loaded, the total core power at the start 

of each cycle can vary from the nominal value of 20 MW. 

The small size of the core results in proportionally greater loss of 

neutrons through the reflectors than is the case for a power reactor and 

consequently the quantity of fertile material which can be loaded whilst 

maintaining a realistic C/U-235 ratio is limited. This means that when 
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experiments are required to maintain power throughout a long irradiation 

they must contain more than the average proportion of fertile material. 

The core is thus divided into elements with fertile material to maintain 

their power and driver elements containing only highly enriched uranium 

which are changed every four cycles. 

In common with the Peach Bottom I reactor, the design of the core 

for the Dragon Reactor is based on studies carried out at Harwell during 

the period 1956-9 and reported at the Second Geneva Conference by 
2 

Shepherd et al. , 

The core is wholly composed of 37 replaceable fuel elements and has 

a generally hexagonal profile (Fig. 1), Each element is seated on a 

spike on the core bed plate, through which a helium purge can be drawn 

to remove and monitor any fission products released from the fuel. 

For ease of lifting and to reduce the number of purge connections, the 

original Dragon element comprises of a cluster of fuelled tubes. These 

are secured by a single, metal reinforced, graphite top block and are 

attached at the base of the fuel element to a stainless steel assembly 

which routes gaseous fission products to the mounting spike. The 

fuelled zone of each fuel rod, 160 cm in length, has an essentially 

hexagonal external profile with spacing ribs on each face forming a 

trefoil section through which the helium coolant passes in an upward 

direction. 

The fuel handling route imposes constraints on the design of 

experimental elements. All components entering the steel reactor vessel 

must pass through the main entry valve which has an internal diameter 

of 11,5 inches. The fuel changing machine which is contained within the 

pressure vessel normally handles the fuel elements by engaging with the 

top block. An alternative lifting technique has been developed in which 

a skewer introduced by the charge machine locks into the bottom of the 

element. 

The coolant purity is maintained by a purification plant which can 

reduce impurities to very low levels even during planned injections of 

hydrogen and water vapour. Typical values of the impurity concentrations 
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Fig. 1, View of Top of Dragon Reactor Core During Construction. 
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in helium of the primary circuit are: 

During Normal Operation 

v̂pmJ 

During H /H 0 

Injection Experiments 
(vpm) 

4 
CH 

CO 

co^ 

H^O 

0.1 

2.0 

0.2 

0.04 

1,5 

1.0 

5.0 

0.2 

0.3 

15 

THE EVOLUATION OF EXPERIMENTAL FUEL ELEMENT DESIGNS 
FOR THE DRAGON REACTOR EXPERIMENT 

The history and technology of the fabrication of the first charge 
3-5 

of the Dragon Reactor Experiment have been described elsewhere 

In the fuel elements for the first charge a deliberate attempt was made 

to provide a fission product retaining fuel. Other important features 

were the use of both mixed U/Th oxide and carbide fuels and a silicon 

carbide interlayer in the coating. 

Once the initial charge for the reactor had been completed, it 

became possible to diversify the e^erimental programme. It was considered 

important to understand the mechanisms of fuel failure and establish the 

operating margins, as well as demonstrating the principles of the HTR. 

Major changes were made in the design of the Second Charge aimed at 

increasing both the flexibility of fuel element operation and the amount 

of experimental space. In the First Charge the thorium containing fuel 

was confined to the centre ten elements served by an equal number of 

purge sampling points and all the fuel was purged. The encouraging 

fission product retention behaviour of the first charge led to the 

decision not to purge future driver elements and it was then possible 

to distribute the experimental fuel more uniformly making use of the 

provision to sample all of the 37 fuel elements. Accordingly, a new type 

of element was designed in which the centre tube could be purged 
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whilst the surrounding six tubes contained unpurged driver fuel. This 

led rapidly to the D5 design (Fig. 2) where the outer six tubes containing 

driver fuel are able to be separated from the experimental centre tube 

and a set of fresh driver substituted. In this way short term experiments 

may be incorporated into the programme economically and longer term 

experiments can be operated to their target burn-up irrespective of the 

lifetime of the driver fuel. 

An example of the use of the purge system for fission product 

monitoring is an experiment in which an element was operated at 1800 C 
o o 

some 550 C higher than the normal peak operating temperature of 1250 C. 

The slow build-up of release even under these very severe conditions 

is illustrated in Fig. 3. 

Another use of the equipment installed for gaseous fission product 

purging is for the injection of oxidising gases into fuel elements located 

on the centre spike for corrosion studies. 

As HTR power reactor designs developed there was a need to test 

specific features of the fuel elements proposed. The first such 

requirement was for the irradiation of fuel for the AVR and involved 

replacement of the centre rod in a Dragon element by 25 fuelled spheres 

(Fig, 4), A list of the main fuel element designs for the Dragon Reactor 

is given in Fig. 5, These have evolved according to the changing designs 

of power reactor fuel elements as discussed below. 

Pin-in-Block Designs 

In parallel with the work in support of the Dragon Reactor itself, a 

series of design studies for power reactors was carried out between 1962 
6 

and 1968 . An important stage was reached in 1967 as a result of studying 

the Feed and Breed scheme based on the thorium cycle. Fuel handling and 

pressure vessel design considerations led to a power reactor core design 

in which 'feed' blocks were refuelled on-load and surrounding 'breed' 

blocks changed off-load. In this proposal both feed and breed elements 

were of the 'pin-in-block' design, which avoids high stresses in the main 

structural components of the core. 
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ELEMENT BASE FUEL ELEMENT BODY 

SECTION A-A 

Fig . 2. Fuel Element Type D5. 
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Dl The original version with low permeability graphite and metal end 
features. None were irradiated. 

D2 The first elements used having low permeability graphite and 
metal reinforced graphite bolts joining the rods to the top 
block. Internal fission product traps at the bottom of each 
rod, all of which were purged. 

D3 Permeable graphite, no internal fission product traps, all rods 
purged. Uniform fuel throughout. D1-D4 

D4 Experimental fuel in centre rod, outer six rods unpurged driver fuel. A variant 
was used with coolant flowing through the fuel in the outer six rods as well as 
over the outside. 

D5 Experimental fuel in purged centre rod to which all six 
thermocouples are fitted. Outer six rods with driver 
fuel can be changed allowing centre rod to continue for 
long duration^ 

D12 A modification to the D5 outer six driver rods in which 
coolant passes through the centre of the fuel bodies as 
well as over the outside of the tubes. 

re om/KSH test element. Increased diameter 
experimental centre rod accommodated by 
outer six driver rods of modified profile. 

D9 Similar to 18 but with 
centre rod containing 
spheres for THTR. Heat 
generated in the spheres 
was conducted through a 
graphite tube to the 
coolant and a purge 
flowed over the spheres 
to monitor fission 
products. 

D7 Multi annulus 
element. Test 
of a proposal 
for power 
reactor 
element. 

m and D9 

D13 A power reactor pin 
test element with 18 
tubular pins 
arranged in a 
pattern of six, 
three high around 
a centre graphite 
member. This 
simulated the pin 
arrangement proposed 
for the heterogeneous 
HTR. Only one element 
of this type was 
irradiated. 

D14 This element was designed to test 
the pin-in-block concept for the 
homogeneous HTR. Nine pins are 
contained, three in each channel. 
Thermocouples can be positioned 
in any of the pins or the coolant 
channels and provision can be made 
to sample the coolant at outlet. 

Only a limited number of elements 
of this type can be accommodated 
in the Dragon 
Reactor since 
they have less 
than the 
average fissile 
material content 
and generally a 
high fertile 
material load
ing giving an 
overall react
ivity penalty. 

Fig. 5. The Development of Fuel Elements for the Dragon Reactor. 
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FiajRE 5 (Continued) 

D15 The third type of sphere test element in which the spheres 
are directly cooled and carried in a tube similar to an 
enlarged D5 centre rod. The special driver cluster can 
be changed. 

D16 

D17 

D21 

D18 

A carrier block with seven channels, the outer six carrying driver pins of tubular 
interacting type which can be changed at intervals by a pin changing machine at the 
reactor. The centre channel of 68 mm diameter contains experimental specimens 
generally of tubular form. Fission product sampling from 
the centre channel outlet coolant can be incorporated and 
thermocouples can be positioned in the centre channel. 

A variant of the D16 body in which the centre channel 
contains purged tube of D5 type. The D17 body can continue 
irradiation for long times with regular changes of driver 
and experimental fuel. It is a valuable test of a large 
monolithic graphite block. 

As the D16 but incorporating stainless steel mesh filters 
at entry and exit from each channel to allow the testing 
of fuel bodies with a risk of particles becoming loose, for 
example directly cooled moulded pins. 

D16, D17 and D21 

A power reactor 
pin test in which 
seven identical 
channels each 
contain three pins 
of hollow rod 
form. Another 
element with a 
high reactivity 
penalty. 

D20 A special carrier 
to provide 75 ram 
diameter channels 
to test six pins 
to the UKAEA 
Tubular Inter
acting Reference 
Design Specifi
cation. 

D19 A driver pin test element comprising a cluster of seven tubes each simulating a 
driver pin channel for a D16 type element. Thermocouples can be incorporated 
in any channel. 

/00O00O0'-
(00000000 
\00oa0O05 
>0000000 

/00O0BO00 , 
(000^00000) 
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D22 The first integral D23 
block fuel element 
based on the Fort 
St Vrain block 
geometry. Two 
blocks 740 mm high 
and one 167 mm high 
are stacked between 
end features to 
direct the coolant 
and facilitate 
hMidling. 

A carrier hollowed 
out to accommo
date a section 
cut from a moulded 
integral block. 
Stainless steel 
mesh filters are 
provided at top 
and bottom of 
the carrier. 

D25 Integral block tests with the General 
Atomic 1160 MW(e) Power Reactor 
geometry or UK Reference Integral 
Block geometry. 

D24 A driver fuel pin test element in which 
a tube carrying three pins is fitted in 
the central cavity of a D16 block. 
Thermocouples measure pin and coolant 
temperatures. 

file:///00oa0O05
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At that time it was expected that the first commercial breakthrough 

of the HTR would be made in the United Kingdom, which had reservations 

concerning a commitment to the thorium cycle because it required a 

highly enriched uranium feed and implied the eventual need for a large 

development and plant construction programme to recover the bred U-233 

and refabricate it. 

This led, transitlonally, to the Low-Enriched Heterogeneous study 

but shortly afterwards the definitive 630 MW(e) Low-Enriched Homogeneous 

design emerged . The 'pin-in-block' design with relatively cool 

structural graphite was retained and formed the basis for both commercial 
7 

designs submitted for Oldbury 'B' , as well as for continued design work 
at least until the end of 1971» 

Four basically different designs of fuel pin were evolved and have 
Q 

been described by Smith : 

(i) hollow rod 

(ii) tubular non-interacting 

(iii) tubular interacting 

(iv) teledial 

Two of the more significant developments associated with pin-testing 

are the D14 and D16 Dragon fuel element designs and these will be 

described in more detail. 

The D14 element is a test vehicle which similates the power reactor 

block and accommodates fuel pins. It falls into the non-driver category 

and all of the three channels can contain fertile material and remain in 

the rteactor for an extended time. The purge connection can be used to 

sample the outlet coolant with filters incorporated to trap metal fission 

products which have evaporated from the surface of the experimental pins. 

The thermocouples are available for measurement of pin or helium 

temperatures in any of the channels* 

Growing pressure to increase the space available for pin-testing 

(Fig. 6) required that the centre channel of elements including driver 

fuel should be used and the D16 concept was evolved. This provides not 
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only a centre channel in which, for example, tubular pins are irradiated 

but is also a test for a large graphite carrier block. The driver fuel 

which is also of tubular pin form occupies six outer channel which can be 

changed at intervals. As in the D14 design the purge connection can be 

used to sample the outlet coolant. Thermocouples are available only 

for temperature measurements in the centre channel. To provide the 

largest diameter centre channel compatible with the power requirements 

for the driver fuel, the ligaments have been reduced as far as possible. 

The centres of all seven channels have a tolerance of 0.5 mm in a total 

length of up to 2,300 mm leading to the unusual requirement for high 

precision on a large graphite component. 

Multihole Graphite Block Designs 

During 1971 estimates were made of the cost breakdown foi 
9 

pin-in-block fuel elements and were typically : 

Fuel Pins (including machining) 20-25% 

Moderator Blocks (including machining) 23-28% 

Interest on fissile and non-fissile 

stocks and losses of fissile material 11-13% 

Conversion from UF,, to finished fuel 
D 

elements (including overheads) 34-46% 

It was evident that some 50% of the fuel element fabrication cost 

of the pin-in-block element lay in the graphite of the fuel pins and 

moderator blocks and ways of reducing the cost were examined. These 

included: 

(a) use of cheaper graphite 

(b) reuse of the moderator block for two or possibly three cycles 

of residence 

(c) modification of the design to reduce the graphite cost/unit 

weight of heavy metal, particularly by elimination of the 

fuel pins. 
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If a multihole graphite block design, such as was being used by 

Gulf General Atomic in the Fort St. Vrain reactor, were adopted, savings 

could be made under both items (a) and (c), reducing the fuel element 

fabrication cost by '<»20%, although the design feature of a relatively 

unstressed 'cold' block is sacrificed, 

At about the same time General Atomic began to achieve commercial 

sales of HTR's 5400 MW(e) being ordered in the USA between August 1971 

and May 1972. This led to General Atomic also becoming associated with 

developments in Europe. In France, a series of agreements was signed 

between Gulf Energy and Environmental Systems Company (GEES), the 

French Industrial Group for High Temperature Reactors (GHTR) and the 
10 

Commissariat a I'Energie Atomique and in West Germany (FRD) associations 
11 were set up between GEES and Hochtemperatur Reaktoroau GmbH and between 

GEES and Nukem"̂  . 

These various considerations and developments have now led to the 

adoption of the Multihole graphite block as the preferred type of fuel 

element for first generation HTR's in the USA, France, FRD and the 

United Kingdom, 

The first irradiation of a multihole graphite block in the Dragon 

Reactor began in June 1973. Designated the D22 element, the fuel and 

coolant hole pattern is based on the G.A, Fort St. Vrain block, (see Fig. 

Alternative designs have been made to test elements sponsored by KFA, 

Julich and CEA, Saclay to the General Atomic 1160 MW(e) geometry 

and the UK low enriched HTR, 

Moulded block developments are also tested in the Dragon Reactor 

and this type of element is readily adaptable to the design constraints 

of Dragon fuel elements. 

The foregoing illustrates the great flexibility of the Dragon Reactor 

Experiment in terms of the variety of fuel elements now developed. This 

evolution is by no means at an end and further developments associated 

with the growing interest in a Very High Temperature Reactor (VHTR) 

can be envisaged Ksee larer;. 
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Fig. 7, Fuel Element Type D22. 
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THERMAL AND MECHANICAL PERFORMANCE OF FUEL ELEMENTS 

In using experimental fuel elements to develop acceptable power 

reactor cores, the need for techniques with which to measure performance 

is apparent as is the need to continue the evolution of valid analytical 

techniques to a stage where suitable agreement is obtained between the 

the measured and predicted performance. Early hand calculations assumed 

for simplicity that all coolant channels were identical, that each fuQl 

element was of simple cylindrical geometry and used mean values for 

temperature dependent properties such as thermal conductivity etc. 

Subsequently digital computer programmes capable of calculating the 

thermal performance of fuel elements of almost any shape, in cores 

with more than one type of coolant channel and with variations of 

channel power have been developed. Stress calculations can now also 

be made for complex structures, taking account of irradiation creep, 

as well as progressive changes in mechanical properties and dimensions 

during the course of the irradiation. The accuracy is largely dictated 

by the input data for the materials. 

Most of these calculations are now carried out using finite element 

techniques in which the structure or fuel body is approximated by a 

number of discrete elements interconnected at a number of nodal points. 

In most practical cases the 2-dimensional solution of fuel element 

analytical problems (temperatures and stress) is adequate and recourse 

to 3-dimensional solutions (which for most problems would be too 

expensive in relation to any expected improvements in prediction 

accuracy) is reserved for special cases or regions. 

Where the element form is simple, as is the case in some Dragon 

test elements, the more direct analytical expressions used within a 

powerful digital computer programme can give an accurate set of 

predictions at low cost. The use of these simpler techniques should 

be encouraged wherever they are applicable. 

Currently, in the Dragon Project, the codes listed below have been 

developed and are in use for the prediction and analysis of temperatures 

and stresses in the test elements of the DRE: 
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DELPCO - used to predict the pressure drop across the core of the 

reactor. 

COCSIX - a coolant flow/element temperature code for cylindrical 

geometries including annular and cylindrical coolant 

channels (essentially one-dimensional). 

TAPIR - a thermal analysis code for non-cylindrical geometries 

(used originally for the trefoil shaped coolant channels 

and essentially one-dimensional). 

TACOR - a thermal two-dimensional code. 

HASSAN - a thermal code based on COCSIX which additionally calculates 

stress in the cylindrical bodies. Can be used to evaluate 

radial interaction effects between fuel and sheath. 

STAG - a two-dimensional finite element code suitable for structural 

analysis - arranged to allow for semi-continuous temperature 

variation in the plane, non-uniform damage flux and irradiation 

induced creep. 

TRISTAN - a three-dimensional finite element code for structural 

analysis - (not yet fully proven). 

It is not usually possible to record all the temperatures of interest 

in an experiment. It therefore becomes necessary to make a careful 

assessment of all temperatures, as measured, in relation to their 

predicted values, so that the best assessment may be made of temperatures 

in other parts of the experiment. Experience shows that, taking proper 

account of heat transport from or to elements in immediate thermal 

connection with the experiment and using the best available data with 

regard to coolant flow and channel power, nearly all temperatures in the 

DRE core are predicted within *50 C . The principal sources of 

inaccuracy in these predictions in the Dragon core are uncertainties in 

power and coolant flow. Both of these parameters involve errors, leading, 

in the average element, to a maximum error in peak fuel temperature of 

about +85 C and in gas exit temperature of about t50 C. These errors 

are not large and, having in mind the complexity of the Dragon core. 



237 

suggest that the prediction of temperatures in a typical HTR core should 

everywhere be better than iSO C. 

Direct measurement of the mechanical stresses induced in graphite 

structures whilst in service in an HTR core is not yet possible. It is 

necessary, therefore, to establish the performance either by designing 

some experiments for "failure" or by determination, during post-irradiation 

examination (PIE), of the residual stresses in unfailed components. 

Well designed failure experiments capable of simple subsequent structural 

analysis are not easily devised. Emphasis has, therefore, been placed 

on rhe post-operational measurement of stress in graphite components, 
14 

The Project first developed a strip cutting technique for application 

to simple cylindrical bodies and this gave reasonable correlation between 

predicted and measured effects. It has since been extended to the 

analysis of teledial experiments (See Figs, 8 and 9), where the 

correlation, whilst still encouraging, has not yet been as good as for 

the simple cylinder, the largest differences being between the predicted 

and measured deflection of the inner strips. Because of this and also 

to quantify a "margin to failure", the Project has developed a technique 

for hydraulically pressurising the inner surface of the fuel holes in 

these more complex structures, again with some reasonable measures of 
15 

success , The application of this technique is still relatively novel 

but results to date suggest that: 

(a) application of both present methods of PIE should lead to 

an estimate of residual component stresses within about 

±30% of true values, 

(b) the hydraulic technique should be capable of wider application 

to multihole structures without undue loss of accuracy. 

Complementary to the direct stress evaluation techniques, PIE also 

includes the measurement of distortion of the structural shape as a whole 

and these measurements can also be related to predicted values. 

Examples of large components in which distortion can be measured 

and calculated are the inner live reflector columns of the Dragon 

Reactor. Significant success has been achieved in this area, using the 

I 
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analytical code CURVO to predict the distorted shape of the inner live 

reflector after some 1,500 or more days of operation in the core boundary 

(see Fig. 10). 

Finally, it should be noted that in the experiments which have been 

analysed so far, a substantial margin of strength remains, even in highly 

rated experiments, 

RESEARCH AND DEVELOPMENT ON COATED PARTICLES AND MATRIX 

An intensive programme of work on HTR fuel element materials (graphite, 

coated particles and matrix) has always been one of the central features 

of the work: of the Project. The main components of this work have been: 

ti) laboratory and pilot scale manufacturing facilities operated 

by the Project and backed by a Quality Control and 

Evaluation team 

(ii) extensive use of extra-mural irradiation experiments as well 

as larger scale experiments in the Dragon Reactor. 

<iii) an integrated programme of post-irradiation examination in 

Dragon's own hot cells and detailed work in laboratories 

throughout Europe. 

(iv) evaluation of irradiation behaviour and feed-back into design 

and manufacture. 

The Dragon Reactor has now operated for over 1,500 full power days, 

representing the irradiation of approximately 250 fuel elements, 
Q 

75,000 compacts and 8 x 10 coated particles. In addition, more than 

60 major irradiation experiments have been carried out in research 
20 

reactors throughout Europe , In this section only a rather general 

review will be given and it will be confined to coated particles and the 

matrix since the present status of graphite for HTR's is dealt by 
21 Engle et al., at this meeting 

A number of phases of work may be noted since the idea of coated 

particle fuel was first conceived. In the first years the Project 

concentrated its efforts on a wide range of kernel compositions both 

in the evolution of a driver fuel for the Dragon Reactor and in the main 
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experimental programme. 

It was not considered reasonable at that time to expect undiluted 

dense fissile fuel to withstand the •«33% burn-up required of the driver. 

Hafnium-free zirconium was chosen as the diluent for the first charge 

driver because it forms a mixed zirconium/uranium monocarbide solid 

solution which is stable in the presence of carbon. 

Subsequent to the First Charge, the diluent for the driver fuel 

kernels has always been carbon and a PyC/SiC/PyC coating has been 

employed. Typically the U-235:C atom ratio in the kernel is 1:11. It 

will be appreciated that the carbon diluent in such a kernel occupies 

over two thirds of the solid volume. For this reason the driver fuel 

has extremely good performance at high temperatures. It has also been 

irradiated beyond the normal driver cycle to 70% (FIFA) burn-up at 

1200 C and has survived. The peak driver fuel temperature is typically 

1450 C but there is evidence that the initial driver fuel temperatures 

during 1972 were up to 1650 C at some points around the core boundary . 

It is essential that the unpurged driver shall not cause operational 

difficulties. In spite of the high initial operating temperatures, 

standard driver fuel has performed consistently well. No significant 

breakage of driver fuel occurs in service so that the fission gas release 

in the reactor is largely dictated by the initial free uranium fraction 
-4 

which is typically 0.5 x 10 

Driver fuel kernels have been made with the fissile material in 

oxide or carbide form and material made by both liquid and dry routes 
22 

gave similar performance 

In the initial phase of work on experimental fuel the focus 

of attention was on kernels with a mixed uranium-thorium composition 
23 

in carbide or oxide form, fabricated in a variety of ways . Coatings 

on these fuels were either of the PyC/SiC/PyC type or alternatively 
4 

made with PyC only . The work during this period demonstrated the 

manufacturing feasibility of the coated particle concept as well as 

the irradiation performance, at least for the burn-up required. 

Having demonstrated the practicability of the basic principles of the 
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HTR it was then necessary to provide a firm quantitative basis for 

power reactor design and operation. To achieve this objective the main 

factors governing fuel performance were studied. 

In 1966, after consideration of the accumulated results of the 

manufacturing experience, irradiation testing and likely commercial 

developments, the so-called Dragon Reference Particle was devised to 

act as a focus for the study in depth of the performance limitations. 

The salient features of the particle were an 800 ̂ m diameter kernel 
24 

and a coating based on a triplex coating composed of PyC/SiC/PyC 

The phenomena which eventually limit performance have been 

identified and may be separated into the following main categories: 

(i) pressure failure 

(ii) fast neutron induced PyC cracking 

25 
(iii) chemical deterioration (amoeba attack) 

Although these effects and the state of knowledge leading to the present 

confidence in fuel for HTR's have been covered in some detail in papers 

published in the past two years, it is useful to summarise the main 

conclusions. It may be added that, although the work was centred around 

the Reference Particle, the results are generally relevant to any system 

of coated particle fuel. 

Within a coated particle, gas pressure builds up from the Kr and Xe 

isotopes produced during fission. In oxide fuels this is augmented by CO 

formed at the operating temperature from reaction between the released 

oxygen with carbon. 

Techniques to study the gas content and resulting pressures inside 

individual irradiated particles have been pioneered by work with OSGAE, 

Seibersdorf, where the hot crushing method was developed as well as ways of 

measuring the internal free volume. The results have been examined in an 

active collaboration between Dragon, OSGAE and AERE, Harwell in relation to 

the mechanisms which may govern the rate of release of the fission gases 

and the build-up of CO during irradiation. In the case of the rare gases 

the release fits a modified diffusion law involving ingrain diffusion with 
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grain boundary bubble formation. However, for practical purposes at the 

higher temperatures and end-of-life, complete release into the internal 

particle volume may be assumed. For CO pressures a more complex 

situation applies as a consequence of the different fission yields of 

different isotopes, the varying affinity between oxygen and fission 

products and a dependence on the temperature. As a general rule, 

the effect of a fission yield variation is to give rise to a greater 

contribution to the total internal pressure from CO with isotopes of 

higher atomic number. Pu-239 fissions therefore give a higher release 

than fissions from U-235 or U-233. However, as a result of the 

thermodynamic behaviour of the fission product oxides as a function of 

temperature, the contribution of CO to the total internal pressure 

within a coated particle is not significant at temperatures up to 

about 1000 C and only represents about 30% even in low-enriched fuel 

at full burn-up at 1250 C where about one half of the fissions derive 

from Pu-239 formed and fissioned within the particle during its 

lifetime. 

The actual pressure generated within the particle is dependent 

not only on the gas generated but also on the free volume within the 

particle coatings. Clearly the pressure may be reduced by the 

incorporation of additional free volume within the particle either in 

the kernel itself or the buffer layer. The coatings provide 

containment of the gases and will fail when their strength is 

exceeded. A large number of irradiation experiments have been performed 

to study these aspects and a very satisfactory level of understanding 

has been achieved to allow particles to be designed to withstand any 

required degree of burn-up. A striking example of this is the success 

with which particles have achieved not only burn-up levels of the order 

of 10% FIMA (*»100,000 MWd/t) associated with the low-enriched fuel 

cycle but also the much higher levels of 70% FIMA (̂ 700,000 MWd/t) 

in the feed fuels of thorium cycle systems. 

In Fig. 11 the burn-up performance of a triplex type of particle 

is illustrated by the lines running upwards from the burn-up axis and as 

indicated above, the level of burn-up achievable is adjustable by varying 
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the internal free volume. The detailed shape of the curve will also be 

a function of the interactions between the PyC/SiC/PyC layers, for 

example the knee in Fig. 11 arises from the varying degrees of compressive 

force exerted on the SiC by the more rapidly shrinking PyC. 

The other endurance limits indicated in Fig. 11 are the horizontal 

lines referring to the cracking of the pyrocarbon layers. The basic 

reason for this limit is the interaction between the PyC and SiC which 

takes the form of a restraint on the PyC which is endeavouring to shrink 

under the influence of the fast neutron irradiation. Although no actual 

movement is involved the PyC in effect suffers a "creep strain" through 

this restraint. Experimentally it has been determined that for isotropic 

pyrolytic carbons deposited from methane , cracking occurs at an 

accumulated shrinkage restraint of about 10% leading to dose limits of 

about 5 x 10^^ EDN» at 1100°C and 3 x 10^'^ EDN at 1300°C. However, 

coatings deposited from higher hydrocarbons such as propylene and butane 

which are morphologically different from the methane deposits are very 

much more resistant to this effect and although experimentally doses in 
21 

excess of 7 x 10 EDN have been achieved no failures have yet been 

observed. 

These aspects of mechanical endurance have been drawn together and 

analysed quantitatively from the viewpoint of models describing the 

performance in a recent review . From the large experimental programme 

carried out by the Project it has been shown that the mechanical 

performance of triplex coated particles can be adequately described in 
27 

a quantitative manner 

In its work on chemical endurance, the Project has concentrated on 

oxide systems and in particular on UO . The phenomenon known as "amoeba 

attack" was observed in early experiments and was later subjected to 

more sustained study to provide indications of the usable design limits 

and to provide information for further improvements. The effect 

observed is the internal mass-transport of carbon from the hotter side 

of the particle to the cooler side. An indication of the apparent limits 

•Note that EDN dose «0.6 x Dose >0.18 MeV 
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arising from this effect was given in a previous paper and a 

theoretical analysis was given by Flowers and Horsley . Recent 

measurements of the rate of internal carbon transport have modified 

the original view of the effect which was based on the observations of 

coating failures rather than rate of carbon transport. It now seems 

likely that these results were affected by combined amoeba and pressure 

failure. The later work has shown that the apparent activation energy 

of the controlling process is much lower than previously indicated. 

The modified amoeba plot which now incorporates all the reassessed early 

data (less very high temperature data which is now thought to be 

misleading) is given in Fig, 12. It should be pointed out also that 

this data incorporates experiments of 800 days duration leading to a 

much more satisfactory situation with regard to extrapolation to power 

reactor lifetimes. Further theoretical analysis has also been carried 
29 out by the Project which has led to the hypothesis that the rate 

controlling step in the amoeba process in oxide fuels may be the diffusion 

of oxygen in the UO kernel. 

The preceding paragraphs have briefly reviewed the behaviour of 

coated particles with respect to coating integrity. A large body of 

experimental data has also been accumulated on fission product migration 

through intact coatings. The results and conclusions arising from this 
30 

work have been reviewed recently . The superiority of SiC as a barrier 

to metallic fission products has been repeatedly demonstrated and it has 

been shown that high density layers can be considered as being completely 

impermeable to caesium and strontium throughout reactor lifetime at 

temperatures of 1250-1350 C. Dramatic increases in diffusion rates do 

occur, however, if the deposition conditions are made to produce 

coatings containing excess silicon, i.e., low density deposits, as shown 
31 

in Fig, 13 , Such behaviour has been tentatively proposed to be related 

to rapid migration along grain boundary films of pure silicon. 

Work on incorporating coated particles into a suitable matrix 

commenced in the early 1950's with development of the production route 

for the first charge of compacts for the Dragon Reactor. The need to 

provide good dimensional control with a high thermal conductivity led to 
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the use of as high a loading of graphite filler as possible and a 

thermosetting resin binder to give a high carbon yield on heat treatment. 

Work at the Royal Aircraft Establishment, Farnborough evolved the 

"powder-casting" of resinated graphite powders with "gas cracking" to 

increase the density. This route required only a light (100 psi) 

pressing and so was geared to the very high volume packing of particles 

which was expected for the initial charge of Dragon. In the event, 

the final loading of the core and the particle sizes involved meant 

that the volume loading of particles within the compacts would be less 

than 20%. It was thus possible to consider a pressing operation to 

substitute for the expensive process of densification by gas cracking. 

The first charge of Dragon was produced by the process of warm-pressing 

a mixture of resinated graphite powder and coated particles and 

subsequently baking and degassing. One of the disadvantages of the 

method was the difficulty of mixing the heavy particles with a light 

graphite powder and thus the process of "overcoating" was evolved. 

This technique involves tumbling the coated particles with a moistened 

resinated graphite powder to build-up an overcoat of sufficient thickness 

to provide all the matrix required in the finished compact. After drying, 

the overcoated particles are warm-pressed and then finally heat-treated. 

This process was used to make the second charge of the Dragon Reactor, 

and has been routinely used ever since. Not only does this process 

give a guaranteed distribution of fuel particles, but the overcoating 

ensures separation of the particles leading to near zero breakage during 

pressing and lack of thermal and mechanical interaction in-service in 

the high conductivity matrix. 

Since these early days much information has been generated on the 
32 behaviour of compacts in a variety of geometries , Perhaps the most 

important of these properties in the context of current HTR designs are 

those related to the possible mechanical interaction between the fuel body 

and the graphite structure of the fuel element. Measurements of the 

irradiation shrinkage of 11 mm diameter cylindrical compacts and the 

changes in coefficient of thermal expansion and Young's Modulus are 

illustrated in Fig. 14. Deviations from this type of behaviour, and in 
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particular the early expansion of compacts has been studied and related 

to the behaviour of the coated particle itself and in particular the 

dimensional behaviour of the outermost PyC layer in triplex coated fuels. 

In conclusion it can be said that while continuing work is necessary, 

particularly on production varieties of HTR fuels, there is a massive body 

of evidence to justify a very high degree of confidence in their 

performance in power reactors of current design. 

FUTURE DEVELOPMENTS 

During the past two years attention has been increasingly turned 

towards the further development of fuels for a VHTR (Very High 

Temperature Reactor). This is envisaged as a nuclear heat source 

eventually being capable of delivering helium at substantially higher 

temperatures. Although this represents a considerable enhancement 

in fuel and core temperatures, there is no inherent reason why, with 

an all ceramic core, this should not be achieved. 

For the fuel particle, the first effect of an appreciable 

enhancement in fuel temperatures will be increased chemical activity 

which might be expected to lead eventually to deterioration in the 

performance of the fission product retaining coatings. Thus the initial 

focus of work is on the chemical stability of kernels at high irradiation 

temperatures with additions being made to stablise the complex mixture 

of fission products and actinides. Additions to Th and U oxide fuels 

such as alumina, niobia, silica, are being studied. The suppression 

of oxygen release is also being actively worked upon with various kinds 

of getter additons (e.g., Ceria, Zirconium carbide. Lanthanum). Related 

to this work is a special study of fissile fuels for use in Thorium cycle 

reactors where dilution of the kernel with carbon and zirconium has 

proved extremely valuable in the high temperature driver fuel of Dragon. 

Coating studies relating to a VHTR are concentrated, for the time 

being, on the modification of the silicon carbide and a close study of 

the phenomena which limit its performance at high temperatures as a 

fission product retaining barrier. 
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Linking with this work on advanced particles, developments have 

occurred in matrix technology. It is envisaged that to minimise the 

temperature difference between the peak fuel particle and the core exit 

gas of a VHTR there will be an increasing trend towards a fuel element 

design in which the gas will flow directly over the fuel compact which 

will either be located witlriin channels in a graphite block or which may 

make up a block itself. Fig. 15 shows a compact which is homogeneously 

fuelled with coated particles and for which the forming process has been 

optimised to produce a body some three times stronger than previous 

types of compacted fuel body. Directly cooled bodies of this type 

are already under irradiation in the Dragon Reactor, 

CONCLUSIONS 

1. The Dragon Reactor occupies a unique position at the centre of HTR 

development. This paper has described the continuous evolution 

of experimental fuel in parallel with the development of designs 
33 for power reactors. A companion paper gives an account of the 

excellent operational experience. 

2. Techniques for the assessment of thermal and mechanical performance 

of fuel and fuel elements have been considerably improved. However, 

it is difficult to devise satisfactory "failure" experiments with 

HTR core structures. For this reason the emphasis has been on 

evaluating the "margin to failure" by post-irradiation examination. 

3. Steady development of coated particle fuel has been a central 

feature of Dragon Project work. From the outset the use of silicon 

carbide in the coating has been regarded as the best technical 

solution for fission product containment at source, carrying with 

it significant implications for the design and maintenance of a power 

reactor. The phenomena which eventually limit performance of the 

fuel have been identified as pressure failure, fast neutron induced 

pyrocarbon cracking and chemical deterioration (amoeba attack). 

4. The emergence of the Steam Cycle HTR as a commercial system has 

encouraged the Dragon Project to explore the problems of fuel and 

reactor designs for higher operating temperatures leading to a 
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Fig. 15. Homogeneous Fuel Body for Dragon Met VI (1) and (2) 
Experiments. 
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Very High Temperature Reactor (VHTR). 
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PROGRESS IN THE THORIUM-URAHIUM 233 L-----'''''''*'̂  

REPROCESSIHG-REFABRICATION TECHNOLOGY 

— L. H. Brooks A. L. Lotts 

R. G. Wymer 

INTRODUCTIOW 

The purpose of this paper is to present the salient features of 

high-temperature gas-cooled reactor (HTGR) fuel recycle technology as it 

stands today, and to mention some possible improvements which are being 

investigated. 

1 2 
The main elements of fuel recycle ' are spent fuel shipping and 

storage, reprocessing operations of head-end processing followed by sol

vent extraction to recover the fissile and fertile fuel materials, fuel 

material conversion to chemical and physical forms suitable for use in 

fuel element fabrication, fuel element assembly, recycle plant effluent 

decontamination, and gaseous and solid radwaste disposal. 

Shipment of HTGR spent and refabricated fuel has been studied for a 

number of years and has resulted in the fabrication of two truck-mounted 

casks for transporting spent Fort St. Vrain fuel to Idaho Chemical 

Processing Plant (ICPP), and in the design of truck- and rail-mounted 

casks for transporting spent fuel elements from large HTGRs which will 

be coming on-line starting 198O. 

Storage facilities for spent HTGR fuel at the commercial recycle 

plant, due to start operations in about 1985!, are at the conceptual 

design stage, while a 2,560 fuel element storage facility has been con

structed at ICPP ready to receive spent fuel from Fort St. Vrain. 

The reprocessing head-end flowsheet, chosen from numerous possible 

ones, is the crush-burn-leach process which has been studied since 

1957- ' ' Alternatives "to this process may present difficulties such as 

materials handling, corrosion, the use of machines which are better not 

remotized, or too many ancillary processes required to keep the main-line 

processes in operation. Work on the flowsheet is being carried out at 

General Atomic Company (GA) and ICPP. Supporting hot cell studies are 
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being conducted at Oak Ridge National Laboratory (ORNL). The fissile 

and fertile materials will be recovered from the leach solution by the 

Thorex process, a modification of the Purex process. 

Fabrication of the fuel form consists of three major steps: kernel 

preparation, coating, and rod forming, after which the fuel element, 

comprising the graphite block and fuel rods, can be assembled. The unit 

processes follow the fresh fuel manufacturing processes as closely as 

possible because both products are similar. The big differences between 

the fresh and recycle fissile fuel lie in the composition of the kernel 

which is all-urani-um and mixed uranium-thorium, respectively, and in the 

necessity for shielded operations for the recycle fissile fuel. Develop

ment of fuel fabrication is being carried out at GA and ORNL. 

The effect of fuel fabrication and reprocessing components of the 

fuel cycle on the environment is being studied at ORNL with respect to 

gaseous and liquid wastes, both radioactive and non-radioactive, and by 

the AEC on the subject of solid radwaste disposal and on other components 

of the fuel cycle. 

The development work scheduled to be carried out at GA, ORNL, and 
7 

ICPP has been reported in a document published by ORNL, and known as the 

"National Program Plan." The work scopes, schedules, and budgets for 

each of the participants are described. A cold reprocessing pilot plant 

is being constructed at GA and will be completed by 1975- Development 

work will continue to the late 1970s. A hot reprocessing plant will be 

built at ICPP for operation in 1979? when the reprocessing flowsheet will 

be demonstrated using Fort St. Vrain fuel initially as feed. A hot 

refabrication demonstration plant is being designed at ORNL for operation 

in 1979 when the refabrication flowsheet will be demonstrated. 

HTGR FUEL 

The fuel element is illustrated on Figure 1 and the fuel particles 

on Figure 2. Mixtures of particles are blended and formed, by hot injec

tion of pitch/graphite flour matrix, into rods measuring about 5/8-inch 

diameter and 2-inches long. About 1,300 of these are loaded into one 
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fuel element. The element is cooled with a downward flow of pressurized 

helium through the coolant holes. 

HTGR SPENT FUEL SHIPPING SYSTEM 
Q 

The HTGR spent fuel shipping system provides the method and equip

ment required for removing and transporting spent fuel elements from a 

nuclear electric generating plant to a storage and/or reprocessing plant. 

The system equipment is designed such that all federal regulations 

of the U.S. AEC and U.S. DOT and, in addition, all applicable state laws, 

are satisfied. 

The rail shipping package consists of a cask and twelve containers. 

Each container holds six spent or five refabricated fuel elements. The 

cask is fabricated in three layers: a stainless steel inner layer, a 

middle layer of depleted uranium, and an outer shell of steel. The cask 

weight is l60 tons and it is transported in the near-horizontal position 

on a special railcar weighing 60 tons. The cask is finned for improving 

the removal of decay heat generated by the fission products. The cask is 

not removed from the car for loading/imloading operations but is jacked 

into an upright position when the lid can be removed and the fuel 

transferred. 

Truck shipping differs from rail shipping in the size of the cask. 

The truck-mounted cask will accept one container which is identical to 

the rail container. 

SPENT FUEL REPROCESSING 

A three-stage crushing system has been adopted for the reprocessing 

plant, based on the experimental testing of modified commercially avail

able equipment using full-sized fuel elements. The crushed product is 

-3/l6-inch ring size and is suitable for feeding to a fluidized bed 

burner. Primary reduction is done by feeding the fuel element vertically 

into an overhead eccentric jaw crusher which produces i+-inch lumps. 

Secondary reduction is also performed in an overhead eccentric jaw 

crusher which produces -3/t-inch limips. Tertiary crushing is done in 
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either a single-roll or double-roll crusher to produce the -3/l6-inch 

burner feed which is pneumatically conveyed to the fluidized bed burners. 

Some results of crushing are given in Table 1. 

The burning operation is carried out by pneumatically feeding 

crushed fuel to the top or base of a continuous primary fluidized bed 

burner. The burner is operated automatically at constant temperature by 

controlling the oxygen supply from the center-bed temperature signal, 

and the product rate is controlled from the bed-depth differential pres

sure signal. The feed rate is maintained as constant as possible. The 

primary burner product is fed to the batch-operated secondary burner 

where the remaining carbon is removed, the final product being oxide ash 

and SiC-coated particles. Secondary burner exothermic operation cannot 

be sustained to the low concentration of carbon required in the subse

quent processing steps, so heat is supplied by means of an electrical 

furnace. Heat generated during the burning operation is removed by 

forced gas cooling in a clamshell jacket surrounding the burners. Off-

gases pass through a cyclone and/or sintered metal filters for fines 

removal before being cooled and scrubbed for release to the atmosphere. 

Fines from the filter systems are recycled to the primary burner. 

Results of burning tests are given in Table 2. 

An alternative to crushing and fluidized bed burning is whole-block 

burning. The advantage of this would be the absence of the crushing 

stage but the disadvantage is that the technology is not sufficiently 

advanced for it to replace fluidized bed burning at the present time. 

The off-gases from the burners are decontaminated to remove 

(mainly) Kr. 

Two approaches are possible in processing the carbon-free burner 

product. One, the reference case, is to leach the mixture with leach 

liquor and separate the solution from the insoluble SiC-coated particles. 

The other is to classify the burner product by some method, the mixed 

oxides reporting to the leacher. Air classification is being studied 

experimentally at GA and ICPP as the second approach and backup to the 

reference case. 
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Table 1. Screen Analysis of Product 
After Crushing a Whole Block 

Double - ro l l gap 0.057 inch 

Screen 
Size # 

3.5 

1+ 

7 

ll; 

18 

35 

60 

120 

•120 

Cumulative 
Weight % 

1.96 

h.93 

28.2U 

55.98 

6k. 6h 

77.82 

85.̂ +0 

91.31 

8.69 

100.00 

Table 2 . Primary Biirner 

Diameter , cm 

Burn r a t e , g/cm hr 

Superficial velocity, 
cm/sec 

2 
Bed size, g/cm 

Bed temperature, "C 

Oxygen cone, inlet,% 

Fines carryover rate, 
g/g burned 

Off-gas c o n c e n t r a t i o n : 

Og % 

CO % 

COg % 

Final bed: 

d ym sv 
Carbon % 

Broken particles % 

Operation 

10 

32 

6k 

52 

1015 

87 

I.OI+ 

0 

k.5 

83 

600 

6 .3 

3.2 
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The burner or classifier product is leached with nitric acid, 

aluminLmi nitrate, hydrofluoric acid (Thorex liquor) and the solution 

clarified by centrif-ugation. The clarified solution is fed to the final 

step in fuel reprocessing which takes the highly contaminated U-233 and 

thori\jin and separates them cleanly both from each other and from fission 

products. These separations are performed by solvent extraction. After 

adjustment of concentrations, the resultant aqueous solution is equili

brated with immiscible solutions of tributyl phosphate (TBP) in 

n-dodecane. The TBP solutions preferentially extract uranium and thorium 

nitrates, leaving fission product and other nitrates in the aqueous 

phase. Subsequently, concentrations are adjusted so that the thorium 

leaves the TBP phase to enter an aqueous phase, leaving only uranium in 

the TBP phase. Finally, the uranium is stripped into an aqueous phase 

in the form of uranyl nitrate for use in fuel particle fabrication 

operations. 

Solvent extraction is being studied at GA as part of the cold pilot 

plant work and in hot cell studies at ORNL to ensure that all questions 

regarding fission product precipitation, product purity, equipment 

specifications, and process safety are answered. 

FUEL REFABRICATION 

The refabrication process consists of taking the 2-molar U-233 

Liranyl nitrate solution from solvent extraction, blending it with 

thorium nitrate to make ^.2:1 Th:fissile U ratio, and converting this 

solution into gelled microspheres by the sol-gel process. These micro

spheres are then dried, calcined, and pyrocarbon coated. These coated 

particles are blended with coated fertile particles and formed into fuel 

rods which are assembled into the graphite blocks to form the finished 

fuel element. Because of the presence of U-232 and its daughter products 

in the U-233, all refabrication operations are carried out remotely in 

a shielded facility. 

The sol-gel process for forming microspheres has been developed at 
12 

Oak Ridge. The feed to the sol-gel process in the refabrication plant 

consists of a blend of the recovered U-233 uranyl nitrate solution and 
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thorium nitrate. This nitrate solution is converted to a hydrosol by 

extraction of the nitrate ion into a long-chain secondary amine diluted 

with a normal paraffin hydrocarbon. The extraction is carried out in 

two stages with a digestion at elevated temperature between stages. 

About half the nitrate is extracted in the first stage; the digestion 

step releases additional nitrate, which is removed in the second extrac

tion stage. The oxide hydrosol is introduced into the sphere-forming 

system. Conversion of the sol into fuel spheres is accomplished by 

extracting water from hydrosol drops with a countercurrent flow of an 

alcohol [2-ethyl-l-hexanol (2EH)]. The gelled spheres are then dried, 

calcined, screened, and inspected for size, shape, uraniLun and thorium 

content, density, and impurities. 

The inspected uranium-thorium oxide kernels are conveyed to fluidized 

bed coaters. In these coaters a low-density carbon layer, called a 

buffer coat, is deposited on the kernels by high-temperature vapor-phase 

deposition from hydrocarbon gas diluted with an inert gas such as argon 

or nitrogen. By changing the coating conditions, the low-density coating 

is followed by a high-density isotropic carbon coating. The fuel particle 

is now called a fissile BISO particle. This coating step is followed by 

a thorough inspection of coating thickness and density. The fissile 

particles produced in the refabrication plant are blended with coated 

fertile particles in a mold and hot injected with a viscous mixture of 

pitch and graphite flow which on cooling solidifies to form the green 

fuel rod measuring 5/8-inch diameter by 2 inches long. The rod is 

pressed out of the mold and is inspected to ensure conformance with 

specifications of diameter, length, and uniformity of fissile particle 

loading. 

Fifteen fuel rods selected to give the correct combined length are 

loaded into each fuel hole in the graphite block and graphite plugs 

cemented into place. The green fuel element is then heated at about 

1,800 C in an inert atmosphere to carbonize the pitch and form a strong 

rod of high thermal conductivity. Conditions are so arranged that there 

is a gap between the rod and the fuel-hole wall such that radiation-

induced swelling does not create pressure on the fuel-hole wall. 
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The fuel element is inspected for damage and stored in the 

refabricated fuel vault. 

RADWASTE 

A great deal of effort goes into reducing the quantity of radio-
Q 

active materials being discharged to the environment.^ 

Gaseous effluents from the reprocessing plant will be treated to 

remove radioactive and non-radioactive pollutants. A major component of 

gaseous radioactive waste is the carbon dioMde from the burners. This 
. 85 129 3 

gaseous waste will contain Kr, I, H, non-radioactive gases, and 

suspended particulates. A combination of filtration and the KALC process 

will be used to clean up this gaseous waste. The KALC process, being 

developed at ORNL, is based on the relative volatilities of Kr (and 

other gaseous products of the burner) and carbon dioxide under conditions 

of temperature and pressure at which the CO is partially liquefied. ' 

use of vapor-liquid distribution of CO and contaminants in packed col

umns, Kr and other gases, e.g. Op, N and CO, will be removed from the 

COp. Additional stages in the KALC process may remove I and H. 

Liquid effluents will be concentrated by evaporation and added to 

the high-level liquid waste stream for calcination to a solid. 

Solids from the calciner will eventually be canned and sent to a 

federal repository. 
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PROGRESS IN Th-^^^V RECYCLE TECHNOLOGY '""""" 

E. R. Merz 

G. Kaiser 

E. Zimmer 

INTRODUCTION 

A well-conceived fuel recycling system will not only 

reduce energy cost but also form the basis for the efficient 

disposal of radioactive waste. While so far economy was the 

primary aspect in designing a recycling technology, todays 

in the light of an increasing awareness for environmental 

protection^ the safe isolation of radioactive waste from the 

human biosphere over long periods of time plays a role of 

almost the same significance. This is accomplished most 

reliably by recycling where the fission products are 

concentrated in a small volume. 

A meaningful recycling concept for thorium-containing 

fuel elements from HTR's has to provide for a separation 

into three product streams: uraniumj thorium and fission 

products. Separation into only two streams^ uranium on the 

one hand and thorium with the fission products on the other^ 

does not appear a good solution^ especially on a long-term 

basis. For one, radioactive waste treatment and storage will 

become considerably more expensive as a result of the high 

thorium content andj for anotherj this approach should not 

be taken from the point of long-term raw materials acquisi

tion. Immediate recycling of the recovered thorium may not 

even exceed the cost of its storage. This presupposes^ 

howeverj that remote refabrication of new fuel elements can 

be controlled. In any event it is advisable to separate the 

thorium immediately even if it requires intermediate storage 
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over an extended period of time until it can be reused. 

The discussion of the employment of a feed-breed fuel 

element concept and the attendant problems of the separate 

recycling of both particle types should include a possibly 

better alternative of a mixed "̂ P̂u-Th- -̂"̂U fuel element 

system which appears worthy of closer investigation. Instead 

of the required initial mechanical separation of feed and 

breed particles^ which is difficult and whose realization 

is not assured by any means^ followed by processing in two 

separate process lines^ there will be chemical recycling in 

one process J now requiring chemical separation into four 

product streams instead of three as before. This problem 

can certainly be solved. In addition to verification from 

the point of reactor physics this concept requires primarily 

the development of a fully automatedj remotely-controlled 

fuel element refabrication process. The same requirement 

applies to '̂ Û recycling. 

JUPITER EXPERIMENTAL REPROCESSING FACILITY 

A generalized equipment flowsheet of the JUPITER facility 

is shown in Fig. 1. 

Irradiated fuel elements arriving for reprocessing from 

the AVR experimental power plant are first stored for a 

minimum of 150 daysj then they are crushed and burned with 

oxygen to remove matrix graphite and pyrocarbon coatings. 

The resulting off-gas which is^ of course, not free of 

radioactive contaminantsj is passed through sintered metal 

filters and packed-bed adsorbers and then discharged into 

the atmosphere via a stack. The burner ashj consisting of 

heavy metal particles that are practically free of carbon^ 

is transferred to a dissolver, where dissolution is effected 

by boiling with Thorex reagent (13 M HNO , 0.1 M Al(NO^),, 
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Pig. 1 Generalized equipment flowsheet of JUPITER 
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0.05 M HP). The resulting solution has a high nitric acid 

content and is adjusted to a certain acid and heavy metal 

ion concentration before it is finally subjected to TBP 

extraction. 

The JUPITER plant will be a model to gain experience 

and data which can later be used for the design of a larger 

plant. Therefore J it must meet certain requirements of which 

the following four seem especially important: 

1) The plant should be fully equipped. That means^ it should 

contain not only the equipment for the main process steps 

but also installations for auxiliary operations like 

acid- and solvent-recoveryj off-gas clean-up, product 

concentration, etc. 

2) Extra process lines and tanks in addition to those 

required for the main process should be provided to 

allow testing of different flowsheets. 

3) Design of the equipment should be such that a scale-up 

to production units will be possible, and 

4) Measuring and control problems which are specific to 

the process as well as problems involving analysis and 

materials balancing must be resolved in principle even 

in this small facility. 

It is seen from Pig. 1 that the first two of these require

ments have been met. 

The plant contains - aside from the main components -

the additional equipment just mentioned and is cased in a 

way that the following flowsheets can be tested: 

a) the Acid Thorex and Interim process with acid deficient 

feed 

b) a modified Acid Thorex process consisting of a codecon-

tamination cycle with acid feed and a partitioning cycle 
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with acid deficient feed 

c) a modified Interim process with acid feed and 

d) a second uranium extraction cycle for final product 

purification. 

The third requirement, to design the equipment in such 

a way that a later scale-up will be possible and the fact 

that the plant has to be installed into an already present 

row of hot cells determined the capacity of JUPITER which 

will be 2 kg heavy metals per day. 

With respect to the fourth item, requiring that problems 

specific to the process, control problems and analysis 

problems be resolved, we can merely point out in very general 

terms that these fringe problems which are very important 

to the success of the overall process, already have model 

character for industrial facilities. In many instances it 

is especially process analysis which represents the critical 

path in the overall work flow of a recycling plant so that 

we are devoting special attention to this problem area . 

The JUPITER facility includes three cell units, these 

being 

the entrance cell 

the combustion cell and 

the chemical processing cell. 

Pig. 2 shows a schematic of the contemplated space sub

division. 

Combustion Head-End 

The actual combustion of the carbon must be preceded by 

crushing the fuel elements. Its type and scope depend not 

only on the fuel element concept but also on the furnace 

type. The two fuel element types under discussion today. 
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GA block and "Schulten sphere", contain about 90 % graphite. 
Prom the engineering point this combustion can be accomplished 

2 "5 

either in a shaft furnace or in a fluidized-bed reactor-̂ . 

Both variants have been tested at length in our laboratory 

as well as in the hot cells. In the meantime the required 

preproduction facilities have reached a scope where the 

transition to hardware units of prototype dimensions becomes 

a calculated risk. 

In the former case the required temperatures amount to 

1,000° C, in the latter only 750 to 800° C. However, while 

the shaft furnace can handle the fuel balls itself and the 

block after coarse crushing, the fluidized-bed reactor of 

course requires a finer-grained feed. This means that, in 

this case, combustion must be preceded by another process 

stage, that of crushing the fuel elements to a grain size 

of about 2.5 mm. Where the material are balls this may 

succeed with the aid of hammer mills or jaw crushers. The 

matter becomes problematic for the block. Again, however, 

we believe to have found a solution which will lead to the 

desired grain size in one step. It can be seen from Fig. 3 

that we plan to feed the blocks through a prismatic pipe 

fitted with opposing feed units into a milling fraise 

consisting of two pairs of counter-rotating roller-type 

cutters . Initial experiments have been quite successful. 

The particle crushing rate was less than 5 % for a mean 

grain size of 1.1 mm. However, final evaluation of this new 

development will not be possible until experiments have been 

made on whole blocks. 

The decision as to which process principle will finally 

be used in a prototype facility having a capacity of one 

block per hour or 500 fuel balls per hour, will be made in 

the near future. We feel that the fluidized-bed technique 

should be preferred for a variety of reasons'̂ . 
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Closely related to combustion are the problems involving 

the purification of the generated combustion waste gases to 

remove radioactive contaminants. One important feature are 

the elements Ru, Cs, Ce and I, occurring primarily in aerosol 

form, and of course the two gaseous radionuclides, T and 
85 ^Kr. We have developed the so-called AKUT process (Aerosol, 

Krypton und Tritium) for the simultaneous removal of all 
~ ~~ ~ 6 
three groups of contaminants . This process is based primarily 
on three experimental findings, that 

aerosols are easily separated by electrostatic and/or 

absolute filters, 

krypton is soluble in liquid COp and the vapor pressures 

of these two substances are far enough apart to allow 

separation by means of rectification, and that 

water vapor, i. e. TpO, is easily absorbed on molecular 

sieves. 

The decontamination factors achieved in hot cell experi

ments were as follows: 

for stage 1 (aerosol precipitation) 
3 

electrostatic filters 10-̂  
electrostatic filters and 

7 
absolute filters 10' 

2 
for stage 2 (Kr separation) 5 • 10 

2 
for stage 3 (TpO separation) 10 

Dissolution and Feed-Adjustment 

Combustion of the graphite is followed by dissolution of 

the fuel particles in Thorex reagent. Here our efforts were 

concentrated primarily on finding a process technique for 

the continuous performance of this basic operation. The 

results of these efforts are shown in Pig. 4. 
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The continuous dissolver' developed for dissolving 

(Th,U)Op particles consists of a cylindrical tube with a 

conical expansion on top which accomodates the connections 

for particle feed, dissolving reagent input and coolant re

circulation. When the system is in equilibrium this tube 

which is heated either electrically or by steam will contain 

a column of particles, hp, whose height depends on the flow-

rate and on the dissolving rate of the particles. The 

particles are injected by means of a metering screw; the 

dissolving reagent is first heated to boiling temperature 

in a preheater and then metered into the system by means of 

a pump via the centric pipe which extends to a point just 

above the bottom. During operation the quantity of particles 

injected per unit of time and the volume of dissolving 

reagent fed into the system per unit of time are always 

dimensioned so that the discharged solution contains 1 M of 

Th. This concentration whose precise numerical value serves 

as a feedback magnitude for the flowrates injected is 

determined by measuring the density, using the well 

established purged dip tube method. A prototype having a 

maximum flowrate of 0.35 kg/h has been in operation for more 

than 400 hours under laboratory conditions and demonstrated 

excellent operational characteristics. 

Adjustment of the feed solution to extraction conditions 

is slightly more complicated in the case of the Thorex 

process than for the Purex technique since it requires an 
o 

acid deficient feed solution. We selected steam stripping 

for producing this type of solution, a method first practiced 

at the ORNL. For this process the solution is first evaporated 

until its boiling point reaches 135° C and the greatest part 

of the free acid (about 90 to 99 %) has evaporated. Sub

sequently the remainder of the free acid and part of the 

acid generated via hydrolysis are removed by means of water 

vapor distillation at 135° C so that the solution after 
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diluting with water to a Th concentration of 1.15 M will 

just reach an acid deficiency of 0.15 M. It was found that 

the volume of the condensate acquired from steam distilla

tion is a reliable reference quantity for the recognition 
Q 

of the final reaction product^. It is seen from Pig. 5 that 

this magnitude is directly proportional to the acid content 

of the solution; it can be measured continuously by means 

of the bubbler method. 

Solvent Extraction 

Only limited new developments were required in the area 

of solvent extraction since, on the one hand, the chemistry 

of the Thorex technique has been investigated adequately 

years ago at ORNL and elsewhere and, for another, the 

required extraction apparatus does not differ from the 

configurations well established on an industrial scale for 

more than 15 years in the Purex process. 

Consequently, our efforts were confined to another 

verification and/or confirmation of earlier data. The five 

different extraction alternatives named above yielded de-
> 5 contamination factors of = 10 with uranium losses less than 

1,000 ppm, using l6-stage agitated mixer settlers. The 

objective of further efforts was a comparison of the 

performance of air pulsed versus mechanically agitated 

mOjXer settlers, the selection of a suitable type for the 

JUPITER system and the determination of the dimensions 

required for this purpose. In this conjunction it was 

planned to establish generally applicable criteria for the 
10 scale-up of larger apparatus 

The selection of air-pulsed mixer settlers for JUPITER 

is based, on the one hand, to the low installation height 

of the available hot cells which precluded the use of 

columns from the outset and, for another, to the fact that 
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the air-pulsed configuration of these mixer settlers were 

to avoid the operation of mechanically driven parts within 

the shielding. It was shown that the air-pulsed system as 

compared to the agitated system will yield the same separa

tion results but avoid the disadvantages stated above. 

The equations named below represent scale-up criteria 

for air-pulsed mixer settlers. These have been determined 

on the basis of theoretical considerations and by experi

ments with two mixer settlers of different sizes and allow 
10 scale-up calculations to match any desired throughput : 

MR Mixing chamber: -z ^ — = Kp • a • T 
~ MR 

Pulse tube: K„ • a = C -™- (-~™)°' 
it , li „i. 5 

^h ^ 

Settling chamber: h = C. v, (C^ v, - d *"' ° 1 d 2 d o ' 

where P/V = specific mixing energy 

f = pulse frequency 

d = nozzle diameter 

EjyjT^ = efficiency of the stage 

T = residence time 

h = height 

Kp = product transition coefficient 

a = specific surface 

V, = stream velocity 

C = concentration. 

REPABRICATION OP NUCLEAR FUEL PARTICLES 

Initially our development effort has been concentrated 
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on the first step of refabrication, that of kernel fabrica

tion. Following a study of the literature on kernel fabrica

tion techniques the most promising processes were tested on 

a laboratory scale. This resulted in the opinion that, under 

the conditions of remotely controlled refabrication, all the 

techniques known to that date would be feasible only under 

very great difficulties. 

At first glance the precipitation techniques appear best 

because of the rapid and uncomplicated gel formation; how

ever, because of the considerable additives of organic 

thickeners these techniques require expensive washing, 

drying and calcinating steps. 

Consequently, we decided to develop a precipitation 

technique for refabrication which will avoid the disad

vantages mentioned above. The great effort required for the 

development of such a technique appeared justified in view 

of the improvements which can be achieved by means of the 
11 new procedure 

Today the KFA precipitation process which shall be 

discussed later has become interesting from the point of 

cold fabrication as well. Only literature studies have been 

made in the area of coating performance so far. A highly 

unsatisfactory aspect here is the great effort required for 

the routine maintenance of the coaters which is a great 

nuisance even in the case of cold coating. 

After model experiments which are being prepared at the 

present time we shall opt for a coater concept. The sub

sequent development effort will then be directed at high 

reliability and ease of maintenance. This means that, similar 

to kernel fabrication, new approaches can be taken if a 

promising principle is discovered. 

The third step of refabrication, assembling, is being 
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postponed for the near future. To date no decision has been 

made in the FRG on a finalized fuel element concept. Again, 

cold fabrication appears to promise considerable progress 

with respect to an automated production cycle. If this is 

so the improvements achieved may be exploited for refabrica

tion as well, without significant modifications. 

The principle of the KFA precipitation process and its 

implementation in terms of process technology shall now be 

described briefly (cf. Pig. 6). This process uses a precipi

tation column in which a ketone layer floats on top of an 

aqueous ammonia solution. A small NH^ concentration is 

established in the ketone layer. Drops of a metal oxide sol 

or a suitable solution which are placed into the ketone will 

assume spherical shape as a result of the interfacial sur

face forces. At the same time, due to the NH, content of 

the ketone, gel precipitation will begin in the droplets. 

As a result their spherical shape will be so well established 

by the time they reach the aqueous ammonia solution that 

their penetration of the phase boundary and entrance into 

the aqueous phase will not affect their shape. 

After precipitation a washing step is required where 

the gel spheres are washed free of NĤ iNO, . This is followed 

by drying in hot air of 250 to 300° C and finally by 

sintering. The sols which are used for the fabrication of 

(Th,U)Op kernels are acquired by neutralizing the nitrates 

with NH^. Pure UOp kernels are fabricated from a uranyl 

nitrate solution which yields suitable precipitations with 

an additive of urea and NHhNO^. The figure below shows the 

process flow diagram of a continuous laboratory-scale 

apparatus which has been tested for about one year. At the 

bottom of the precipitation column the gel spheres are 

transported by a conveyor stream to a separator, fed into 

a counter-current washing column and are finally moved to 

a drier belt by another conveyor stream. Sintering follows. 
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TIME SCHEDULE 

The JUPITER project was started in the middle of 1971• 

The preliminary and detail designing of individual compo

nents, their development and laboratory testing as well as 

the basic development of the analytical methods and 

instrumentation techniques required to establish process 

performance have been largely completed since end of 1973' 

The licencing procedure under the Nuclear Safety Code is in 

progress. Now the actual construction phase will follow. 

Cold tests on this facility will start by about end of next 

year, and the first hot test run will follow more than one 

year later. 

We contemplate the construction of a comparable pilot 

system for hot refabrication having a daily throughput of 

about 2 kg (Th,U)Op (SATURN = Semitechnische Anlage zur 

Thorium/Uran Refabrikation = semi-industrial facility for 

thorium-uranium refabrication). The first phase will include 

the kernel production facility and the second the coating 

furnace. Our plans provide for a hot start-up in 1977 or 

1978. 

Several years of experimental operation are expected to 

yield important know-how on the construction of industrial 

large-scale systems. However, it is not advisable to build 

a large commercial HTR recycling facility directly, including 

refabrication. Engineering as well as cost effectiveness 

considerations make it advisable to use an intermediate 

prototype system having a capacity equivalent to about 

5,000 MW installed power plant output. A large-scale system 

will not be needed prior to the nineties in Europe. Until 

then, and beginning about I98O, a reasonably dimensioned 

prototype system could assume the fuel recycling needs of 

entire Western Europe by stages. Of course, it could not 

yet operate at optimum cost effectiveness, but we may 
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expect that this approach on the whole will be more 

advantageous than the direct transition to a large-scale 

industrial plant. 
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STATUS OF GRAPHITE TECHNOLOGY AND REQUIREMENTS FOR HTGR^ 

G. B. Englet 
M. R. Everett** 
W. P. Eatherlytt 

iaSTMCT 

The current status of graphite technology as it relates to 
core graphites for large High-Temperature Gas-Cooled Reactors 
(HTGRs) is discussed. The graphite data are reviewed in terms 
of three types of materials: (1) anisotropic needle-coke, (2) 
near-isotropic coke, and (3) high-strength, fine-grained iso
tropic graphites. Opinions in Europe and the U.S. have con
verged recently and development is now being aimed at near-
isotropic graphites, which appear to have satisfactory properties 
and performance while having the added asset of being manu
factured by conventional methods at relatively low costs. 

Near-isotropic graphites are currently undergoing exten
sive evaluation in Europe and the U.S. Property measurements 
and irradiation experiments are being accelerated to character
ize these materials for design and safety analyses. Initial 
results, including property and irradiation data to about 8 x 
1021 n/cm2 at 1000° to 1200°C, indicate the near-isotropic 
graphites are similar to Gilsocoke materials and thus should be • 
satisfactory for large HTGR design. These materials should per
mit longer core life at higher temperatures than are now avail
able with anisotropic materials. Experimental and theoretical 
studies that are receiving increasing attention' are: (1) de
velopment of stress-strain failure criteria, (2) determination 
of irradiation creep characteristics, (3) effects of irradia
tion on strength, (4) irradiation temperature history effects, 
(5) oxidation resistance, and (6) development of standard 
methods of test for properties. 

The state of the graphite technology is constantly being 
surveyed to determine the requirements of the core graphite for 
advanced HTGRs. It is anticipated that the current generation 
of near-isotropic graphites will be improved to meet the require
ments of these advanced reactors and no unsolvable problems are 
foreseen at present. 

*This work was supported in part by USAEC Contract AT(04-3)-167, 
Project Agreement 17. 

tCeneral Atomic Company. 
**Dragon Project. 
ttOak Ridge National Laboratory. 
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INTRODUCTION 

The HTGR designs require an efficient moderator and reflector material 

capable of withstanding high temperatures and high fast neutron fluences. 

Commercial synthetic graphite has traditionally been the material choice for 

the HTGR core graphite because it is an excellent moderator, has refractory 

properties, can be manufactured and machined into a wide variety of geometric 

shapes and sizes, and is relatively low in cost. 

Programs to commercialize the HTGR for production of electricity are 

accelerating in Europe and the U.S., and applications such as direct cycle 

electrical generating plants and utilization of high-temperature helium for 

direct industrial heat processing are under intensive study. Some of these 

plant designs may have higher core temperatures and fluxes and thus may re

quire core graphites of higher quality that can withstand higher stress 

levels and will have better irradiation stability than the graphites cur

rently under consideration for HTGR electrical generating plants. Thus, it 

seems appropriate and timely to review the status of the graphite technology 

as it relates to current requirements of HTGRs. 

BACKGROUND 

The need for commercial nuclear graphite came into existence in the 

U.S. in the 1940s to service the graphite-moderated Hanford Production 

Reactors. Initially nuclear-grade graphites were produced with ordinary 

sponge-type petroleum coke using conventional manufacturing processes, but 

were later switched to needle or premixim coke of the type used in electric 

steel furnace electrodes. Needle-coke was abundant, low in cost, relatively 

pure, and could easily be manufactured rather inexpensively into a suitable 

product for the Hanford reactors. 

Later during the 1950s as the gas-cooled reactor concept was developed 

in Europe and the U.S., the requirements for nuclear graphite changed. 

Materials that would perform at intermediate to high temperatures and to 

higher neutron fluences were required. The gas-cooled reactor projects all 

had similar requirements of the graphite components, differing only in 



290 

degree. The approaches taken to graphite development varied in the U.S. 

from those in Europe. In the United Kingdom a needle-coke material was 

first chosen as a moderator for the Magnox reactors but because of the 

longer service life required for the AGRs, a near-isotropic graphite manu

factured from Gilsocoke was substituted. Graphites manufactured from Gilso

coke had acceptable radiation stability, but the principal limitation was 

reliance on a single coke source in the U.S. In the U.S., due primarily to 

the existence of a low-cost, easily machinable needle-coke product, and the 

abundance of data already available from earlier programs, and because the 

core graphite was periodically replaced, needle-coke graphites were selected 

for HTGRs utilizing large hexagonal fuel blocks. 

The Molten Salt Reactor Project at ORNL also contributed to the ad

vancement of graphite technology during the 1960s. The Molten Salt Reactor 

design required graphites to maintain dimensional and property stability 
22 2 

and imperviousness to molten salts to fast fluences of 2 to 3 x 10 n/cm 

at about 700°C. Isotropic graphites with fine porosity and high strengths 

were sought and tested for the Molten Salt Reactor. 

Nuclear graphite development for HTGRs in the U.S. and Europe have 

recently converged toward a common goal: to obtain near-isotropic graphites 

that can be manufactured inexpensively in the proper size from a well estab

lished raw material source. 

REVIEW OF NUCLEAR GRAPHITE TECHNOLOGY 

Graphites considered for nuclear applications have been of three 

basic types. Two of the types are manufactured by the classical Atcheson 

process employed for half a century in the production of electric steel fur

nace electrodes. These two types are differentiated by the filler cokes: 

(1) anisotropic petroleum needle-cokes and (2) near-isotropic petroleum or 

Gilsocokes. These materials can be manufactured in large sizes and at 

relatively low costs. The third type is manufactured by nonconventional 

techniques that involve proprietary processes. These materials are fine 

grained, have high strengths, and are extremely isotropic, but they are 

expensive and cannot be manufactured in large sizes. 
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An important point is that the selection of filler coke and the pro

cessing determines the crystalline structure and the associated porosity 

and, therefore, the properties and irradiation behavior. 

The effects of fast neutrons on the dimensional and property changes 

of nuclear core graphites at high temperatures have been studied and re-
1 —6 

viewed recently by a number of investigators. The curves in Fig. 1 

represent the dimensional change data of the three types of graphite des

cribed above. Data on thermal and mechanical properties are also available. 

The dimensional and thermal expansivity changes at elevated tempera

tures are dependent upon the microstructure and crystallite orientation. 

The rate of dimensional change increases with irradiation temperature above 

800°C. Thermal conductivity values show an initial large decrease at low 

fluences followed by saturation over the core life, while the modulus of 

elasticity shows an initial increase. The changes in these properties are 

due to neutron-induced defects in the crystallites. Mechanical strength 

has been observed to increase during the densification phase at low and 

intermediate fluences. Neutron-induced creep has been observed in graphite 

and increases with increasing irradiation temperatures above about 500°C. 

Pore generation is the principal mechanism for volume expansion of 

synthetic graphites. This is illustrated by photomicrographs of the three 

types of graphite in Fig. 2. These materials were irradiated to high flu

ences at elevated temperatures. 

The data in Figs. 1 and 2 and the brief description above are a highly 

condensed summary of a relatively complex subj ect from a large volume of 

experimental data, and are intended only to illustrate the general trend of 

the changes in dimensions and properties. The results of these experiments 

demonstrate that factors such as a high degree of isotropy coupled with 

high internal strength lead to dimensional stability; thus, improvements 

are feasible and the high-strength, isotropic materials represent ultimate 

structures at which development of large-diameter graphites for HTGRs 

should be aimed. 



FLUENCE X 10"^'(N/CM^)(E>0.050 MeV) 

Fig. 1. DimensioBal Changes versus Fast Neutron Pluence at 
1000° to 1200°C for Needle-Coke, Near-Isotroplc, and High-Strength 
Isotropic Graphites. 
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UNIRRADIATED 
NEEDLE COKE 

mRADIATEO 

UNIRRADIATED IRRADIATEU 
HIGH-STRENGTH ISOTROPIC GRAPHITE 

q f r . n ! ^ ? ' T ^ \ Photomicrographs of Gilsocoke, Needle-Coke, and High-
Strength Isotropic Graphites before and after I r radia t ion . 
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REQUIREMENTS OF GRAPHITES FOR HTGR CORE DESIGN 

In the U.S. and Europe the preferred core design for prismatic fuel 

elements is now centered on a multlhole block design. In France and 

Germany the designs follow the General Atomic Company 1160-MW(e) block geom

etry, while in the United Kingdom a similar but slightly different multlhole 

block geometry is preferred with a tubular interacting pin-in-block design 

as a fall-back system. 

The functions of the core graphite are to support the fuel, to trans

fer heat from the fuel compact to the coolant, and to moderate high-velocity 

neutrons to thermal energies to sustain the fission reaction. The graphite 

must have adequate dimensional stability and must retain physical integrity 

under conditions of high fast neutron fluences and relatively high tempera

tures. It must also be of high purity to prevent poisoning the nuclear 

fission reaction. The core graphite components can be removed periodically 

along with the fuel and are destroyed during fuel reprocessing. A typical 

large General Atomic Company HTGR fuel element is shown in Fig. 3. 

Properties that are desirable in core graphites are minimal dimen

sional changes, high thermal conductivity in the radial direction, low 

thermal expansivity, low elastic modulus, high tensile strength, and low 

impurity content. The graphite should be relatively Inexpensive and readily 

machinable. 

Low rates of dimensional change are beneficial and will minimize 

block bowing stresses associated with differential axial block shrinkage, 

which arise from radial flux and temperature gradients. Stresses generated 

in the graphite webs, located between the fuel compacts and the coolant 

holes, arise from thermal gradients and differential shrinkage. These 

stresses are minimized when the thermal conductivity and irradiation creep 

constant are high and the thermal expansivity, modulus of elasticity, and 

axial shrinkage are low. The stresses, in most designs, peak after approxi

mately one-third lifetime in the cold (shutdown) condition where the thermal 

stresses are reversed and must be added to the stresses caused by differen

tial shrinkage. 



295 

RESERVE SHUTDOWN HOLE 

COOLANT HOLE 
0.825 DIA (33) 

COOLANT HOLE 
0.719 DIA (10) 

CONTROL ROD 
CHANNEL (2) 

FUEL HOLE 0.B31 OIA (76) 

BURNABLE POISON 
HOLE 0.50 DIA (4) 

FUEL HANDLING 
PICKUP HOLE 

ro^BURNABLE 
I POISON 
I ROD 

H ^ HELIUM 
rW FLOW 

(TYP) 

COOLANT 
CHANNEL 

SECTION A-A 

DOWEL 
SOCKET 
(3) 

Fig. 3. Graphite Fuel Element. 
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The purity requirements for the core graphites are usually very 

stringent, requiring low concentrations of ash, boron, iron, vanadium, and 

titanium. The concentrations of nonburnable nuclides must also be reduced 

below about 0.5 ppm for neutronic purposes, but it is very important to re

duce the nonburnable impurity levels as low as possible because these impuri 

ties can adversely affect the fuel cycle costs. Certain of the metallic 

impurities, for instance iron, should be reduced to low levels to prevent 

the catalysis of oxidation reactions that may occur if the concentration of 

oxidants in the coolant increases above normal levels. 

Oxidation rates of the core graphites under normal operating condi

tions should be low to prevent degradation of dimensional tolerances and 

properties and loss of moderating ability. 

ASSESSMENT OF GRAPHITES AND CURRENT STATUS OF DEVELOPMENT PROGRAMS 

The development of graphites for HTGR fuel blocks in Europe, the 

United Kingdom, and the U.S. is being undertaken with the above conditions 

considered and is aimed at maximizing the performance without substantial 

increases in cost. Thus, the work has focused on producing materials with 

near- or semi-isotropic cokes and away from anisotropic or Gilsocoke ma

terials, while retaining conventional and proven manufacturing processes. 

The major carbon companies in Europe and the U.S. have responded to 

the shift in technology and have developed new graphites during the past 

3 to 4 years. The carbon companies have located and qualified suitable raw 

material sources and have carried out process development to provide the 

near-isotropic graphites. Their development work has progressed to a state 

where full-size preproduction logs are currently being fabricated for evalu

ation by the reactor projects. The near-isotropic graphites have been under 

intensive investigation by the various reactor projects in Europe and the 

the U.S. for several years. 

In the U.S. the preference is for petroleum coke materials. The 

Great Lakes Carbon Company has manufactured grade H-429, a prototype, and 

grade H-451, a full-size candidate near-isotropic graphite. Both were 
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produced from the same type of petroleum coke. The Union Carbide Corpora

tion has advanced grade TS-1240 in full-size logs. AirCo Speer is currently 

developing a candidate grade for submission in 1974. 

Itottet has described the preferred materials in France, which are 

pitch coke based graphites manufactured by the Pechiney Ugine Kuhlman Group 

and designated P^JHAN or P2JHA2N. The latter includes an additional pitch 

impregnation step to increase density and mechanical properties. 

8 
Delle, et al. have outlined the West German program, which is based 

on a coal tar pitch coke graphite (grade AS2-500) made by Sigri Elektro-

graphit, GmbH. 

In the United Kingdom, candidate materials (selected for irradiation 

experiments in the Dragon reactor) are a petroleum coke based graphite 

(grades SMl-24 and SM2-24) made by Anglo Great Lakes, Ltd., as described by 
9 

Moore, et al. and coal tar pitch coke graphites such as grade VNMC 

manufactured by British Acheson Electrodes, Ltd. 

These European graphites are either based on pitch coke sources in 

Germany or petroleum coke sources of U.S. orgin; however, the recent intro

duction of petroleum coke available from Continental Oil Company's new Im-

mingham refinery in the United Kingdom now provides Europe with an indige

nous source from which semi-isotropic petroleum coke graphites can be 

produced. 

It will be noted that the U.S., French, and German graphites are ex

truded, while the United Kingdom preference is for molded materials. There 

has be^n a convergence to a single-type material, which is a compromise be

tween the highly anisotropic needle-coke materials, which start to expand 

at relatively low fluences, and the strong fine-grained isotropic materials, 

which are considerably more stable but not currently available in sizes and 

prices presently desired. 

The above-mentioned graphites are under extensive study at General 

Atomic Company and Oak Ridge National Laboratory in the U.S., KFA, jlilich, 

in West Germany, CEA, Saclay, in France, RCN Petten in the Netherlands, and 

OECD Dragon in the United Kingdom. All of the above programs provide for 
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extensive measurements of physical, chemical, and mechanical properties, 

and oxidation and irradiation effects. 

Property and irradiation data are available on a number of graphites. 

The important property data are summarized in Table 1. Dimensional change 

data for P JHAN, H-429, H-451, and SMl-24 graphites to fluences of up to 
21 2 

8 X 10 n/cm at 1000° to 1200°C are compared with Gilsocoke data in Fig. 

4. The dimensional behavior of the new near-isotropic material is almost 

identical to that of the Gilsocoke graphites and should permit longer core 

life at higher temperatures over that of the anisotropic needle-coke ma

terials and, thus, provide additional flexibility for the designers as 

advanced reactors are considered. 

NEEDED EXPERIMENTAL AND THEORETICAL STUDIES 

Unfortunately, graphite is not only a brittle material but is also, 

due to the raw materials and manufacturing processes, nonuniform containing 

property gradients within a single log. Graphite has also been found to be 

nonuniform from log-to-log or from furnace lot to furnace lot. Thus, at 

present it is necessary to characterize a particular graphite grade, which 

requires a considerable expenditure in testing to provide statistically sig 

nificant data. The structural integrity of core blocks requires a better 

imderstanding of the failure criteria for graphite under stress gradient 

conditions. A program of work in this field involving both basic and ex

perimental work is urgently needed to clarify the performance margin of 

graphite structures. The graphite data must be fitted to existing statisti 

cal models to determine their applicability, or new models must be 

formulated. 

The effect of irradiation on the strength of graphite is not well 

documented and more experimental data in significant numbers are needed 

especially at high temperatures and at fluences near the end of life. 

Radiation-induced creep coefficients must be measured on the near-

isotropic graphites under experimental conditions that define the complete 

stress-strain curve. The effects of irradiation temperature, stress, and 



Table 1. Near-isotropic Graphite Data 

Country Grade Source 

Raw Materials 

Filler Bind 

Bulk Tensile Young's 
Forming Density Strength^ Modulus^ 
Method (g/cm3) (kg/cm2) (kg/cin2x10-5) 

Coefficient 

of Thermal 

Expansion 
x10^°C-1 

(RT-500°C) 

II 1 

Thermal 
Conductivity^ 
(cal/cm-sec-°C) 

Anisotropy 
Factor 

at/aij R e f . 

T'̂ ll 
W. Germany A2-500 Sigri Coal tar Coal tar Extruded 1.75 

pitch coke pitch 

France P.JHAN Pechiney Coal tar Coal tar Extruded 1.72 

pitch coke pitch 

France 

U.S. 

U.S. 

P,JHA„N Pechiney Coal tar Coal tar Extruded 1.78 
pitch coke pitch 

SMl-24 AGL 

VNMC BAEL 

H-451 GLCC 

TS-1240 UCC 

H-327d GLCC 

Petroleum Coal tar Molded 1.80 

coke pitch 

Petroleum Coal tar Molded 1.80 

coke pitch 

Petroleum Coal tar Extruded 1.76 
coke pitch 

Petroleum Coal tar Extruded 1.77*^ 

coke pitch 

Petroleum Coal tar Extruded 1.77 

coke pitch 

140 

150 

159 

190 

70 

130 

155^^ 

120 

1.10 

1.00 

1.10 

0.90 

0.90 

0.95 

1.15 

1.25 

3.5 4.5 

3.00 4.25 

2.90 4.10 

4.25 3.85 

4.60 4.20 

3.45 4.45 

3.30 3.80 

1.20 3.05 

0.33 

0.26 

0.30 

0.37 

0.31 

0.24 

0.36 

1.30 

1.40 

1.40 

0.90 

0.90 

1.30 

2.55 

U3 

Longitudinal direction. 
''Radial direction. 
'̂ Data supplied GAC by UCC. 
^Fort St. Vrain core graphite. 
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microstructure on the creep characteristics are areas that need further 

clarification. 

Temperature history effects on dimensional and property changes need 

to be clarified to permit more accurate stress calculations and to better 

clarify the life of the core graphites under operating conditions where the 

graphite must operate under load-following or other conditions where the 

temperature changes in service. 

The oxidation rates and physical property data under abnormal or 

transient conditions must be developed further for safety analyses. 

Standard test procedures, currently under development by the ASTM 

Graphite Committee in the U.S., are needed for the measurement of physical, 

chemical, and mechanical properties during evaluation and production. 

All of the above items are critical areas for design and safety anal

yses and are being pursued vigorously by the various reactor projects in 

Europe and the U.S. It is expected that new and more precise data will be 

forthcoming from these efforts in the near future. New programs are cur

rently being formulated in the U.S. to further clarify the performance and 

safety aspects of the core graphites. 

FUTURE DEVELOPMENTS 

Opinion in Europe and the U.S. indicates that a number of commercial 

nuclear grade graphites, such as those described in Table 1, currently under 

development can adequately meet the performance requirements of the steam 

cycle HTGR. Developments will be concentrated on obtaining the necessary 

design data on these materials. Concurrently, the economic aspects will 

receive considerable attention with a strong effort made to reduce material 

and fabrication costs. Factors which must be considered are establishment 

of an adequate long-range supply of raw materials and reductions in the cost 

of graphite block manufacture and machining by introducing standardization 

in production and testing. Reductions in cost of the graphite will also be 

achieved as the design allows the specification for the graphite to be 

optimized against the manufacturer's production experience. 



302 

Process heat core designs are being developed in Europe and the U.S. 

for steam reforming, coal gasification, or iron ore reduction. The current 

generation of near-isotropic graphites will be carefully assessed to deter

mine their ability to perform under increased temperatures and fluence if 

required. At present, no unsolvable difficulties are foreseen for the core 

graphite withstanding the additional requirements that may arise from an 

increase in operating temperatures associated with target core outlet gas 

temperatures in the range of 1000°C. 

In Europe and the U.S. the core designs for direct cycle applications 

follow the same categories listed above. The increase in the core inlet gas 

temperature to around 600°C, together with an outlet gas temperature in the 

region of 800° to 1000°C, may, depending on the specific design, impose 

higher overall and peak temperatures on the graphite resulting in an in

crease in overall dimensional change and rates. Again, no major problems 

are expected from these effects. Direct cooling of fuel, however, is a 

means of reducing fuel temperature while maintaining a given outlet helium 

temperature. Another aspect of the graphite technologŷ  that may require 

investigation is a comparison of the fission product retention properties 

of the candidate graphites operating in this temperature range, since the 

cleanliness of the primary circuit is most important to servicing of the 

direct cycle turbine. 

Another area of graphite technology to be explored is the possible 

use of fiber-reinforced composite materials for turbin6 blades, particularly 

in the more advanced forms of very-high-temperature reactors where the out

let gas temperature may exceed the present practicable limits for metal 

turbine blades. 

In the future the current generation of near-isotropic graphites will 

most certainly be improved as a result of continuing development programs 

of the major suppliers in Europe and the U.S. These improvements will be 

motivated and sustained by the increasing market for nuclear graphites as 

the HTGR gains in the niarket place. Technology is already available to pro

duce high-strength, fine-grained, isotropic materials of superior properties. 

These structures are goals at which current development can be aimed while 
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keeping the need for economy firmly in sight. If needed there are no 

reasons why the graphite industry cannot respond with graphite products to 

meet the future requirements and market. 

SUMMARY AND CONCLUSIONS 

The development of fuel block graphites for large HTGRs In Europe and 

the U.S. has converged toward near-isotropic materials that are manufactured 

by conventional processes from coal-tar pitch and petroleum coke, respectiv

ely. The major graphite suppliers have been producing preproduction material 

for several years. Efforts will be made to standardize production and test

ing and, therefore, improve the economic aspects of the graphite-related 

portion of fuel cycle costs. 

Near-isotropic graphites are currently undergoing extensive evalua

tion in Europe and the U.S. Property measurements and irradiation experi

ments are being accelerated to characterize these materials for design and 

safety analyses. Initial results, including property and irradiation data 
21 2 

to about 8 X 10 n/cm at 1000° to 1200°C, indicate the near-isotropic 

graphites are similar to Gilsocoke materials and thus should be satisfactory 

for large HTGR design. These materials should permit longer core life at 

higher temperatures than are now available with anisotropic materials. 

Experimental and theoretical studies that are receiving increasing 

attention are; (1) development of stress-strain failure criteria, (2) 

determination of irradiation creep characteristics, (3) effects of irradia

tion on strength, (4) Irradiation temperature history effects, (5) oxidation 

resistance, and (6) development of standard methods of test for properties. 

The state of the graphite technology is constantly being surveyed to 

determine the requirements of the core graphite in process heat and direct 

cycle HTGRs. It is anticipated that the current generation of near-

isotropic graphites will be improved to meet the requirements of these ad

vanced reactors, and no unsolvable problems are foreseen at present. 
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BACKGROUND AND PROGRAMME 

The future need to conserve uranium resources and reduce dependence on 

foreign primary fuels has caused all major countries to build up large de

velopment programmes for the sodium cooled breeder reactor (LMFBR). During 

the last decade, however, certain authorities in Europe and elsewhere de

cided also to investigate breeder systems which use gas and steam coolants' 

since_ it was expected that these systems could be engineered more easily 

and reliably with the existing experience in the nuclear and other indust

ries. One outcome was the formation in 1969 of the European Association 

for the Gas Breeder Reactor (GBR Association) by several industrial compa

nies which set up a group in Brussels to study the economics and safety of 

commercial gas-cooled breeder reactors employing pin fuel and coated 

particle fuel. The current membership of the Association is given in 

Appendix 1. The Association is represented on the Coordinating Group on 

gas-cooled fast reactor development within the OECD's Nuclear Energy 
2 

Agency and provides design information to support the development work of 

the eight European member countries plus Japan. 

The Association's preliminary reactor design (GBR-1) of 1970 used pin 

fuel and helium coolant. This was followed in 1971 by variants using 

coated particle fuel (GBR-2 and GBR-3) cooled, respectively, by helium and 

1 3 
carbon dioxide ' . Following these initial studies it was decided to 

concentrate on the helium-cooled pin fuel reactor and to regard the coated 

particle fuel reactor as a development for the longer term. The final 

design using pin fuel (GBR-4) has an output of 1200 MWe. Its main 

features are described in this paper. 



307 

The Association's work has shown that the GBR is likely to provide an 

excellent balance of breeding performance, economics, safety and relia

bility of electrical generation and that its early development would be 

justified in parallel with LMFBR. The Association envisages the ordering 

of a 600 MWe demonstration plant in mid-1978. Such a plant size is chosen 

because it can include the same size of gas circulators and boilers as in 

the subsequent power reactor without having too few cooling loops for 

safety. Allowing for plant and fuel (out-of-pile) development, design, 

construction, first fuel charge and a contingency margin, the cost esti

mate (at January 1974) is $ 500 M of which $ 200 M would be offset by 

sales of power. The nett sum of $ 300 M is not large compared with those 

needed in other areas of energy production. 

The work programme in 1974 includes the following : 

S_af̂ ety_as_s£ssmen_ts : The Commission of the European Communities is setting 

up a working party to consider the Safety Report for GBR-4 and it is hoped 

that this will lead to a consensus on the adequacy of GBR safety. 

Demonst^r£ti^on £lsnt A preliminary specification will be settled and a 

plant and fuel development programme detailed. 

P̂ owejr £_ea_c_tO£ (p^z.^) '• Continuing studies of safeguards. 

GBR i:.onge_r__te_rm d̂ eve_lo£me_nt_s : Tests on alloys for the pin clad having 

higher temperature resistance than AISI 316 L must await demonstration 

Plant operation. Coated particle fuel assembly development will, however, 

continue and is currently dealt with by a NEA-sponsored working party 

having members from CEA (Saclay), CEN (Mol), UKAEA and GBR Association. 

The current assembly uses a steel structure with outlet gas at 650°C but 

ceramic structures at HTR gas temperatures are envisaged in the future. 

The attractions of coated particles are the retention of fission products 

(no venting system), high temperature resistance and capability of being 

directly-cooled economically by gases more readily available than helium ; 

furthermore, the reactor using coated particles is still an effective 

breeder. 
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THE GBR-4 1200 MWe REACTOR 

Performance 

The GBR-4 reactor, Fig, 1, is cooled in upward flow and is contained 

in a podded prestressed concrete vessel having 6 steam generators and 3 

emergency loops. Steam is produced at 533°C, 110 bar without reheat. The 

optimised design, Table 1, assumes 725°C fuel clad hot-spot temperature, 

marginally higher than for current LMFBR's in view of the fact that a 

commercial GBR would be likely to go into service only after 1990. The 

LMFBR data listed in Table 1 are obtained for a similar clad hot-spot 

temperature and with calculation and assumptions consistent with those for 

GBR-4 in order to provide information for strategy comparisons. 

Table 1, Parameters for 1200 MWe GBR-4 and 
a consistent LMFBR with oxide fuel. 

GBR-4 LMFBR 

Temperature (core outlet) 

Temperature (core inlet) 

Coolant pressure (core inlet) 

Core pressure drop 

Pumping power 

Nett efficiency 

Peak linear rating 

Mid-cycle fissile enrichment 

Peak burnup 

Peak fluence (E > 0,1 MeV) 

Refuelling interval (0.75 LF) 

Core fuel in-pile time (0.75 LF) 

Burnup reactivity 

Start-up fissile core inventory 

Breeding ratio 

System doubling time 

Nett fissile Pu production 

°c 
°c 

bar 

bar 

MWe 

% 

W/cm 

% 

MWd/kg 
10-23 -2 
10 cm 

y 

y 

7o 

kg/MWe 

y 

kg/MWe y 

560 

260 

90 

2,4 

124 

35 

400 

13,2 

lOQ 

2.5 

1 

3 

0.6 

3.92 

1.40 

11.8 

,287 

600 

420 

7 

6 

30 

40 

500 

13.9 

100 

2.02 

1 

2 

2.4 

2.57 

1.22 

18 

,122 
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03e.S 

1, Reactor core 
2, Main steam generator 
3. Main gas circulator 
4. Emergency cooling loop 

5. Fuel manipulator 
6. Control cavity 
7. Helium purification plant 
8. Neutron shield 

Fig, 1. GBR-4 1200 MWe reactor 
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The GBR-4 breeding ratio (1,40) is greater,due mainly to the harder 

neutron spectrum with helium, but gas heat transfer limits fuel rating so 

the plutonium inventory is larger. Nevertheless, the altogether superior 

breeding performance of GBR-4 balances the thermal performance advantage 

of LMFBR (higher temperatures, lower pumping power) and it is found that 

fuel-cycle costs and maximum possible rates of introduction are similar 

for both breeder types. In the future the possibly greater benefit 

with carbide fuel in LMFBR than in GBR will not offset the GBR's advan

tages as regards ease of safety predictions and of plant operation and 

maintenance. Furthermore, the longer-term pin fuel GBR may advance to AGR 

temperatures (825°C clad hot-spot, 650°C core gas outlet) with corres

ponding improvements in thermal performance and economics. 

With regard to plant costs,it is easiest to compare the GBR with the 

HTR for which detailed cost estimates have been made in several organisa

tions using their experience on earlier gas-cooled reactors. Owing to the 

similarity in layout and in individual components, item-by-item differen

tial costs between GBR and HTR can be established with confidence. The 

results lead to the conclusion that the GBR-4 plant cost is about the same 

as that of HTR, the extra costs of the higher coolant pressure, larger gas 

circulators and larger steam generators being offset by lower costs in 

fuel handling equipment, vessel standpipe components and turbine plant. 

GBR-4 reactor cooling system 

Good performance of GBR demands high gas pressure. The large densi

ty ratio between working and atmospheric pressure (90:1) then requires 

extra safeguards to ensure a sufficiently high probability of safe cooling 

following depressurization of the primary circuit. The GBR concrete/steel 

containment building, shown schematically in Fig. 2, therefore has an 

inner pressure-resisting steel shell which retains all the gas at a final 

pressure of 3 bar so that both the normal and the emergency gas circula

tion systems can cool the core safely, any activity being retained by 

back-venting the space between the shells. Nevertheless, the emergency 

cooling loops are designed to provide sufficient cooling at atmospheric 
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F i g . 2 . GBR-4 cooling systems 
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pressure. 

The gas circulators. Fig. 1, have electric drive to enable the coolant 

circuit to be tested at full flow during commissioning. The circulator 

centrifugal impeller is driven at up to 3500 rpm by a 20 MW induction 

motor, with speed varied by static frequency converter in order to regu

late mass flow. Each has a permanently connected 600 kW pony motor. The 

emergency circulators are 3-stage axial flow machines mounted in self-

acting gas bearings and driven by 1.1 MW induction motors at speeds up to 

7500 rpm. Automatic isolating flaps limit reverse flows when some circu

lators shutdown. 

Fig, 2 shows the four means of cooling the core. 

First : the circulator main motors energized by external supplies. 
5 

Second : 3 auxiliary turbo-electric systems each connected to 2 main steam 

generators. These loops energise permanently the circulator pony motors 

and emergency feed pump motors and, when the reactor shuts down, continue 

without stopping to supply these motors using the energy from decay-heat 

steam. Each loop consists of a combined heat-store/oil-fired boiler, 2 

small turbo-alternators and a bypass desuperheater. 

Thl̂ rd̂  : 3 separated emergency cooling loops, the gas circulators for which 

are supplied either from diesel-generators or from the external electrical 

network. These use pressurized water which would be circulated by natural 

convection to natural draught air coolers outside the containment building. 

(The system details are still being considered). 

Fourth_: natural coolant circulation for as long as is necessary on both 

the gas and water sides of the emergency cooling loops without need for 

any electrical or control intervention. 

6 
All four systems are effective at normal working pressure . The first 

three are effective following a depressurization of the primary circuit 

with a "design basis" time-constant of 200 sees and complete retention of 

the gas in the containment building, or, a depressurization of the primary 

circuit at the same rate coupled with depressurization through a breach in 
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the containment building in a time greater than 1 hour. If, however, in 

the latter multiple accident the containment building pressure drops to 

atmospheric in a time less than 1 hour, only the third cooling system 

(emergency cooling loops) is effective. 

In event of failure of the gas circulator main motor supplies and fai

lure to trip the control rods,the Doppler and core expansion negative 

coefficients of reactivity are sufficient to keep the core temperatures 

below extreme emergency levels, the core being cooled and boiler feed pro

vided during the transient by the auxiliary turbo-electric systems. This 

gives time for operator action to insert absorbers. 

GBR-4 reactor core 

The reactor, Fig. 1, is refuelled from above and controlled from 

below. The replaceable fission product collection pipes from the vented 
7 

fuel pins are routed down through penetrations in the concrete floor of 

the reactor vault to fission product monitors in the control cavity below. 

From thence they pass to the cavities which contain the helium purifica

tion plants. The plugs of these cavities and of the control cavity are, 

therefore, part of the primary containment and can withstand full gas 

pressure, although normally the cavities are at atmospheric pressure. 

The core, Fig. 1, has 252 assemblies in 3 enrichment zones with one 

third of the core refuelled annually. The GBR's high internal conversion 

(.85) strongly reduces burnup reactivity change (.6 "L ̂  k) and only 7 

burnup control rods are needed, an additional six rods forming shutdown 

rods. All these rods are divided between two separate trip systems. Re

placeable steel reflector elements surround the 126 radial blanket assem

blies. At the outside is the neutron shielding cooled by gas from the 

inlet plenum. Hexagonal interlocked pillars support 7 assemblies each 

and are held down by rods passing through the vault floor slab. Each 

pillar, complete with lower neutron shield, fission product vent pipes, 

thermocouple leads etc. , can be replaced, if needed, via the refuelling 

manipulator penetration. 
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The refuelling manipulator moves the fuel assemblies between core po

sitions and a temporary parking position at the core edge underneath the 

transfer penetration, through which fuel assemblies pass into and out from 

the vault. The manipulator is a simple machine stabilized by gravity with 

the fuel assembly at all times retained within a support tube. 

The control rods are housed above the core in pressure-balanced assem

blies that cannot be ejected and are cooled by downward flow. If a mecha

nism standpipe should fail causing depressurization, the rod is forced 

safely into the core by the effects of the coolant leakage. 

The core assemblies, Fig. 3, are held down by their own weight, the 

venturi-style foot reducing upward gas forces. There are fixed flow-

control gags. Integral neutron shielding is needed because of the trans

parency of helium to neutrons. The fuel pins locate in conventional spa

cer grids with a manifold grid at their lower ends to collect the gaseous 

fission products. The AISI 316 L clad of the vented pins benefits by 

having virtually no stresses from fission gases and reduced thermal 

stresses owing to the lower heat flux and thinner clad than in LMFBR. 

However, the higher clad temperature will require consideration, outside 

the known current LMFBR programmes, of steel swelling, embrittlement and 

fuel-side corrosion of the clad. External corrosion of the clad by the 

moist helium has been considered with regard to : clad thickness reduc

tion ; roughening profile modification ; oxide film temperature drop ; 

circuit contamination by spalled oxide. The amount of corrosion will be 

acceptable for all these aspects provided a low average moisture content 

of 1-2 vpm and hydrogen/water ratio of not less than 10 exist. This dry 

atmosphere then leads to possible wear and friction at points of contact 

between spacer grids and the pin clad, a matter currently being investi

gated : on the other hand, it prevents damaging corrosion of the fuel in 

event of clad failure. This is an important result because with the 1-

year refuelling cycle the reactor must be able to operate safely at full 

power with failed clad in the core for up to 1 year. 
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Choice of core flow direction 

The work on both the up-flow standing core (as GBR-4) and on the down-
g 

flow hanging core provides a greater sum of knowledge and the possibility 

of choosing the best overall design with respect to general operation and 

safety. The information on both systems shows clearly that the up-flow 

layout is less complex. The debate actually centres on safety. Loss of 

forced cooling pressurized can be accepted with up-flow but, with this lay

out, damage due to pins melting in a single assembly must have a low pro

bability of lateral spread. The down-flow layout requires non-stop forced 

cooling at all times but molten fuel ejection can alleviate a single-assem

bly incident. The question is whether the absolute safety of the public 

would be significantly different for the two layouts after allowing for all 

aspects, safeguards and probabilities. The influence of layout on plant 

recovery following the melting of a few pins is also of interest. These 

matters are part of the on-going work of the GBRA Study Group, 

CONCLUSION 

The studies have shown that AGR and HTR gas-cooled reactor technology, 

coupled to LMFBR fuel technology, would lead to a gas-cooled breeder with 

good performance, safety and operational characteristics. Special develop

ment work is needed in most areas but both the time-scale and cost of this 

will be rather less than has been necessary for any other new reactor sys

tem. In the future, there is scope for increased temperatures with alter

native pin clad materials and with coated particle fuel. GBR development 

by collaboration would eliminate duplication of effort and minimize costs 

to individual organisations, whilst the electrical supply industry would be 

provided with a choice of breeder systems to meet future demands. 
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GAS COOLED FAST BREEDER REACTOR DESIGN. DEVELOPMEHT, M P SAFETY FEATURES 

- M. DaJ-le Donne 

C.A. Goetzmann 

ABSTRACT 

The paper gives the conclusions of an evaluation study of the GCFBR 
performed by the two German Nuclear Centres and the German nuclear indus
try. Following these conclusions a joint R. and D program between the 
two German Nuclear Centers at Karlsruhe and Jiilich and the German firm 
KWU was decided. This refers to a GCFBR with helixun cooling, steel clad 
vented pins, oxide fuel and steam turbine cycle, similar to the General 
Atomic concept. The two main items of this program are: 

- an irradiation test of a 12 vented pin bundle in a high pressure helium 
loop in the Belgian reactor BR2 at Mol to be started in 1975 

- a study on the design and safety aspects of a looo MWe GCFBR. 

The first results of this study indicate that this reactor can be 
designed to met the safety requirements currently in use in Germany. 

EARLY STUDIES AND THE GAS BREEDER MEMORANDUM 

When we last reported on the work for the GCFBR in the Federal Re

public of Germany at the Oak Ridge Gas-Cooled Reactor Information Meeting 

in 19To our reference design was based on fuel pins clad in an especially 

developed vanadium alloy (V, 3 Ti, 1 Si) which allowed a maximum clad 

temperature of 850 C and an heliiim temperature at reactor outlet of Too C. 
1 

The helium gas was flowing directly m a gas turbine . Design studies on 

the gas turbine circuit connected with a GCFBR showed that this concept 

is feasible and the dimensions of the components reasonable (looo M e 

turbine: length 25 m, maximum outer diameter: 5«5 m; recuperative heat 
2 3 

exchanger: 6 units, length: 18 m, outer diameter: k.k m) ' . Lately, 

however, experimental investigations and theoretical considerations have 

shown that the oxide fuel would, at high temperatures and in presence of 

large temperature gradients in the fuel, oxidate the vanadiim cladding 
1+ 5 . . . . 

unduly ' . Vanadium based cladding would therefore be compatible with 
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oxide fuel only in presence of a suitable 03^gen getter in the fuel or, 

perhaps, with carbide fuel. This is the direction, in which are going the 

present investigations in Ksirlsruhe. But, of course, the effort has been 

considerably reduced. 

In 1969 the German Federal I-linistry for Education and Science re

quested the two nuclear centers at Karlsruhe and Jiilich to prepare a 

study on the feasibility and the economics of a GCFBR. This study (the 

so called "Gas Breeder Memorandum" ) was carried out by the two centers 

with the collaboration of the German nuclear industry, which included the 

following companies: AEG, BBC, BBK, GHH, Krupp and Siemens. Three concepts 

were chosen as representative of the main possible options: 

a) GCFR with steam turbine, oxide fuel in steel clad pins ("vented 

fuel"), primary system integrated in prestressed concrete pres-
7 A o 

sure vessel (this concept is based on the GGA concept ' ' ). 

b) GCFR with gas turbine, oxide fuel in vanadium pins ("strong clad") 
1 2 

(this concept is based on the Karlsruhe concept ' ). 

c) GCFR with steam turbine, oxide fuel in coated particle form (this 

concept is based on the UKAEA concept ' ). 

These alternatives were calculated again in the context of the study 

based on consistent assumptions and methods. The heat transfer correla

tions used were the same, and so was the method to calculate the hot spots 

in the core. In all the cases the fuel density was assumed to be 83 % of 

theoretical and the mean discharge burn-up 75 000 MWD/t. The nuclear cal

culations were performed with the latest cross section set of Karlsruhe, 

the so-called MOXTOT set. The main results of these calculations are 

listed in Tab. 1 together with the data of an advanced sodium breeder and 

a steam-cooled fast reactor, which have been calculated with similar 

assumptions. 

The study came to the conclusion that the GCFR with steel clad vented 

fuel pins was the type with the minimum amoiint of required further develop

ment work, especially because the fuel element could be based on the current 

work for the sodium breeder and the reactor components on the development 

of the High Temperature Thermal Reactor. On the other hand, the reactor 



Table 1. Main Parameters of Helium-cooled Breeder Reactors of looo MWe Compared to Advanced-

Sodium- and Steam-cooled Types 

Concept No. 

Cycle 

Fuel 

Fuel element 

Max.lin. power rating in pin W/cm 

Mean discharge burn up Mfld/t 
2 

Inlet coolant pressure kg/cm 

Mixed mean coolant temp, 
at reactor outlet 

Max. hot spot temp, at 
clad midwall 

Core fissile inventory 

kg Pu239 ^ p,2M 

Breeding ratio 

°C 

°C 

System lin. doubling time yrs 

Specific investment 

Fuel cycle cost 

Electricity cost 

^/kWe 

mills/kWh 

mills A^h 

Load factor 0.7 

1 

Steam turbine 

Oxide 

Fuel pin 
(vented) 

430 

2 

Gas turbine 

Oxide 

Fuel pin 
(sealed can) 

kko 

70 

600 

755 

31^0 

l.i+U 

13.2 

162 

1.3 

5.2 

loo 

706 

850 

2770 

1.32 

17.8 

11+5 

1.5 

5.05 

3 

Steam turbine 

Oxide 

Coat.particle 

Advanced 
Wa-Breeder 
Steam turbine 

Oxide 

Fuel pin 
(sealed can) 

530 

75 000 

70 

675 

950 

1800 

1.19 

31.8 

162 

1.5 

5.i* 

I0 

580 

Too 

1630 

1.29 

111.5 

IT0-2I40 

0.8T5 

5.0-6.5 

Steam 
Breeder 

Steam tiirbine 

Oxide 

Fuel pin 
(vented) 

U20 

150 

500 

T2o 

2860 

1.15 

32.3 

152*^ 

I.U*^) 

5.2^^ 

All costs are for the spring 197o; estimated costs. 



322 

offered a performance comparable or better to that of a sodium-cooled 

reactor with probably smaller electricity generating costs. The calcu

lated electricity generating costs of steam reactor were also favourable,but 

the plutonium doubling time appeared to be too high. 

PRESENT ACTIVITIES IN THE FEDERAL REPUBLIC OF GERMANY 

In 1971 tne two German nuclear centers at Karlsrxihe and Jiilich 

agreed on a joint 8 million dollar program (1971-7^) based on the con

clusions of the German Gas Breeder Memorandum. 90 % of the funds are for 

the research and development work for the reference design concept (helium 

cooling, steel clad vented pins, oxide fuel, steam turbine cycle), I0 % 

for the research in the field of the advanced concepts (vanadium cladding, 

coatea particles, gas turbine). The main activities within this program 

are; 

- A joint irradiation test of the Jiilich Nuclear Center and the German 

firm KWU, with the collaboration of the Karlsruhe Nuclear Center and 

of the Belgian Nuclear Center at Mol, of a 12 vented pin bundle in the 

Belgian reactor BR2. 

- A joint study of the Karlsruhe Nuclear Center and KWU, with the collabo

ration of Jiilich, on the design and safety aspects of a looo MWe GCFBR 

with steam turbine cycle, integrated primary helivim circuit and vented 

steel clad fuel pins. 

Another major item is the heat transfer work in Karlsruhe. The Heat 

Transfer Laboratory of the Institute of Neutron Physics and Reactor 

Engineering of the Karlsruhe Nuclear Center is performing since I963 

research covering many aspects of the heat transfer with gas cooling, 

especially heat transfer with pins with artificially rough surfaces (see 
12 to 17x for istance references ). 

Kv/U has an information exchange agreement in the field of GCFBR's with 

the U.S. firm General Atomic Company. Similar tripartite agreements have 

been recently signed between Karlsruhe, KWU and GA in the field of safety 
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and between Jiilich, KWU and GA for the BR2 irradiation experiment. 

The BR2 Irradiation 

The objective of this irradiation experiment is to provide information 

on in-pile behaviour of a fuel element pin cluster, especially as far as 

two main points are concerned, which are not investigated within the LFiFBR 

program. Namely 

a) the in-pile behaviour of the pin venting system 

b) the in-pile behaviour of the rough and smooth pin surfaces and of the 

spacer grids in a relatively dry helium atmosphere and in presence of 

temperature and power variations. 

Fig. 1 shows the test fuel element and illustrates the functioning 

principle of the venting system to a separate helium circuit and a fission 

gas plant. Table 2 shows the main data of the test fuel element and of 

the helium loop. More detailed information is given in reference 

Design and Safety Studies 

Fig. 2 shows a vertical section through the Nuclear Steam Supply 

System. Tne main data of the reference design are shown in Table 3, those 

of the NSSS in Table k. In Table 5 are listed the safety related nuclear 

characteristics. 

The transients experienced during depressurization accidents for 

various depressurization time constants and containment back pressures 

are depicted in Fig. 3. For these studies it was assumed that the circu

lation speed had remained unchanged, that the scram occurs simultaneously 

with the initiating event and that all loops are available for decâ ' heat 

removal. 

The shortest depressurization time of loo sec. of Fig. 3 corresponds 

to the breach of the largest penetration of pressure vessel, i.e. the 

failure of the seal of the steam generator plug, and it is considered as 
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Table 2. Main Data of the BR2 Irradiation Experiment 

Test Fuel Element Bundle Data 

Number of pins 

Pin outer diamter 

Pin pitch 

Fuel 

Cladding material 

Pin surface 

Max. linear pin rating 

Max, clad surface temp. 

Burn-up objective 

12 

8 mm 

11.1 mm 

(U/Pu)02 

stainless steel I.I+98I 

artificially roughened 

500 W/cm 

Too °C 

60000 (100000) MWd/t 

Loop Data 

Cooling gas 

Operation pressure 

Mass flow 

He inlet temperature 

He outlet temperature 

0 

helium 

60 bar 

.25 Kg/sec 

35o°C 

575°C 

Table 3. Main Data of I000 MMe Reference Design 

Coolant pressure 

Coolant inlet temperature 

Coolant outlet temperature, 

Core height 

Core H/D 

Pin diameter 

Pin pitch 

Hot spot temp., mid clad 

Max. linear rating 

Fissile rating core 

Breeding ratio 

Linear doubling time 

Plant net efficiency (wet cooling tower) 

12o bar 

27 3° C 

555°C 

^kQ cm 

0.5 

8.2 mm 

11 mm 

7oo°C 

1*92 W/cm 

0.78 MWth/Kg 

1.1+0 

11.8 yrs 

37 % 
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Table k. Main Data of looo MWe Nuclear Steam Supply System 

Vessel 

Core and Blanket 

type of support 

flow direction 

refueling access 

No. of Main Loops 

diameter of boiler cavity, m 

closure design 

Coolant Circulation 

blower power, MW 

No. of Auxiliary Loops 

coolant circulation 

blower power, MW (depressurization cond.) 

secondary containment pressure, bar 
(depressurization cond.) 

PCRV, Pod Boiler 

top clamped, in individual 
standpipes 

downward 

from beneath 

8 

3.5 

doubly retained concrete 
plug with flow limiter 

single stage axial blowers, 
series-steam driven 

8x16.5 

k 

elect, driven radial 
blowers, single stage 

kxUk 
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Table 5. Safety Related Nuclear Characteristics, looo MWe GCFBR 

Av. enrichment Pu„. . 12.'f % fiss 
Core conversion ratio o.8T 

Reactivity loss per cycle 1.6 ^ 

Doppler effect, Tdk/dT '^°^^ 
o.32Ux1o 

-5 

•"eff 
Helium void reactivity o.88 ̂  

Cladding expansion reactivity coefficient -o.22Tx1o 
— 5 

Fuel expansion reactivity coefficient -o.126x1o 
—(^ — 1 

Power coefficient (prompt) -1.5x1o MW 

Total control requirements 9-0 f 

Number of control rods 12 

Worth of 1 rod o.83 | 

Number of shut down rods 2 x 3 

Worth of 1 rod 3.3 | 
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Fig. 3 Peak Cladding Temperatures after Depressurization Accident 



330 

the Design Basis Accident. Fig. k shows the results of a more accxarate 

calculation for the DBA. The assumed scram delay of 1o sec. leads to a 

clad excess temperature of 3o C. The blower speed has been reduced after 

the scram in order to minimize the change in clad and coolant outlet 

temperatures and relative shock problems. 

Since the fuel pins are pressure-equalized, it is assumed that a 

maximum clad temperature of about 12oo C can be tolerated before limiting 

conditions would occur. Associated with a hot spot temperature of 12oo C 

in the core is a mixed mean reactor outlet temperature of about looo C 

which is tentatively assumed as an acceptable upper once-in-a-lifetime-

limit for the boiler structure. Fxxrther calculations have shown that 

during the DBA depressurization accident up to four of the eight main 

loops can be lost without reaching these limit temperatures. 

. . . 19 

A detailed reliability analysis for the DBA lead to the conclusion 

that the probability that the decay heat cooling system formed by the 

8 main coolant loops and the k auxiliary loops would not be capable of 

maintaining the fuel can maximum temperature below 12oo C, is less than 
-k 

1o per demand. If we assume that the chance of breaking the seal of a 

steam generator plug of the GCFBR is as small as that of a double ended 

rupture of a coolant pipe in the PWR system, that is 1o a or less , 

than we obtain a chance of not meeting the emergency cooling requirements 

of less them 1o a , which is equivalent to that at present estimated 

for the PWR. 

Although up to present time no realistic chain of events has been 

deteVted that would lead to accidents beyond the DBA, some work is being 

carried out in the FRG in the field of hypothetical accidents. This was 

mainly done because similar analyses have been performed for the German 

LMFBR SNR300. Included have been studies on problems associated with 
21 handling of gross core melting . 

The analysis of the temperature distribution in a slab of molten 

GCFBR core and blanket material is summarized in Fig. 5. The most important 

result obtained is that only a relatively small fraction of the total decay 
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heat generated can be removed across the lower surface of the melt. The 

remainder of the heat is radiated off its upper surface. As a result of 

these analyses it is concluded that it would be very desiderable to 

protect the internals in the reactor cavity by employing a thermal radia

tion shield or providing some other mean of cooling. Various solutions 

appear to be feasible, but substantial work is still required to come 

up with a system that would perform reliably under all operational 

conditions. 
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I. 

GAS-COOLED FAST BREEDER REACTOR DEMONSTRATION PLANT — — 

R. H. Simon, General Atomic Company 

J. B, Dee, General Atomic Company 

W. I. Morlta, Bechtel Corporation, San Francisco 

ABSTRACT 

The design of a 300 MVJ(e) Gas-Cooled-Fast-Breeder Reactor Demonstra

tion Plant is described along with the development and test program re

quired to design, construct and verify the performance of the components 

for the plant. Costs and schedules are also discussed. 

INTRODUCTION 

Although studies on the Gas-Cooled-Fast Breeder Reactor (GCFR) had 

started in 1962, it was not until initiation of the present GCFR Utility 

Program that effort became focused on a 300 MW(e) Demonstration Plant. 

This program commenced in mid-1968 and at the present time is supported 

by 54 United States and 4 European electric utilities, 53 rural electric 

cooperatives and General Atomic Company. 

A good part of the first year was devoted to an evaluation of the 

route that should be taken to reach the goal of commercial plants. It 

was decided, with the strong endorsement of the participating utility com

panies, to go directly to a demonstration plant. By the Spring of 1970 a 

reference design of the nuclear-steam supply system of a 300 MW(e) Demon

stration Plant had been prepared. This was followed by the submission of 

a Preliminary Safety Information Document (PSID) to the Directorate of 
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Licensing in the Spring of 1971. A Development Program Plan was completed 

in September 1972. This document was prepared under the auspices of both 

the AEC and the Utility Program and described all the development work 

necessary to design and build the demonstration plant and costs and sched

ules for the work. 

A program review committee made up of members from the participating 

utility companies recommended that an architect-engineer be retained to 

prepare a plant design, cost estimate and construction schedule. This work 

was done by the Bechtel Corporation and was completed in the summer of 

1973. A description of the 300 MW(e) plant follows. 

PLANT DESCRIPTION 

During the past four years a number of design changes have been made 

1 2 

to the previously reported 300-MWe GCFR Demonstration Plant, ' as a re

sult of design and safety reviews and architect-engineer studies. Each 

of the major components of the Nuclear Steam Supply System (NSSS) has 

been Improved, and a Balance-of-Plant design has been prepared by the 

Bechtel Corporation. 

The purpose of the plant is to demonstrate the GCFR concept under 

utility operating conditions. More specifically, the plant will demon

strate the fuel and fuel-cycle performance for prototypic conditions, 

and also demonstrate the in-service performance of the reactor coolant 

system and plant control system. 

The NSSS is based deliberately on minimum extrapolation of HTGR 

component technology and on utilization of LMFBR physics and fuel element 

technology. 

In the GCFR steam cycle, the full flow of steam from the steam gen

erators passes through the single-stage steam turbines driving the main 

helium circulators, after which it is directed through the resuperheaters 

before leaving the reactor containment building for the main turbine 

(Fig. 1). This arrangement has many of the advantages of normal reheat 

including increased cycle-efficiency and reduced steam moisture content 

to the main turbine. Perhaps more important however is the increased 
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reliability of core cooling after reactor or turbine trip since each cir-
3 

culator is independently driven by its associated steam generator. 

The plant has a net efficiency of 36% with a turbine condenser pres

sure of 3 in. (76 mm) of Kg, typical of wet cooling towers. Steam con

ditions at the main turbine throttle are 922°F (495°C) and 1179 psia 

(80 atm). The breeding ratio is 1,4 based upon the use of either a 3-row 

thorium oxide or uranium oxide radial blanket. Other principal design 

data are given in Table 1. 

NUCLEAR STEAM SUPPLY SYSTEM 

The GCFR nuclear steam supply system includes the reactor core as

sembly, a three-loop helium primary coolant system, and three core auxil

iary cooling loops. All these are contained within a prestressed concrete 

reactor vessel (PCRV) as shown in Fig. 2. Also included in the NSSS 

are reactor auxiliaries such as service systems for the main and auxiliary 

circulators, a helium purification system, a radioactive gaseous waste 

system, and refueling equipment. 

In the revised primary loop system, both the hot and cold helium 

ducts are located near the top of the PCRV, with the cylindrical core 

support cylinder separating the reactor inlet and outlet gas. Helium at 

reactor inlet temperature enters the core and flows downward through 

the core support grid so that all core support provisions and control 

drives are located at the cooler end of the reactor, and gravity trip 

is permitted at the same time without the existence of any shear plane 

where the control rods enter the core. After the helium enters the re

actor outlet plenum it flows upward over both faces of the thermal shield, 

finally leaving the reactor cavity through a horizontal hot-coolant duct 

to one of the three main loop cavities. This arrangement eliminates 

need for a separate shield cooling system. 

The thermal shield over the floor of the reactor cavity is designed 

to be impact resistant, and sufficiently level to permit recovery of any 

dropped object. It is an advantage of refueling from below that a dropped 

object cannot cause damage by falling on the core. The radial-shield 

attenuation requirements have been reduced by the addition of a third 
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Table 1, Design Conditions of GCFR Demonstration Plant 

Design Condition Specification 

Power 

Steam conditions 

Condensing pressure 

Net plant efficiency 

Helium pressure 

Helium temperatures 

Reactor inlet 

Mixed mean outlet 

Fuel rods 

Fuel 

Fuel rod diameter 

Cladding 

Cladding surface hot spot 
temperature 

Core 

Height (active) 

Diameter (active) 

Mean fissile rating 

Maximum linear rating 

Conversion ratio 

Refueling frequency 

Helium circulators (3) 

Pressure rise 

Steam generators (3) 

Resuperheaters (3) 

PCRV 

Type 

Size (external) 

300 MW(e) 

922°F/1179 psia (495°C/80 atm) 

3 in. (76 mm) Hg 

36% 

1250 psia (85 atm) 

613°F (323°C) 

1022°F (550°C) 

Mixed UO^-PuO 

0,28 in, (7.2 mm) 

20% CW 316 SS, 0,019 in. (0.48 mm) thick 

1275°F (690°C) 

39 in. (100 cm) 

78 in, (200 cm) 

0.6 MWt/kg 

12,5 kW/ft (410 W/cm) 

1.4 (3-row blanket) 

1/3 core annually 

Single-stage, axial, steam driven 

54 psi (3,7 atm) 

Once-through, helical coils 

Once-through, helical coils 

Vertical multicavity 

84 ft (25,7 m) diam, 80 ft (24,4 m) high 
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2. Nuclear Steam Supply System GCFR Demonstration Plant 
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row of radial blanket elements. The higher value of the U produced 

by a thorium-based radial blanket economically justifies the use of the 

thicker blanket for the demonstration plant. If uranium oxide is used 

instead, then a two-row blanket would be used instead with a third row 

of graphite-filled reflector elements. 

The fuel elements contain fuel rods 0.28 in. (7.2 mm) in diameter 

with surface roughening over three-fourths of the active core length to 

enhance heat transfer only in the region where it is advantageous to do 

so. In addition to the fuel and axial blanket regions, each rod contains 

8 in. (203 mm) of neutron shielding to assure a minimum residual ductility 

of the core support grid of 10% at the end of 30 years. 

The fuel is vented to the helium purification system and this pro

vides both pressure equalization across the fuel rod cladding, thereby 

eliminating a major source of cladding stress - that is, internal fission 

gas pressure or external coolant pressure - and also the venting provides 
4 5 a means for locating and monitoring a leaking fuel or blanket element. ' 

Coolant outlet temperature from the core is measured by three thermocouples 

Installed in a rod in the center of each fuel element. Thermocouple leads 

from the connector at the top of the fuel element travel straight up 

through the fuel locking mechanism to a connector at -the top of the me

chanism housing above the PCRV. 

Fixed, replaceable orifices are installed in the outlet end of the 

fuel and blanket elements. These are changed when the plant is shut down 

for the annual partial reloading of one-third of the core. This compen

sates for the change in power sharing when new fuel is installed adjacent 

to partially spent fuel. 

In the upper end of each element is a backup core support consisting 

of a bolt with a well-rounded nose which engages with a detent in the 

grid insert. The bolt is moved in place by a cam below the primary sup

port breech lock so that failure of the primary support cannot cause 

withdrawal of the backup lock. 

The fuel and blanket elements are held firmly in place in the grid 

by locks actuated from above the PCRV. The locking mechanisms float in 
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their housings but rest on the grid. No other core clamping devices are 

used. The resulting power coefficient of reactivity is negative. Analyses 

of the effects of seismic excitation on the plant structure have been 

made and the resulting reactivity effects have been found to be small. 

Control elements are fuel elements with the center 37 fuel rods replaced 

by a guide tube and a 1.9-in. (48 mm) diameter control rod containing boron 

carbide which is vented directly to the helium coolant. There are 21 con

trol rods each having a reactivity worth of 85<;. Each rod is positioned 

by a mechanism with a stepping motor powering a ball-nut, lead-screw de

vice. A magnet supports the control rod extension to permit gravity trip 

capability. An inertial snubber converts linear to rotational velocity 

at the end of the rod travel. In addition there is a completely independ

ent set of shutdown rods that are also capable of reactor shutdown. There 

are six of these rods each worth $1.60. They are designed with greater 

clearances, mechanisms made simpler by elimination of the trip capability, 

and they require different electronic control to operate the faster-acting 

constant-speed drive motors. 

Located in the walls of the PCRV are the three main loop cavities 

and the three smaller auxiliary loop cavities. Since working temperatures 

of the helium are lower in the GCFR than in the HTGR, materials problems 

are eased, but either the heat transfer coefficient must be higher or 

the surface area larger to compensate for the smaller temperature differ

ence between the helium and the steam. Actually some of both has been 

done. Also, an optimization of the height-to-diameter ratio of the steam 

generators has been carried out so that neither the main loops nor the 

reactor cavity dominate the height requirements of the PCRV. The overall 

height of the steam generator-resuperheater assembly is within that neces

sary for replacement inside of the reactor containment building. The 

steam generator layout provides for termination of all piping connections 

at four tube sheets each at the bottom of the PCRV. Tube plugging can 

be done externally. 

The main coolant circulators are single-stage axial flow compressors 

close-coupled to a single-stage impulse steam turbine which provides a 

simple, highly compact machine that can be removed through a central hole 



344 

in the main loop cavity penetration closure. A helium coolant flow-isolation 

(check) valve is located between the main circulator outlet and the duct 

leading to the reactor inlet. The function of this check valve is to pre

vent backflow of helium in the event of shutdown of a circulator. 

The auxiliary cooling loops are used for long-tenn shutdown cooling 

and as backup for the main loops or emergency cooling. Electrically 

driven centrifugal circulators powered by separately-driven high-frequency 

alternators are used. The auxiliary loop heat exchangers are cooled by 

a pressurized water loop which transfers its heat to the air through a 

forced-air heat exchanger. 

The PCRV is reinforced with steel rods and is prestressed by longi

tudinal tendons and circumferential wire wrapping. The major openings 

are closed by concrete plugs designed to be always in compression and 

held in place by two structurally independent and redundant means. The 

liner is insulated on the helium side by a thermal barrier, and cooling 

of the liner and penetrations vis provided by cooling tubes on the con

crete side of the steel liner. The conservative design of this typical 

PCRV, with inspectable and replaceable redundant tension members, pre

cludes a gross failure of the pressure vessel. 

Refueling is done through the bottom of the PCRV using a Fuel Transfer 

Machine, a Fuel Lifting Machine, and a Fuel Transfer Cask which conveys 

spent fuel from the PCRV to the Fuel Storage Pool, where it is stored 

under water. 

BALANCE OF PLANT 

Bechtel Corporation, under contract to General Atomic Company (GA), 

has developed a preliminary design, construction schedule, and cost esti

mate of the balance of plant (BOP) for the 300-Ml̂ f(e) Gas Cooled Fast 

Breeder Reactor (GCFR) demonstration plant, 

A hypothetical site was assumed for the study. Necessary site data, 

such as soil conditions, seismic requirements, and meteorology, were based 

on this site; but the resulting plant design is not highly site sensitive, 

and the plant could be located at other sites with appropriate modifications. 
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The general plant arrangement (Fig. 3) utilizes a peninsular turbine 

building orientation and incorporates a communication corridor to provide 

accessibility to all major equipment and insure a relatively clear space for 

routing piping and cable trays. All buildings are located at grade except 

for pits in the Containment Building and the Reactor Service Building. 

The general plant arrangement and the internal arrangement of some of 

the buildings are patterned after a generic BOP design being developed by 

Bechtel. The basic design philosophy and much of the specific arrangement 

is readily adaptable to the GCFR. In those areas unique to the GCFR, much 

of the NSSS equipment is in modular form, which minimizes space requirements 

and facilitates equipment location. 

The Containment Building is a conventionally reinforced concrete 116-ft 

(35 m) inner diameter cylinder with a flat sphere-torus dome and a flat 

circular-base slab. Design pressure is 23 psig (1.6 atm) and net free volume 
6 4 3 

is 1.21 X 10 cu ft, (3.42 x 10 m ) resulting in an equilibrium pressure 

of 1.83 atm absolute following a depressurization. The 84~ft (25.7 m) di

ameter PCRV is supported above the base slab on six 23-ft (7,0 m) high sup

ports. The 16-ft (4.9 m) annulus between the PCRV and containment wall 

allows for support of equipment and piping within this space, and the 23-ft 

(7.0 m) clearance beneath the PCRV permits bottom refueling of the reactor. 

A pit is located in the center of the base slab beneath the PCRV so that 

handling equipment can be used to remove shield plugs from the PCRV and 

insert refueling machines. An equipment hatch approximately 20-ft (6.1 m) 

in diameter is located in the lower containment wall for transfer of the 

fuel handling machines and other equipment into the adjacent Reactor Service 

Building, The hatch is also used to isolate the fuel transfer cask from 

the Fuel Service Building during transfer of spent fuel to the storage pool. 

The Reactor Service Building contains the fuel service facilities, 

the radioactive waste processing equipment, and the main plant ventilation 

filters and blowers. The fuel service facilities include a spent-fuel 

storage pool similar to that in a light water reactor plant, a new fuel 

storage area, a railroad car-loading area, and a core mockup facility for 

servicing and checkout of the refueling equipment. 
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The Reactor Auxiliary Building is located between the Containment Build

ing and the Control Building and contains the safety-related BOP and NSSS 

equipment that must be protected and located close to the reactor. Areas 

are provided to accommodate the electrical, instrument, and piping penetra

tions through the containment wall and to maintain physical separation of 

multiple safety channels. 

The Turbine Building houses the turbine generator and all associated 

power generation equipment and auxiliaries. The Diesel Generator Building 

contains three emergency diesel generators and associated auxiliary equip

ment in three separate compartments. Other buildings are the Control Build

ing, Administration Building, Helium Storage Building, Auxiliary Boiler 

Building, Water Treatment Building, and a machine shop. 

The steam cycle is based on use of a tandem compound, four-flow, 25-in. 

(635 mm) main steam turbine, using 2.62 x 10 Ib/hr (1.19 x 10 Kg/hr) of 

steam at 1179 psia (80 atm) and 922"F (495°C) at the throttle (See Fig. 4). 

Maximum guaranteed turbine-generator rating at these conditions is 304.2 MW(e). 

Six feedwater heating stages are provided, two extractions from the high-

pressure cylinder, three from the low-pressure cylinders, and one at the 

crossover. Two separate feedwater strings, each containing a steam-turbine-

driven main feed pump, are used. Each string normally operates at 50% of 

full load but is capable of operating at 75% load if the other is shut down 

for any reason. 

The steam produced in the superheater section of each of the three 

steam generators is used to drive the main helium circulator in the cor

responding loop. Exhaust from the circulator turbine is reheated in the 

resuperheater section of the steam generator before going to the main tur

bine. Two bypass circuits are provided in the steam system to permit oper

ation in a number of modes; including operating the helium circulators on 

steam produced by decay heat following turbine trip and reactor shutdown. 

Auxiliary steam is provided to operate the helium circulators during plant 

startup and for long-term decay heat removal. 

A number of other auxiliary and service systems were developed as part 

of the BOP preliminary design. For example, the core auxiliary cooling 

water system consists of three independent closed loops that serve to reject 
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core decay heat to the atmosphere through air coolers if the primary coolant 

and turbine steam systems are out of service. The service water system 

provides two loops of cooling water for normal and emergency cooling of 

NSSS and BOP systems. The reactor plant-cooling water system is used to 

cool the PCRV, other essential NSSS equipment, and the spent fuel storage 

pool and is in turn cooled by the service water system. The helium storage 

system and the nitrogen system provide important services to the NSSS. 

The station electrical system consists of the generation system, the 

essential auxiliary power system and the nonessential power system. Three 

independent essential systems are provided, corresponding to the three 

auxiliary cooling loops, and the normal two-out-of-three safety philosophy 

used in the plant. There are three emergency diesel generators, one capable 

of supplying the entire load on each essential bus. 

As a result of this study, it is Bechtel's conclusion that the GCFR 

balance of plant can be engineered into a viable system. 

DEVELOPMENT AND TEST PROGRAM 

A concerted effort has been maintained to eliminate or limit all tech

nology extrapolation to the minimum consistent with good plant performance. 

The exciting potential for future design and performance improvements 

through the use of higher temperature cladding materials compatible with 

the inert helium coolant has been set aside in the interests of establish

ing a design based on current technology development. The primary-loop 

components are essentially the same scale as HTGR components and this jus

tifies confidence in engineering a large-scale-reliable primary coolant 

system. The fuel development program is based upon materials, temperatures, 

and irradiation characteristics typical of LMFBR fuel technology except 

for the differences associated with helium cooling. A rather large plant 

is required to provide a prototype fuel irradiation environment for demon

strating economic viability; whereas a small plant would neither simulate 

fuel operating conditions realistically, nor would it fully demonstrate 

the key system provisions for commercial plant safety. To support the de

sign, construction and licensing of a large demonstration plant, the program 
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includes a core development program for the primary coolant system compo

nents, an approach similar to that followed for Peach Bottom HTGR, Fort 

St. Vrain, and in progress for the large commercial HTGRs. 

The core development program is described in other papers. It includes 

successful vented-fuel rod irradiations in the Oak Ridge Research Reactor 

and fuel capsule irradiations to high temperatures and significant fast flu-

ences in EBR-II. A vented fuel rod bundle irradiation program is being con

ducted by Kraftwerk Union (KWU) and Kernforschungsanlage, Julich, and the 

fuel bundle will be tested in a high pressure helium loop to be operated 

in the BR-2 at Mol, Belgium. A heat transfer and fluid flow development 

program at the Eidgenossisches Institut fur Reaktorforschung (EIR) has dem

onstrated conditions under which surface-roughened fuel rods will produce 

4 
the heat transfer enhancement on which the core design is based. Indepen

dent research at Kemforschungszentrum, Karlsruhe also supports the attain

ability of the fuel rod heat transfer objectives. Additional out-of-pile 

and in-pile tests are planned for Investigating transient fuel rod bundle 

behavior, fuel-lifetime properties, and flow and vibration characteristics. 

A design verification and support program is planned for carrying 

out the first-of-a-kind engineering for the primary coolant system com

ponents. The main helium circulator and its control system will be rig

orously tested to assure proper response under transient conditions in

cluding the design basis accident (DBA) which is depressurization of the 

primary coolant circuit. The circulator is operated at higher power 

and steam pressure than its counterpart in HTGR, although its power is 

the same or less than that for steam-driven gas coolant circulators em

ployed in other nuclear power stations. This test program is expected 

to be the most significant for plant safety because of the importance 

of circulator reliability. 

The steam generator operating conditions will be less demanding than 

for the HTGR and design verification test programs will be mainly directed 

toward investigation of stability of steam-water flow at very low flow 

rates associated with continued circulator operation after reactor trip 

by steam from the heat stored in the steam generators, helium-side flow 

distribution measurements, and tube support and vibration testing. 
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The PCRV will undergo model tests Including tests of the closure con

figurations. Conductivity of the thermal barrier at 85 atmospheres helium 

pressure and design temperature will be measured and tests to evaluate de

pressurization effects will be made. 

The fuel handling system will be completely tested before plant oper

ation and a core mockup facility for refueling equipment checkout and main

tenance, as well as for operator training, is included in the plant design. 

The experience gained by GA in HTGR technology development provides 

a sound basis for planning and estimating the projected costs and schedules 

for an appropriate design verification and support program for the primary 

coolant system major components. 

COSTS AND SCHEDULES 

The cost of the 300 MW(e) plant, based on July 1973 dollars, is shown 

in Table 2. Escalation, interest during construction, and owner's costs 

are not included. However, a contingency of about 20% of direct and indi

rect costs is included with the indirect costs. Also shown are the develop

ment program costs, a postconstructlon test program, and the cost of the 

first core and three reload segments. 

The summary schedule (Fig. 5) indicates an eight-year program for the 

demonstration plant from start of contract to plant acceptance. This in

cludes a 51 month construction period and a development program extending 

for seven years after start of the contract. This latter program is of 

course in progress at the present time. 

Table 2. 300 MW(e) GCFR Demonstration Plant Cost Summary 
($ millions) 

Plant Capital Cost 

Direct Costs 150 ** 

Indirect Costs and Contingency 144 

294 

Core Loadings 54 

Development Program 83 

Postconstructlon Test Program 10 
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SUMMARY 

A 300 MW(e) GCFR Demonstration Plant has been designed. The plant, 

with a wet cooling tower, will have a thermal efficiency of 36%. The NSSS 

is integrated within a PCRV as with the Fort St. Vrain Nuclear Generating 

Station and all commercial HTGR's. 

A construction schedule as well as an overall program schedule have 

been prepared. The former shows 51 months from pouring of the first con

crete to initial fuel loading and the latter indicates an eight year pro

gram from start of contract to plant acceptance. 

The capital cost of the plant, based on July 1973 dollars, is $294 

million not including escalation, owner's costs, or interest during 

construction. 

As a breeder, the demonstration plant will perform creditably. With 

oxide fuel the breeding ratio is calculated to be 1.4 leading to a doubling 

time of 12 years when coupled with a specific power of 0.6 MWt/Kg fissile. 

A development and test program has been planned, the total cost of 

which is $83 million. This comparatively low figure for the demonstration 

plant is due to the use, to the maximum degree, of HTGR coolant and com

ponent technology and LMFBR fuel and physics technology. 

In conclusion, we are convinced that the GCFR demonstration plant 

can be developed and built in the near future and will operate with high 

efficiency and result in a high breeding ratio. 
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ABSTRACT 

Although the major operational parameters of the GCFR fuel element 
are similar to those used for LMFBR elements, the use of pressure-equal
ized and vented fuel rods, cladding surface roughening, fuel-rod spacer 
grids, and a gas coolant requires a comprehensive development program. 
Analytical and experimental heat-transfer programs have established ini
tial design points, so consideration is now turning to the effects of 
operational parameters under design, off-normal, and transient condi
tions. Thermal-flux and fast-flux fuel-rod irradiation programs in 
progress are proving the pressure-equalized and vented rod concept and 
a twelve-rod-bundle test is under construction. Trade-off studies indi
cate that future development work should be focused on increasing the 
cladding temperature and fuel-rod burnup. 

INTRODUCTION 

The status of the work now under way to develop a fuel element suit

able for use in a 300-MW(e) GCFR demonstration plant is summarized and 

the direction of additional work that will lead to GCFR commercialization 

is discussed. 

Overall, the hexagonal GCFR fuel element appears very similar to that 

employed in the LMFBR, and, as shown in Fig. 1, these similarities persist 

even upon closer inspection of the GCFR stainless-steel-clad (U, Pu)0„ fue 

system. The design of the GCFR fuel element can, therefore, rely heavily 

on LMFBR technology, but certain features unique to the GCFR require devel 

opmental efforts. These unique features are the use of (1) a pressure-

Work supported in part by the U.S. Atomic Energy Commission under 
Contract AT(04-3)-167, Project Agreement 23. 
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2 3 equalized and vented fuel rod, ' (2) surface roughening of the cladding 

for improved heat transfer (see Fig. 2), and (3) a honeycomb spacer grid 

for rod separation. The influence of these features on the heat-transfer 

and irradiation characteristics of the GCFR fuel element is described below. 

CORE HEAT TRANSFER AND FLUID FLOW 

Verification of Initial Design Points 

Heat-transfer and fluid-flow characteristics of the GCFR fuel element 

have been investigated at the Swiss Federal Institute for Reactor Research 

(EIR) within the framework of a cooperative agreement with General Atomic 

Company (GA) since 1967. The aim of these activities is to predict the 

thermal-hydraulics of GCFR fuel elements under design conditions. The GCFR 

research and development program first focused on incremental problems 

related to the use of rod surface roughening, a grid-type spacer, and the 

hexagonal rod bundle geometry with axial coolant flow. It is now concerned 

with integrating these effects into a comprehensive analytical model and 

providing experimental verification of the analytical techniques. 

1.8mm 

0.45 mm 

0.15 mm 

~v y x: y "V y 

Fig. 2. GCFR Fuel Rod Surface Roughening. 
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eciflcally, the research and development program covers the follow-

The analytical and experimental investigation of increment prob

lems connected with GCFR heat transfer: 

a. Heat-transfer coefficient distribution in rod bundles. Local 

and average heat-transfer coefficients have been measured in 

rod bundles with axial coolant flow. Analytical and semi-

empirical correlations have been developed and verified by 
4 

the experimental data. 

b. Surface roughening. An extensive experimental program has 

been carried out over a wide range of coolant velocity in 

order to measure the heat transfer and surface friction per

formance of different types of artificial surface roughness 

and to optimize the roughness geometry. The results confirm 

that the design objective of doubling the heat transfer is 

feasible with an increase in friction factor of three. The 

results obtained for the many different geometries studied 

are summarized in Fig. 3 for a value of the Reynolds number 

(10 ) close to the design value. 

c. Pressure losses. An analytical model has been developed for 

the prediction of parasitic pressure losses due to the 

spacer grids. Measurements with the spacer grid designed 

by GA for the GCFR confirmed the analytical predictions. 

d. Spacer influence on local heat transfer. Results of local 

temperature measurements using four different spacer geome

tries indicate that no hot spots will occur near and under 
6 

these grids for smooth or roughened cladding surfaces. 

e. Cooling mixing and cross flow. The interactions between sub

channels of GCFR fuel-rod bundles have been investigated 

both analytically and experimentally. Turbulent eddy dif-

fusivity and cross-flow resistance have been measured and 

compared with predictions. 
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2. Analytical Models and Computer Codes 

To predict the temperature, mass flow, and pressure distribution 

in GCFR fuel elements, an analytical model of the rod bundle and 

a corresponding computer code (CLUHET) are being developed. The 

code will incorporate all the results of the individual experi

mental and theoretical studies. 

3. Code Verification 

In order to simulate reactor conditions, electrically heated, 

gas-cooled 37-rod-bundle experiments will be carried out in 1974-

76. The temperature and pressure measurements in those experi

ments will be used to verify the computer code predictions. 

Influence of Operational Parameters 

Whereas the Swiss program has focused on the behavior of the elements 

under initial design conditions, GA has initiated studies to include the 

effects of the operational environment during design, upset, and accident 

conditions. 

Calculations of rod bowing due to power and flux gradients have been 

made using the CRASIB code for a variety of design and off-normal condi-
Q 

tions. Figure 4 illustrates a bounding case in which rod bowing was cal

culated for an element at the core-blanket interface,which represents the 

worst flux gradient but superimposed on this was the flux at the center 

of the core. If one uses the realistic flux at this element position, the 

maximum bow is reduced to less than 0.025 mm (1 mil). 

The next step was to determine what the calculated bowing means in 

terms of changes in cladding temperature. Thermal-hydraulic calculations 

made with a gas-coolant modification of COBRA-II showed that the sensitiv

ity of the cladding temperature to uniform rod translation is 2.2°C/0.1 mm 

(~l°F/mil) displacement and the sensitivity to a uniform sinusoidal bow 

is 1.1°C/0.1 mm (~0,5°F/mil) displacement. 

Analysis is currently being extended to the effects of duct-wall dis

tortion and to the effects of relative motion of fuel rods and spacers due 



AXIAL POSITION (CM) 

100 120 

T 

0.001 -

s 
—i 

-J 

< 
< 

-0.002 

-0.003 

-0.004 -

-0.005 

0.12 

35 40 45 50 

AXIAL POSITION (IN.) 

70 75 80 85 

00 

Fig. 4. Fuel-rod Bowing vs. Axial Position. 



364 

to power changes on the axial loading of these components. Experimental 

studies are also being conducted to determine the coefficient of friction 

and wear between rods and spacers in typical gaseous atmospheres due to this 

relative motion. To extend the experimentation to integral bundle effects, 

a high-pressure helium loop for electrically heated bundle tests is being 

planned in cooperation with Oak Ridge National Laboratory to verify the 

analysis of off-normal and transient behavior. 

IRRADIATION PROGRAM 

Several thermal-flux and fast-flux irradiation experiments have been 

designed to study the GCFR vented fuel-rod concept and the effect of sur

face roughening on the behavior of irradiated cladding. The status of 

each of these programs, which is described in detail in Ref. 9, is briefly 

summarized below. 

Thermal Irradiations 

Irradiation Capsule GB-9 

The irradiation of capsule GB-9 was the first test of a pressure-equal

ized and vented GCFR fuel rod. The objectives of the test were to deter

mine the release and migration characteristics of fission products under 

normal and off-normal operating conditions in a fuel rod with venting 

through an integral charcoal trap. 

The design of the fuel rod and test capsule are described in Refs. 10 

and 11. The annular mixed-oxide fuel pellets were contained in 9-mm (0.355-

in.) OD by 0.6l-mm (0.024-in.)-thick Type 316 stainless steel cladding. 

Also within the cladding were a 5.08-cm (2-in.) stack of solid UO blanket 

pellets above the fuel and the 7.62-cm (3-in.)-long charcoal fission-pro

duct trap. The fuel rod was fitted with a pair of gas lines at the top 

of the trap to sweep out the fission-product gases that reached that point 

so that they could be analyzed. An additional gas inlet line reached the 

bottom of the trap to permit flowing gas through the trap to remove and 

sample the activity reaching that point. Also, the capsule incorporated 

standard equipment for temperature control and monitoring. 
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A peak fuel burnup of -53,000 MWd/Te was achieved in the GB-9 fuel rod 

during 471 full power days of operation in the Oak Ridge Research Reactor 
12 

(ORR). During most of this period, the fuel rod was operated at the 

design conditions of a 500 W/cm (15 kW/ft) heat rating, 585°C average 

peak cladding outer temperature, 300°C trap and UO blanket temperature, 

and 68 atm (1000 psi) external and 66.3 atm (975 psi) internal pressure. 

During special operating periods, the rod linear power was varied between 

66 and 500 W/cm (2 and 15 kW/ft), the charcoal trap and blanket region 

temperatures were varied between 200°C and 400°C, and the internal pres

sure was varied between 34 atm and 66.3 atm (500 and 975 psi). The release 

of fission-product gases was monitored throughout the test by radiation 

monitors on the sweep-gas lines and intermittently by sampling the gas and 

analyzing it for fission-product isotopes. 

The results of the fission-gas release data obtained from the GB-9 

1 3—1 6 

capsule may be summarized as follows. (1) The steady-state fission-

gas release fractions and the resultant activity of the released gases 

increased during the first 10,000 to 15,000 MWd/Te of fuel burnup and 

approached a constant value at higher burnup levels for normal operating 

conditions. (2) Following periods of low power or zero power operation, 

the activity release from the rod underwent a steady increase over a period 

of 8 to 10 hr and Increased to the equilibrium value for that level of 

exposure. (3) The charcoal trap appeared to act as a holdup volume, which 

reduced the activity of the gas stream via radioactive decay by a factor 

of about three. The trap was very effective in reducing the release of 

133 

1 38 
Isotopes with short half-lives (e.g., Xe , 17-min half-life, ~0.04 reduc
tion factor) but was less effective for longer-lived isotopes (e.g., Xe 

5.27~day half-life, ~0.9 reduction factor). (4) The gas release and trap 

effectiveness values were reasonably well predicted by the SLIDER code. 

(5) The trap efficiency was not strongly affected by small temperature 

variations around the design value of 300°C. However, the released activity 

with a trap and blanket region temperature of 400°C was a factor of two 

higher than that with a 200°C temperature in those regions. (6) The depres-

surlzation-repressurization experiments indicated that only a small amount 

of gaseous fission products would be expected to be vented from the GCFR 
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during pressure cycling. Finally, (7) the release of fission-product 

activity is very sensitive to the rod power and temperature distribution. 

The postirradiatlon examination of the GB-9 fuel rod was conducted 

in the inert-atmosphere Alpha-Gamma Hot Cell Facility of Argonne National 

Laboratory (ANL). The maximum diameter increase of the rod was only 0.2% 

AD/D^. Gamma scanning and electron microprobe analysis indicated concen

trations of volatile fission products at the ends of the fuel column (see 

Fig. 5) but none had been transported beyond the blanket region of the 

rod, which confirmed the in-reactor measurements. Axial transport of fuel 

as a vapor in the central hole of the fuel column reduced the size of the 

hole near the bottom of the column and closed it with a porous plug near 

the top of the column (see Fig. 6). Flow measurements indicated no signi

ficant impediment to pressure equalization. Fission-product attack of the 

cladding was a maximum of 0,11 mm (4.4 mils) adjacent to the mixed-oxide 

fuel, but the greatest attack, 0.157 mm (~6.2 mils), was adjacent to the 

enriched, slightly hyperstoichiometric U0„ pellets at the upper end of the 

fuel column. A postirradiatlon stress-rupture test of the cladding indi

cated somewhat inconclusively that the cladding attack had no large effect 

on the rupture strength at a test temperature of 700°C. 

The GB-9 irradiation test proved the feasibility of the pressure-

equalized and vented rod concept under steady-state conditions and both 

power and temperature cycling. In addition, it verified the calculational 

models for fission-gas transport. 

Irradiation Capsule GB-10 

9 
This test, which is basically similar in design to the GB-9, has a 

more sophisticated sweep-gas system so that samples of fission products 

can be taken not only from below and above the trap but also at the fuel-

blanket interface and, further, the fission-product transit times through 

the fuel, blanket, and trap regions can be determined. Another feature 

is that gas flow can be introduced at the bottom of the fuel rod to simulate 

a cladding leak condition. 
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Fig. 6. Longitudinal Section Through the Top of the 
GB-9 Fuel Column Showing Vapor-deposited Mixed-oxide Fuel 
in the Central Hole and Increased Cladding Attack Adjacent 
to the Two UO Half-pellets. Original at SOX reduced to IIX. 
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As of November 1973, the irradiation of this capsule has now reached 

a burnup of about 31,000 MWd/Te, of which 4,100 MWd/Te has been accumulated 

at 450 W/cm (13.5 kW/ft) and the remainder at 417 W/cm (12.5 kW/ft). The 

three most notable results to date have been measurements of (1) fission-

gas release from the fuel, (2) the fission-gas transit through the various 

rod sections, and (3) the increase in activity with the onset of a leak. 

The increased activity, as shown In Table 1, illustrates the significant 

change in activity that will indicate leaks and be detected by the monitor

ing instrumentation. 

Irradiation will continue at 450 W/cm (13.5 kW/ft) until steady-state 

fission gas release is attained. The power will then be Increased to 485 

W/cm (14.5 kW/ft) until a burnup target of 75,000 MWd/Te is achieved. 

Fast-flux Irradiations 

F-1 Experimeint 

This first GCFR fast-flux irradiation experiment consists of seven 

Type 316 stainless steel clad, PuO„-UO fueled rods with UO blankets in 

individual capsules that have independently controlled temperatures to cover 
9 

the range 600°C to 800°C. The rods have large plenum regions to simulate 

pressure-equalization behavior. The irradiation is being conducted in the 

reflector region of the EBR-II. The primary objectives of the experiment 

are (1) to determine fuel irradiation behavior at higher temperatures to 

establish the margin in GCFR design; (2) to compare the behavior of fuel 

irradiated in a thermal flux with that irradiated in a fast flux; and (3) 

to investigate the behavior of charcoal subjected to a fast flux. The 

target burnup is 100,000 MWd/Te. Two interim examinations have been con

ducted to date. The first was made after a burnup of 27,000 MWd/Te when 

one rod (G-3) was removed for destructive examination; the second examina

tion was after 52,000 MWd/Te when five more rods were removed. The rods 

removed were replaced with unirradiated rods that are similar in design 

but have surface-roughened cladding. The subassembly is currently in the 

EBR-II and had attained a burnup of about 55,000 MWd/Te in November 1973, 

Nondestructive examinations were made of the seven F-1 fuel rods 
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Table 1. Change in Vented Fraction with Onset of a 1150 cm stp/min 
Simulated Leak (6,800 MWd/Te Burnup) 

Isotope 

133 
Xe ,̂  133m 
Xe 
Xe^^S 

Xe"« 
Xe"5tn 

139 
Xe ^ 
Xe^^^ 

Kr^^-

Kr^S 

Kr^^ 

Kr^^ 

So 

Half-
Life 

5.27 

2.30 

5.76 

17.0 

15.3 

41.0 

3.90 

4.40 

2.80 

1.30 

3.20 

iTT 

d 

d 

h" 

m 

m 

s 

m 

h 

h 

h 

m 

Vented 

BF-TT^ (Leak) 

0.11 

0.085 

0.050 

0.016 

0.0115 

6.0x10"^ 

3.9x10"^ 

0.036 

0.025 

0.022 

0.0032 

J „ ^ — A-1 . -U A 

Fractions 

TT-

.1 t- . 

-TT^ (No Leak) 

0,058 

0.045 

0.007 

2.7x10"^ 

3.3x10"^ 
, d n.d. 

n.d. 

0.016 

0.00075 

0.0029 

n.d. 

-*-A-_^ „c. 4.1— c...^^ 

Vented 
Fraction Ratio 
(Leak/No Leak) 

i J 

1.90 

1.89 

7.14 

593 

348 

n.d. 

n.d. 

2.25 

3.33 

7.59 

n.d. 

— . - t~\^ 1, 'Sweep-gas flow mode in through the bottom of the fuel and out through 
the top of the trap. 

Sweep-gas flow mode in and out through the top of the trap. 

Effective half-life in ORR thermal flux. 

Not detected. 
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during each interim examination. Neutron radiography performed at both 

interim examinations indicated that all of the fuel rods were intact and 

that there were no abnormalities. Precision gamma scanning of the rods 

removed after a burnup of ~52,000 MWd/Te showed no significant movement of 

volatile fission products into the upper blanket region, which extended 
1*51 1/M 1 / C\ 

the results found at 27,000 l̂ Wd/Te burnup. Peaking of I and Ba /La 

was found at the ends of fuel rods with the highest linear power but was 
significantly less in the fuel rods at lower power. Scans made six months 

137 after the initial ones showed Cs peaks at the ends of the fuel columns, 

a phenomena now normally found in highly rated fuel rods tested under the 

LMFBR program. 

Fuel rod 0-3, which was removed after 27,000 MWd/Te, has also been 

destructively examined at ANL-East. The rod exhibited a negligible clad

ding dimensional change of 0.2% AD/D^. In this rod, as in the GB-9 experi

ment, axial vapor transport of fuel in the central hole began to close the 

ends of the fuel column. Flow measurements through the fuel column and 

the blanket regions, however, showed that the impedance would not signi

ficantly affect gas flow. Maximum fission-product attack of the cladding 

(of the matrix type) was only 0.01 mm (0.4 mil) at the highest cladding 

inside temperature of 720°C (see Fig. 7). The small amount of attack at 

that temperature with a fuel having an initial oxygen-to-metal ratio (0/M) 

of 1.98 to 1.99 is extremely encouraging that fission-product attack will 

not be a problem in the GCFR fuel elements. At the highest cladding tem

peratures, above about 670°C, there was evidence of sigma-phase formation 

in the 20% cold-worked Type 316 stainless steel cladding. At the 27,000 

MWd/Te burnup level, this formation was not detrimental. 

F-3 Experiment 

This experiment will consist of ten encapsulated GCFR fuel rods with 

surface roughened cladding sharing a nineteen-capsule subassembly with ANL. 

Temperatures will be controlled over the range 675°C to 750°C. Irradiation 

will be in the core region of the EBR-II and thus will permit achievement 
23 

of a higher fluence (1.5 x 10 nvt) and a higher fluence-to-burnup ratio 
than obtained in the F-1 experiment. Additional objectives of this 
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Fig. 7. Greatest Extent of Cladding Degradation, 
0.01 mm (0.4 mil), in G-3 Rod at a Cladding ID Temperature 
of ~720°C, Magnification 500X. 

experiment are (1) to study the effect of oxygen-to-metal ratio over the 

range 1.94 to 1.98 and (2) to evaluate the effect of variations in fuel 

density over the range 88% to 92% theoretical density. In addition, "piggy

back" experiments have been included to study BeO, Be, and ZrH, which are 

being considered for shielding above the upper axial blanket to protect 

the grid plate. Also included are thermocouples that are to be used for 

outlet gas temperature measurements in the GCFR. This experiment is in 

the final stages of fabrication at ANL and is scheduled for insertion in 

the EBR-II in the first half of 1974. 

Loop Irradiations 

Although the capsule irradiations will establish the behavior of indi-
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vidual vented rods, it is ultimately necessary to study the behavior of 

the pressure-equalization system for a rod assembly that includes all of 

the important features of the venting system, namely, the fuel-rod manifold, 

the element trap, the connection of the element vent system to the grid 

plate, the fuel-element-to-grid-plate seal, a helium purification system, 

and dynamic cooling. An irradiation experiment designed to include these 
14 

features is being conducted by the German organizations Kraftwerk Union 

and Kernforschungsanlage, Julich, with support from Gesellschaft fur 

Kernforschung mbH, Karlsruhe. General Atomic is participating in this 

experimental program under a cooperative agreement. This twelve-rod-bundle 

test will be irradiated in a high-pressure helium loop in the BR-2 reactor 

at Mol, Belgium, Neutron shielding and driver elements will be used to 

provide an epithermal flux. The experiment is currently in the fabrication 

stage with calibration tests scheduled for 1974 and the initiation of irra

diation planned for early 1975. The experiment has a target burnup of 

60,000 MWd/Te but is being designed to accommodate 100,000 MWd/Te. 

The BR-2 experiment will be principally concerned with pressure-

equalized fuel-element behavior at normal operating conditions. Addi

tional in-pile tests are required to investigate off-normal and transient 

behavior to back up the electrically heated tests to be conducted at ORNL. 

To meet this need, an initial study is being made to establish design 

requirements and prepare a conceptual design for a high-pressure in-pile 

helium loop to be constructed in the U.S. It is currently anticipated that 

the loop will be in a thermal reactor, and for the reference design the 

Engineering Test Reactor (ETR) is being used. The current schedule would 

have the first bundle tests beginning in mid-1978. 

FUTURE DEVELOPMENT FOR COMMERCIAL GCFRS 

The analytical and experimental program described above leads from 

single rod testing to integral bundle tests, both electrically heated and 

in-pile. Out-of-pile prototype element tests will be performed later on 

and finally an extensive post-startup test program is planned in the GCFR 

demonstration plant. This program is of course made easier by the built-
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in leak detection system (the pressure-equalization system) and the fact 

that no element-to-element failure propagation mode is believed to exist. 

Beyond the proof-testing of the fuel elements, the GCFR demonstration 

plant could admirably serve as a test bed for development of the fuel for 

GCFR commercial plants. In considering what priorities to assign in the 

present GCFR program planning to the various aspects of fuel-element dev

elopment, GA is performing trade-off studies of the four major fuel-element 

characteristics that could lead to improved performance, namely, the clad

ding heat-transfer characteristics (roughening), cladding temperature, 

cladding wall thickness (OD/ID), and burnup, A few of the cases that are 

being studied to help in setting the development priorities are summarized 

in Table 2, From this, the following preliminary conclusions may be drawn: 

1, The major variable affecting overall reactor performance is the 

cladding temperature; thus the development and irradiation test

ing of higher-temperature fuel systems shouJd receive the high

est priority, 

2. The fuel fabrication costs are, of course, inversely proportional 

to the permissible burnup, and the development of higher-burnup 

fuel rods is therefore also given high priority. 

3. The effect of thinning the cladding wall from 1.15 to 1,10 OD/ID 

appears to have a relatively minor effect on the reactor perform

ance, 

4, The effect of improving the rod surface heat-transfer character

istics within the range studied also has only a minor effect on 

reactor core performance, but is helpful in Increasing gas outlet 

temperature. This variable requires additional study. 

These findings are being given consideration in planning the GCFR 

development program. 

Acknowledgments 

The authors wish to express their gratitude to their many colleagues 

who have contributed to this work. 



Table 2. Preliminary Trade-off Studies Referenced to a 1200 MW(e) GCFR° 

Effect of clad
ding rough
ening 

Effect of clad
ding tem
perature 

Effect of clad
ding OD/ID 
ratio 

Effect of burnup 
100,000 MWd/Te 
150,000 MWd/Te 

Heat 
Transfer 

Multiplier 

2 
2.2 

2 
2 
2 

2 
2 

2 
2 

Friction 
Factor 

Multiplier 

3 
3.5 

3 
3 
3 

3 
3 

3 
3 

Maximum 
Mid-cladding 
Temperature 

(°C) 

700 
694 

723 
736 
750 

736 
736 

736 
736 

Linear 
Heat 
Rating 
(kW/ft) 

9 
9 

15 
15 
15 

15 
15 

15 
15 

Rod OD 
(cm) 

0.61 
0.62 

0.86 
0.72 
0.63 

0.72 
0.78 

0.72 
0.72 

OD/ID 
Ratio 

1.10 
1.10 

1.10 
1.10 
1.10 

1,10 
1.15 

1.10 
1.10 

Normalized 
Fabrication 

Cost 

1.0 
0.96 

0.46 
0.70 
0.95 

0.70 
0.64 

0.70 
0.47 

Reactor 
Rating 
(MW(t)/kg 
fissile) 

0.72 
0.71 

0.66 
0.83 
0.97 

0.83 
0.78 

0.83 
0.83 

CJO 

Ol 

Parameters that were held constant: 

Plant size - 1200 MW(e), 
Outlet gas temperature - 1100°F, 

Pressure drop ratio - 0.021, 
Burnup (except for case 4(b)) - 100,000 MWd/Te. 
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ABSTRACT 

HTR fo r d i rec t cycle and process heat are the consequent continuation of 
the HTR steam cycle l i n e . The nearest appl icat ion exists in the generation 
of e l e c t r i c i t y by d i rec t cycle plants. I t is expected to achieve an improve
ment of the economy in combination wi th optimal adaption of the future 
conditions fo r the discharge of waste heat.An increasing market share of 
HTR in the nonelectr ical f i e l d can be seen f i r s t l y in the use of the waste 
heat of HTR steam cycle plants as well as of HTR d i rec t cycle plants fo r 
d i s t r i c t heating and secondly the use of nuclear process heat e i ther fo r 
the production of synthet ic gas for consumption or fo r the transport of 
latent energy. Development programs both for d i rec t cycle and process heat 
are sponsored since more than two years by government of the FRG and the f i r s t 
also by the Swiss government. Partners in the d i rec t cycle program are: 
BBC, EST, EIR, HRB, KFA, NUKEM, SULZER and EVO and the un ivers i t ies of Aachen 
and Hannover. Partners in the process heat program are: Bergbauforschung, 
Rhein-Braun and KFA. The status and the outlook of th is app l ica t ions, the 
ex is t ing and the planned programs and the areas of the expected problems as 
mater ia ls , f i ss ion product, test f a c i l i t i e s , in t roduct ion in to the market 
etc. are treated in the report . 

1. INTRODUCTION 

The high-temperature reactor development in the Federal Republic of 
Germany was started in 1956, Over more than 10 of these 18 years of 
development th i s l i ne had to share the anyhow small publ ic fund wi th a 
number of other advanced reactor concepts. Only in the las t years the 
HTR could succeed in becoming one of the main areas of e f f o r t in the 
nuclear development. Therefore, in comparison with the LWR, the s ta r t 
was rather d i f f i c u l t and consequently the introduct ion in to the market 
was delayed. Comparable commercial success is expected only for the 
fu ture . But the technical resul ts obtained already are very impressive. 

The main steps in the development were: in 1964, the 20 MWth Dragon-plant 
in Winf r i th went into operat ion, in 1965 the 115 MWth Peach-Bottom-plant, 
and in 1967 the 40 MWth AVR-reactor in JLilich fol lowed. A l l of the three 
plants showed extremely favourable results during the i r operation in the 
recent years. This can be pr imar i ly ascribed to the a v a i l a b i l i t y of the 
s ta t i ons , the retent ion of f i ss ion products and the high inherent safety 
achieved. The experiments conducted on the three plants showed excel lent 
resu l ts . Therefore Dragon and AVR w i l l be kept in operation for another 
few years, to allow the continuation of the current broad programs. With 
a time delay of about 4 years behind the Fort St. Vrain p lan t , the con
s t ruc t ion of the THTR 300 star ted in autumn 1971 in Germany. 
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there are negotiations fo r the erect ion of a f i r s t comrrercial plant on the 
basis of the GAC concept. I t is expected that with th is plant the breakthrough 
in to the market can be achieved, making accessible by that the potent ia l 
of HTRs. 

2. GOAL AND SIGNIFICANCE OF A FURTHER DEVELOPMENT OF THE HTR-LINE 

Fig. 1 shows a conservative predict ion of the increase of e l ec t r i ca l and 
nonelectr ical energy f i n a l l y required in Germany wi th in the next 10 years. 
I t is wel l known, that the dominating f rac t ion of the nonelectr ical area 
is needed in form of hot water and process steam on re la t i ve l y low 
temperature l e v e l , as indicated in F ig . 1. To open th is market,which has 
been covered so far mainly by o i l , add i t i ona ly to the e l e c t r i c i t y market 
% a maingoal of the fu r ther HTR development, which fol lows in para l le l 
the d i rec t cycle system and the nuclear process heat app l ica t ion . 

In a gasturbine plant (HHT) the coolant- and working f l u i d are combined 
in a compact arrangement by which a remarkable reduction of the plant 
costs is expected, in comparison to the steam cycle system. Due to the 
applied thermodynamic process, the external water cycle can be chosen 
in such a way that the waste heat is discharged by aid of dry cooling towers 
wi th small cost penalt ies only. In Germany th is fac t w i l l become very 
important during the e igh t i es , when the avai lable resources of cooling water 
w i l l be exhausted. The task of the HHT-development can therefore be 
summarized by the fo l lowing two items: improvement of the economy of the 
HTR fo r e l e c t r i c i t y generation and optimal adaption of the HTR-system to 
future conditions for the discharge of waste heat. 

The nonelectr ical sector of the above mentioned energy market can be 
opened to HTR in the fo l lowing ways: 
- Growing appl icat ion of e l e c t r i c i t y also in th is area. 

Conversion of f oss i l resources in to synthet ic , especia l ly in to 
methane and hydrogene. 

- U t i l i z a t i o n of waste heat of power stat ions fo r d i s t r i c t heat ing. 

A fur ther increase of the appl icat ion of e l e c t r i c i t y w i l l be caused w i th 
out any doubt as a resu l t of our experience in the las t w in ter . The d i rec t 
cycle promises to be an economical and less po l lu tant nuclear power system 
of generating th is add i t iona l l y required e l e c t r i c i t y . 

The production of synthet ic gas, which has been under discussion for a long 
time and which became a subject of topical in te res t during las t year, is 
very in te res t ing for the fo l lowing reasons: 

- both hydrogen and methane can be easi ly transported and handled 

- both gases have excel lent ecological aspects 

- as raw material or as reactiongas t he i r importance is increasing since 
the natural resources of gas, which can be made avai lable fo r Germany, 
are l im i ted and the costs fo r hydrogen continue to be on a very high level 

- f o r methane the ex is t ing widely spread gr id could be used; i t s d is 
t r i b u t i o n is therefore charged with the same low r i sk as the e l e c t r i c i t y 
d i s t r i b u t i o n . 
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Presently the most promising route seems to be the generation of synthetic 
gas, using pit coal and lignite as raw material. In a longterm range water-
splitting will get increasing importance. Though pit coal in Germany is at 
present burdened with problems concerning prices and production limitations, 
the break-even-point between synthetic and natural gas might be reached very 
soon, if the prices on the coal and gas market continue to increase. Another 
stimulating effect for producing synthetic gas is the uncertainty of 
sufficient supply of natural gas in the late eighties. 

According to recent investigations of Bergbauforschung und Rhein-Braun the 
processes for the production of synthetic gas require process temperatures 
in the range between 750 and 950 C. Apart from the electrolysis of water, 
which has to be considered still very sceptically because of the cost reasons, 
it is also with a view to water splitting that the economically most pro
mising processes are seen only in this temperature range. For the existing 
reactor systems this temperature level is apparently restricted to the high-
temperature- reactor. 

The use of waste heat from power stations has been taken into consideration 
so far only to a small extent, although the amount of wasted heat already 
reaches considerable values. In this connection, the densely populated 
territory of the FRG is well suited for the application of district heat 
which today is technically well developped and already applied sporadically 
in many towns. A short-term substitution process could be started therefore 
by coupling heat and power production by bleeding the turbines of proven 
power plants. Later the direct-cycle HTR could deliver heat for district 
heating in a even more economical way, since there is no infringing upon 
the ^neration of electricity and practically without no necessity for 
additional investments. 

3. HHT - CONCEPT 

3.1 Plant concept and layout 

One of the central problems of the HHT-concept, to be solved is the location 
of the turbine and the heat exchangers. Following the present HTGR with the 
steam cycle the most logical concept is a layout in which at least the heat 
exchangers are integrated within the PCRV.Furthermore the small dimensions 
of the gasturbine (compared to the steam turbine) and the related safety 
problems of a single cycle plant call for an integration of the gasturbine 
within the PCRV too.Even i f one restr icts the concepts to such integrated 
versions, which apparently gain ground in the FRG for direct cycle plants, 
several possible arrangements are l e f t . Two variants governing the 
development of recent months in a most determining manner in Germany, are 
shown in Fig. 2 for a power of 750 and 1050 MWe respectively. These concepts 
d i f fe r primarily in the number of turbomachines. The concept in Fig. 2 a has 
a single uni t , the one in Fig, 2 b consists of three units. These dist inc
tions result in a quite different arrangement of the gas ducting within the 
PCRV. Preference has been given so far to the single machine version, due 
to reasons of economy. In the United States the multi-loop plant is pre
ferred by GAC. Presently these two dif ferent concepts are analysed with the 
aim to derive at one f inal layout,This task is highly complex and involves 
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Fig. 2: Designs for d i rec t cycle plants 

2 a: Single Turbine Plant 750 MWe 
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Z b: Three Turbine Plant 3 X 350 MWe 
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the fo l lowing aspects: aspired power size for commercial p lan ts , power 
l im i ta t ions for the turbine and other components fo r the cylce, maintenance 
philosophy for turbomachine and generator, requirements to be set fo r the 
accessib l i ty and the poss i b i l i t y of repair of the p lan t , overal l costs of 
the p lant , technical rea l iza t ion on a large scale basis and the i n t r o 
duction in to the market. 

Further invest igat ions which are of general in te res t are concerned 
with the question of in te rcoo l ing . In Figure 3 the process wi th and 
without in tercool ing is i l l u s t r a t e d by a T-S diagram. I t shows that 
omit t ing the in tercoo l ing causes a remarkable deter iora t ion of the 
carnot-ef f ic iency of the process, with the consequence of a decreased 
to ta l e f f ic iency of the plant . On the other hand the omission of the i n te r -
coolers allows a s imp l i f i ca t ion of the gas piping and with that of the 
to ta l p lant . I t was shown by previous invest igat ions that there are 
s l i g h t cost advantages fo r the concept without in tercoo l ing in the case 
of an integrated version even taking in to account the e f f ic iency decrease. 
From Fig. 3 i t can be fu r ther seen that by omission of in tercoo l ing 
the temperature range, which is avai lable for the t ransfer of the waste 
heat, increases considerably. The upper temperature of the external 
water cycle is raised from 80 to about 170 C. This offers favourable 
p o s s i b l i l i t i e s for the use of the waste heat in connection with the d i rec t 
cyc le, i . e . : 

- the heat can be discharged by dry cooling towers, which wi th respect to 
both dimensions and costs can be designed more favourable than those 
provided for steam power plants 

- the waste heat can be a l te rna t i ve ly used for the production of warm or 
hot water for heating purposes as well as for the production of low-
qua l i t y steam for indus t r ia l processes without in f luencing the 
e l e c t r i c i t y generation 

- a bet ter e f f ic iency of the to ta l plant can be achieved by coupling a 
secondary power cyc le ; to ta l e f f i c ienc ies with about 45% can be 
reached, dependent on the cycle selected. 

These p o s s i b i l i t i e s , which can be applied separately or in combination, 
are today considered to be so important that they contr ibuted to the 
decision to omit the in tercoo l ing for the planned power stat ions in the 
near l^uture. 

3.2 Fisson product behaviour 

The behaviour of the f i ss ion products is a fur ther main area of the 
HHT-develppment. Regular maintenance and wi th that an access ib i l i t y w i l l 
be required for the turbomachine integrated into the primary c i r c u i t . Due 
to the higher gas temperature (above 850 C) an easier access ib i l i t y is 
required to the hot gas duct ing, compared with those of the 
steam cycTe p lant . Both cal l for a primary 
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c i r c u i t wi th a low contamination ra te . According to German safety pract ice 
a maximum whole body dose of 3 rem can be accumulated by the maintenance 
personel w i th in 13 weeks. Assuming r e a l i s t i c times fo r the maintenance 
( inc luding a safety factor of 3 ) , a maximum allowable dose of 100 mrem/h 
can be accepted on the working s i t e . With ex is t ing 
numerical methods which in deta i l deal with the release from the fuel 
pa r t i c l es , the d i f fus ion through the coating layers , the fuel-element s t i ck 
and the graphite car r ie r and which simulate the evaporation from the fuel 
element surface in to the coolant as well as the temperature-dependent 
adsorption and desorption w i th in the coolant channel and in the gas duct, 
inc luding turbine and recuperator, r e f l ec t i ng the penetration processes of 
f i ss ion products in layers as well as the thermohydraulic condi t ions, 
extensive invest igat ions have been performed in the course of recent years. 
Fig. 4 shows a typ ica l release curve for cesium as a funct ion of the 
residence t ime. For a turbine i n l e t temperature of 850 C and on the basis of 
present fuel element technology, the fo l lowing Values are expected for the 
isotopes Cs 137 and 134 (which are largely determinant fo r the radiat ion 
dose): 

- release rate from the core: 200Ci/a 

- a c t i v i t y : 240 mrem/h (30 cm i n f ron t of the open turbine a f te r 30 years 
f u l l power operation) 

These values, especial ly that fo r the a c t i v i t y at the tu rb ine , are s t i l l 
uncertain. In the most unfavourable case a dose increase by the factor of 
20 must be envisaged, which means that in th i s case the dose is by about 
2 orders of magnitude higher than the value being acceptable fo r an 
unrestr ic ted maintenance. The main uncertaint ies resul t from: 

- the s t i l l unsu f f i c ien t ly known data fo r the d i f fus ion through the coating 
layers; Fig. 5 shows the measured data at present avai lable and the derived 

opt imis t ic 'and pessimist ic functions for the d i f fus ion wi th temperature 

- the i nsu f f i c i en t knowledge of the f rac t ion rate of fuel element par t ic les 
during l i f e t ime of fuel elements 

- the fragmentary measurements of adsortpion isotherms for the materials 
used in the gas turbine cycle as a funct ion of temperature , 

Furthermore the possible mechanisms for the penetration of f i ss ion 
products in to the wall material are not wel l understood. Also 
the influence of the surface condit ion on the plate-out mechanisms is not 
ye t s u f f i c i e n t l y known. 

Concerning a l l of the above problems, extensive developmental work has been 
i n i t i a t e d in the meantime. This work extends from radiat ion experiments on 
model fuel par t ic les over electron-spectrometric invest igat ions on 

metal surfaces up to r e a l i s t i c plate out experiments in the AVR-reactor loop 
(Vampyr-experiments). F i rs t results are already avai lable. 

Independent analyses have been carr ied out to determine as how and to what 
extent the retent ion of fuel par t ic les could be improved by a continuing 
development of the f u e l . The fo l lowing ways w i l l be fo l lowed: 
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- addit ional SiC-layers for the breed par t ic les 

- reduction of the fuel contamination with free uranium 

- reduction of temperature peaks w i th in the fuel elements 

As addi t ional measures fo r the relevant developmental work decontamination 
methoas are being developped, where a decontamination factor of at least 
20 - 50 should be achieved. F ina l ly a l l components are designed and 
arranged in such a manner that in the case of repair the component can be 
exchanged by remote handling. A l l these developmental trends 
are persued simultaneously in order to reconcile with su f f i c i en t secur i ty 

the problem of the f i ss ion product transport wi th the high demands in 
respect of maintenance and the poss i b i l i t y of repair f o r a d i rec t -cyc le 
system. 

3.3 Component development 

Although i t is possible for the HHT-development to refer largely to the 
technique developed for the steam cycle p lants , the 
conditions for the operation of a nuclear gas turbine plant 
problems for the components which cannot be solved by a simple extrapolat ion 
from the ex is t ing plants.Mayor problems in th is respect are: 

- development of a sui table thermal b a r r i e r for hot gas ducting 

- layout and tes t ing of the gas duct 

- tes t ing of key components for turbomachine ( ro to r - coo l i ng , shaft sea l ing , 
connection wi th gas p ip ing , special bearings) 

- invest igat ions of the influence of possible noise induced vibrat ions to 
the internals of the gas-piping 

- implementation of HHT-specific prestressed concrete pressure vessel (with 
large horizontal tunnels) 

- dynamic behaviour of the overal l plant 

Fbra rel iabe operation of the f i r s t plant i t is fur ther necessary to perform 
careful invest igat ions on the behaviour of novel components such as heat 
exchangers and coolers. 

Table 1. High temperature test f a c i l i t i e s of the HHT-Project 

HHV 
High temperature test facility Oulich 

EVO 
Closed Gasturbine plant, Oberhausen 

ARGAS 
Test facility, Julich 

HD-Kanal 
Test facility, Julich 

Shaft sealing 
test facility, BBC 

Facility for depressurization test 
Oulich 

Massflow 
kg/s 

220 
Helium 

84 
Helium 

15 
Helium 

30 
Helium 

--

< 2o bar/ 
sec 

Temp. 
C 

850-
1000 

25-
750 

900-
1000 

400 

-

900 

Pressure 
bar 

50 

30 

9 

40 

50 

20 

Start of 
Operation 

1975 

1974 

1973 

1972 

1974 

1975 

Thermal barrier longterm cycling — 800 1 1974 
test facility, HRB 
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There are several factors which make the task very complex. The gas 
manifold wi th p a r t i a l l y complicated compensators for the expansion of the 
p ip ing , the high mass flow in the coolant c i r c u i t , the large pressure 
gradients ar is ing from loss of load, the ex is t ing poss i b i l i t y of a cold 
welding when using unfavourable retal combinations, the higher noise level 
in the gas stream compared to the steam cycle p lan ts , the automatical ly 
working gas duct connections wi th the components of the c i r c u i t , the repair 
devices for turbomachine and gas duct, e tc . These problems require work in 
a number of d i f fe ren t tes t f a c i l i ' t i e s . Table 1 summarizes the most important 
ones, which are ex is t ing or are under construct ion. These plants complete 
each other by the i r d i f fe ren t goals and by the i r d i f fe ren t dimensions and 
condit ions. Their importance must be seen in the frame of an integrated 
program. I f required a l l the d i f fe ren t steps of development, s ta r t i ng 
from tentat ive invest igat ions un t i l large-scale invest igat ions on a proto
type, can be covered economically with these p lants. The EVO- and the HHV-
plant w i l l serve for the f i na l tes t ing of prototype components. 

3.4 Material problems 

The problems in connection wi th the meta l l ic materials of high temperature 
reactors have been underestimated in the past. The design of an HHT plant 
is based on the c r i t e r i a that a l l components have to withstand fo r the 
whole l i f e t ime of the power p lant . 
This leads in the area of the turbomachine and in that of the hot gas duct 
to such high demands that can be f u l f i l l e d only by a few mater ia ls. 
Another res t r i c t i on for the choice of materials is that they should have 
a low cobalt content. Therefore the design has to be based on materials 
whose properties and behaviour are s t i l l incompletely known for the required 
operation condit ions. The recently made experience, according to which, the 
helium atmosphere being typ ica l of high-temperature reactors for a number 
of al loys w i l l involve spec i f i c attacks by corrosion, aggravates the 
s i tua t ion even more. Here only a few problems can be mentioned: 

The high power density in a helium turbine causes power rates of nearly 4 Ŵ 
per blade, for 850 C.The needed strength resistance of . the material can at present 
only be brought by the turbine material Nimocast 713 LC up to a turbine 
power of about 350 MWe over the f u l l l i f e t ime of the power p lant . An 
increase of the gas temperature or an increase of the turbine power would 
necessitate blade cooling and with that a complication of the plant or 
the use of the extremely temperature molybdenum al loy TZM. At present 
problems are seen wi th the machining and the embrittlement of th is material 
at lower temperatures. For the hot gas duct s im i la r problems ex is t since 
the well known al loy Incoloy 800. Inconel 625 may not f u l l f i l the f u l l l i f e 
time of 25 - 30 years. Therefore extensive R + D work is underway dealing 
with time dependent strength in a defined helium atmosphere, with the 
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friction behaviour of several metal combinations and the problem of 
corrosion in the helium atmosphere as well as the machining of high alloys. 

3.5 Introduction into the market 

Following the present time schedule HHT-plants will become commercial at 
the earl iest in the beginning of the eighties. At that time the power size 
of competitive systems will be in the range of 1300 to 1500 MWe. Assuming 
that following the f i rs t HHT-plant some comnercial plants will be built 
in a consecutive row, this means that a prototype has to have a power of 
at least 700 MWe. To reach this power level without any preceding inter-
riBdiate state is the task of the HHT-development. I t is quite certain 
that this task cannot be solved without the experience of large-scale test 
fac i l i t i es . That is the reason why the high-temperature helium test 
facili ty was ordered, where not only pressure and temperature in helium 
circuit of a HHT-plant will be realized, but where beyond that i t will 
be possible to test the main components of the circuit under representative 
coolant mass flows. Figure 6 shows the housing of the HHV-turbine immediate
ly before the s tar t of the machining. Figure 7 shows the s i te of the plant 
in the Julich nuclear research center. 

The EVO will s tar t i t s operation in autumn of this year and the HHV-plant 
will follow one year later. Assuming a minimal operation time of about 2 
years for both plants, the moment for the presentation of a binding offer 
for the f i r s t HHT-plant might be at the end of 1977. Since not all of the 
questions concerning a large nuclear turbine plant can be solved with HHV and 
EVO, the f i rs t HHT-plant in the Federal Republic of Germany cannot yet be 
errected on a commercial basis, considering from the position of both the 
operator and the manufacturer. A support by public funds will therefore be 
necessary. 

A close operation with the USA, where a program for the construction and 
operation of a large test facility for a closed turbine circuit will play 
a dominat role, would f i t into this time schedule and could strongly 
push forward the subsequent introduction into the market. 

4 . NUCLEAR PROCESS HEAT 

4.1 Methods of Energy Utilization 

Since about 8 years there is made research and development work in the field 
of nuclear process heat in the Kernforschungsanlage Julich (KFA). The 
meaning of "Nuclear Process Heat" is in i t ' s farest sense the utilization 
of nuclear energy (and with the aid of nuclear energy the util ization of 
fossil raw materials) for the nonelectric energy market and for specific 
non-energetic applications. The considered processes are: nuclear coal 
gasification, nuclear water spli t t ing and the nuclear d is t r ic t heat. 

In the nuclear coal gasification the gasification heat is offered by the 
cheap nuclear energy. This combination of nuclear and fossil energy is 
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use fu l , because the FRG has huge reserves of coal which is r e l a t i ve l y 
expensive. Mainly the fo l lowing processes are to be d ist inguished; the 
hydro gas i f ica t ion and the gas i f i ca t ion wi th steam of l i g n i t e and 
bituminous coal . The products of the nuclear coal gas i f i ca t ion are methane, 
hydrogen and carbon monoxide, which are used as synthet ic natural gas, 
synthesis gas and as reduction gas (d i rec t reduct ion). 
With the project of nuclear coal gas i f i ca t ion the KFA Jul ich has done 
thusfar the development f o r the high-temperature reactor and fo r the 
coupling of nuclear high temperature heat to the processes. The design 
of the process heat reactor PR 3000 is completed. The demonstration of 
the single tube steam reforming p i l o t plant (EVA) is running 
successful ly. 

The nuclear water s p l i t t i n g is a method fo r the u t i l i z a t i o n of nuclear 
energy in form of the universal ly applicable energy car r ie r hydrogen, which 
can be won out of water with aid of a thermochemical cyc l i c process. With 
the energy car r ie r hydrogen i t is possible to produce heat, e l e c t r i c i t y 
and motor fuel and to use i t as a raw mater ia l . The e lec t ro lys is of water 
w i l l have importance as a method for appl icat ion of excess and of o f f peak 
e l e c t r i c i t y . In the year 1973 the 'Agreement for cooperation on the f i e l d 
of hydrogen production by the chemical decomposition of water' has been 
contracted between the European Atomic Energy Community, here especial ly 
the Joint Research Center Ispra, the Rheinisch-W.T.H. Aachen and the KFA 
JUl ich. In the scope of th is agreement the KFA Jul ich is working on 
problems of production and coupling of nuclear heat in to the thermochemical 
cyc l ic processes, on experiments and demonstrations in an indus t r ia l scale 
and on feas ib i l i t y studies. Unt i l now semi-technical experiments fo r 
development of thermochemical cyc l ic process of the i ron-su l fu r - fami ly 
have been performed. 

In the energy-supply-system 'nuclear d i s t r i c t heating' energy is changed 
in to l a t e n t , chemical energy of gaseous reacting agents, transported in 
th is form to the customer, where heat energy is produced by the back 
react ion. A promising chemical system is the synthesis gas/methane system, 
corresponding to the chemical reaction 

3H^ + CO = CH^ + Ĥ O 

The input of the nuclear heat happens in the well-known steam reforming 
process, which is demonstrated by EVA. The heat production happens in 
well-known methane synthesis process, cal led ADAM, in contrary to EVA. 
The transformation of re jec t heat from nuclear reactors in to hot water 
fo r d i rec t d i s t r i c t heating represents a useful supplement. A l l steps of 
the nuclear d i s t r i c t heating are well-known technology. 

4.2 Reactor 

From a l l process heat applications i t results that the heat from the 
nuclear reactor should be offered on a temperature level as high as 
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possible. The high-temperature reactor with pebble bed core can f u l f i l th is 
demand \/ery well by using the OTTO-fueling scheme (£nce_through, ihen Qut), 
which is develofpedin the KFA Jul ich since 3 years. With th is fue l ing scheme 
the heat t ransfer to the reactor cooling gas helium happens mainly in the 
cold zone of the core. By th is nethod the out le t temperature of the 
cool ing gas helium can be set r e l a t i ve l y near to the highest fuel temperature. 
Therefore the out le t temperature of the helium is higher than in other 
fue l ing schemes. Results of extensive optimizing calculat ions are, e.g. 
fo r the PR 3000 (SMW/m^): out le t temperature 9750C at a maximum fuel 
temperature of 1114°C and for another design (ShW/m-^): ou t le t temperature 
1150°C at a maximum fuel temperature of 1216 C. 
In the recent proposals fo r the design of the primary cooling system of the 
reactor f o i l i so la t i on was not used. This is possible by sui table leading 
of the cold cool ing gas helium (250^0). 
Experimental results about the behaviour of high temperature materials fo r 
heat- t ransfer surfaces are gained in the EVA: the used reaction tube -
chronium nickel s t e e l , centr i fugal casting - has a maximum temperature of 
about 900OC. 

An experimental program on the hydrogen and t r i t i u m d i f fus ion has on one 
hand the aim to l i m i t the corrosion of the s t ructura l material graphite 
in the core and on the other hand to hold the contamination of the products 
of the process heat as l i t t l e as possible. 

The development of the prestressed cast-container as reactor vessel for the 
HTR has promising aspects fo r the future and is designed by the company 
Siempelkamp. 

4.3 Components 

The coupling of HTR-heat into the steam reforming process is demonstrated 
with the 'single tube steam reforming pilot plant' EVA with a tube of 
natural scale and with electrically heated helium. This demonstration is 
a part of the project nuclear coal gasification. The EVA plant is in 
operation since 1972. The technical data of EVA are: 

reaction tube: 200 mm 0, 15 m length 
3 

process gas : 35 bar, 870°C, 200 m^ /h natural gas 

helium : 50 bar, 1000°C 

The EVA.demonstration is of special importance for the hydro gasification 
of coal. Other reactor components are already developed, there are no 
special problems. The development of the conventional plants for coal 
gasification is done by the German industry. In the near future new 
gasification pilot plants will be set in operation with a size of 
100 kg C/h. 
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4.4 View fo r the future 

Systems analyses show that nuclear coal gas i f i ca t ion w i l l be of great 
importance in the future fo r the energy trarket of the FRG. The main 
reason for th is prognosis are the re l a t i ve l y big reserves of coal . But 
there s t i l l remains a l o t of development work to be done. To real ize the 
nuclear water s p l i t t i n g an extensive development expense is needed. I t is 
very encouraging that development happens evidently in many places and 
in cooperation. Nuclear d i s t r i c t heating is favoured by the fac t that a l l 
steps of the process are known and often used technology. This means 
that nuclear heat can be inserted fo r d i s t r i c t heating very quickly 
with only l i t t l e expense of development. 

The continat ion of a l l three methods of process heat appl icat ion of the 
Nuclear Energy and Raw Material Supply System NERO represents a supply 
system which is environmental acceptable, adaptable to any demand 
universal ly applicable and has a large energy pr ice s t a b i l i z i n g e f fec t . 
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4 
DIRECT-CYCLE AND PROCESS HEAT 

HTGR DEVELOPMENT 

Peter Fortescue Robert N. Quade 

INTRODUCTION 

The outstanding high-temperature capability conferred by the 

graphite-structured core of the HTGR and the low activity 

carried by its helium coolant immediately suggest use as the direct 

internal heat source so long awaited to secure the closed-cycle gas 

turbine's special advantage as a power source of remarkable compact

ness and simplicity. More generally, it offers prospect of a now 

particularly desired extension of nuclear power's capability to supply 

industry's pressing need for high-temperature process heat. 

The object of this paper is to examine the basis of claims in 

these areas, with a view to assessing their impact and likelihood of 

success. In this context interest centers not so much on particular 

design description, but rather on the total implication of the current 

studies. 

REASONS FOR INTEREST IN GAS TURBINES 

An obvious first question to be settled is why we should embark 

at all on the extensive development clearly involved in seeking to 

supplant the, by now, so well-established steam turbine. A glance at 

the thermodynamic cycles that respectively approximate steam- and gas-

turbine operation indeed shows the gas turbine Is less efficient for 

given top and bottom temperature limits, because without the aid of 

latent heat, gaseous working fluids must depart widely from the thermo

dynamic ideal of constant temperature heat acceptance and rejection. 

Furthermore, the gas turbine's necessary recuperators generally require 

more surface than is eliminated by the absence of boilers, and 
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compressors require much more power than do the feedpumps they replace 

in the steam cycle. 

These are very misleading indications for several reasons. The 

gas turbine's thermodynamic merit lies in its ability to deal with and 

benefit from higher temperatures, and its greater departure from the 

Carnot ideal of constant input and reject temperatures is, in fact, much 

better suited to operation with gas-cooled heat sources and sinks, which 

must of necessity exchange heat over a wide temperature range. In 

practice, the higher turbine efficiencies that absence of need for high 

expansion ratio and wetness effects confers, and the absence of boiler 

temperature degradation about nullify the Carnot loss. As a result, 

gas and steam plant efficiencies in practice remain about equal for 

equal reactor outlet temperatures in the range used for an HTGR steam 

plant. The recuperator surface requirements, furthermore, are far more 

cheaply met and more compactly disposable than those of a boiler, which 

must operate at higher temperature and form a highly reliable primary 

circuit barrier, carrying a high-pressure differential and subject to 

water-steam corrosion. 

Direct efficiency gain from reactor top temperatures that have 

been tailored to suit limitations set by steam plants and their boilers 

is thus not the prime objective, and is indeed not a readily realizable 

one. What is sought is a substantial total plant simplification and 

consequent capital and operational cost reduction, together with con

siderable possibilities of upgrading the outlet temperature of the HTGR 

core that is free of steam-generator imposed limitations. 

The total elimination of the extensive equipment for water treat

ment, primary circuit main circulation, and feed heating, for example, 

and the some two-hundredfold increase in turbine exit density (confer

red by substitution of the pressurized exhaust of a closed-cycle gas 

system for the vacuum required by the steam plant) indicate something 

of the scope here. A further, very major reward is conferred by the 
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high mean temperature of the gas turbine's reject heat, which greatly 

facilitates use of dry cooling. This same fundamental feature alter

natively places a high value on this heat, and its high outgoing temper

ature can be applied particularly to many uses. An especially inter

esting one among these, to which we shall return, is use of a 

supplementary waste heat vapor expansion cycle whereby overall effi

ciencies of over 50%, together with substantial further unit capital 

cost reduction, are offered. 

Summarizing then, we are primarily interested in developing the 

gas turbine to more fully exploit the HTGR core temperature capabilities 

and, in particular, to serve two near-term ends: 

1. To reduce total plant complexity and, at minimal cost, 

eliminate the need for water cooling. 

2. To provide, from this identical development, the alternative 

capability of reaching a very high efficiency (>50%) for 

application in circumstances allowing access to water for 

cooling. Further capital cost reduction (per unit power) 

is expected to accompany this application. 

This is associated with the further longer-term end of exploiting 

fruits of the research on higher temperatures that process heat interest 

will certainly stimulate. 

GUIDING CONSIDERATIONS 

The unique advantage of applying nuclear heat to the closed-cycle 

gas turbine is that it eliminates any need for a high-temperature-input 

heat exchanger. However, a successful design must recognize the impli

cations of this mode of operation, not just from the thermodjTiamic point 

of view, but also in respect to its influence on whole plant safety, 

maintenance, and development philosophy. It has to be recognized in 

particular that allowing direct access of the turbine working fluid to 
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a reactor core operating at temperatures precluding hermetic isolation 

of fuel by metallic cladding is a step requiring the closest scrutiny 

of the means for plant containment and access. More specifically, all 

the turbomachinery must be designed to allow removal and repair when 

carrying the degree of plateout activity to which only the boilers and 

circulators of the corresponding steam plant V70uld be subject. This 

requirement calls for conservative component and material duty to maxi

mize maintenance intervals, and restriction of component bulk size to 

afford ready removal and, if necessary, shielded shipment to an active 

repair facility. These considerations also affect the nature of the 

development program by strongly reinforcing the desirability of pro

viding a complete fossil-fueled test loop for the initial development 

and final proving out of the turbomachinery under conditions of maxi

mum accessibility and minimum hazard to the rest of the system. 

The principal object of such tests would be to check overall design 

and workmanship rather than the laws of nature, and a most important 

aspect would be the satisfaction of ability to cope with transient 

abnormalities such as might be imposed by rapid load or pressure 

changes. Provision of full initial temperature and pressure would be 

essential for any real test of this ability, and limitation of the 

power needed to do this by a multiloop design approach is obviously 

beneficial here. 

With these considerations in mind, we have confined our gas-turbine 

studies to systems that house the reactor and all machinery and primary 

heat exchangers in a common prestressed concrete vessel, the so-called 

integrated arrangement. We have further chosen to use multiple loops, 

both for the reasons mentioned and others, including adaptability of one 

developed machine to varied total power requirements, suitability for 

incorporation in the most extensively studied types of PCRV and minimi

zation of machine failure consequences. 

The best number of loops and the orientation of their machinery 

are matters outside the scope of these prejudgments being determined 
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by more detailed considerations to which we will return in discussion 

of mechanical layout. 

CYCLE STUDIES 

Design of the gas-turbine system begins with thermodjmamic cycle 

studies for these essentially settle the component duties and indicate 

and guide assessment of available design trade-offs. 

Figure 1, which shows for helium the cycle efficiency and specific 

flow rates as a function of expansion ratio and regeneration effective

ness, represents a particularly informative outcome of such work. Top 

and bottom gas temperatures are here held fixed, the former by the 

approximate capability of the HTGR core as presently developed for 

steam plants, and the latter by suitability for dry-tower heat rejec

tion from an indeterminate water-cooling loop. 

This diagram, which relates to the configuration without inter

cooling, has added also a scale of compressor temperature rise, which 

is important because the number of machine stages required is pro

portional to this number rather than to the compression produced. The 

important fact brought out is that a highly efficient recuperator is 

critical to success, not just because it raises peak efficiency, but 

because it also drastically reduces the number of stages needed at the 

optimum efficiency point and also results in a volume flow minimum 

practically coincident with this point. 

Figure 2 shows a similar chart, but with the addition of an 80% 

effective intercooler, the remarkable result being that this hardly 

affected efficiency at all. The explanation appears in the fine print 

on these charts, which shows that higher values of circuit pressure loss 

and compressor intake temperatures have been applied to intercooling. 

These respectively reflect the losses from the extra ducting and heat 

exchangers, and the much lower mean temperature of the reject heat 

associated with intercooling, which limits the capability of the cooling 
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towers provided. Though these weighting factors may be somewhat pessi

mistic, it is clear that no benefit commensurate with the extra trouble 

of Intercooling is at all likely. Furthermore, when a bottom cycle is 

added, placing further value on high top-end reject temperature, the 

case for intercooling is even worse. 

So the appropriate gas-turbine cycle is characterized by use of a 

highly effective regenerator but no intercooling and operates best at 

the surprisingly low expansion ratio of only about 2:1. Since contain

ment cost sets pressure at the HP end, this low expansion, by keeping 

up the available pressure in the exhaust ducts and heat exchangers, also 

keeps the size of these items down. This is, incidentally, one benefit 

of helium, for the low optimum expansion derives in fact from the mona-

tonic state of the working fluid and the associated high expansion 

exponent. 

Having dealt with varying compression at a fixed top temperature, 

we may turn to Fig. 3, which presents an even more informative set of 

curves showing how top temperature affects optimal compression ratio, 

and the efficiency resulting when this value is used. Lines of con

stant recuperator effectiveness and corresponding reactor intake tem

perature are added to display some very important points. 

If top temperature is raised and the same recuperator effective

ness is maintained, optimal efficiency rises very rapidly, and very 

little more compression is needed. However, this inevitably raises the 

necessary reactor intake temperature, and this has to be watched since 

it affects the top control and loading standpipe zones, which must 

be kept reasonably cool. 

If this rise in intake temperature is avoided in the only way open, 

by reducing the recuperator effectiveness, not only is the efficiency 

reward of top temperature rising far less, but the necessary com

pression ratio must be much increased. 
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Fig. 3. Gas turbine HTGR power plant with increased reactor outlet 
temperatures 

Figure 4, derived from the more general information in Fig. 3, 

shows this effect most clearly. The message in all this is that there 

is indeed a commensurate reward for upgrading reactor temperatures, but 

more than just top temperatures must be considered. 

In light of all this, we have based the design of what might be 

described as the first-generation gas turbines on a top temperature of 

1500°F, which is what we can presently get from an appropriately opti

mized HTGR core loading without any increase in present maximum fuel 

temperatures. This calls for a higher intake temperature than presently 

used in HTGR's, but not much higher. 

MECHANICAL CONSIDERATIONS 

While cycle studies are a necessary preliminary that most usefully 

serves to identify the important factors and narrows the range of the 
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Fig. 4. Limiting effects of reactor inlet temperature in the gas 
turbine HTGR power plant (dry cooled) 

further work required, they nevertheless remain just the tip of the 

iceberg so far as total plant design is concerned. 

In particular, even when all leading operating parameters are 

established, a very wide range of component and layout variation remains 

open. We turn now therefore to some of the more important consider

ations involved. 

It is desirable at this point to note a few basic features that 

distinguish the closed-cycle gas turbine from the better known open-

cycle gas turbine. The essential difference is that by closing the 

cycle, even the turbine exhaust can be highly pressurized, and of course 

the working fluid may be chosen for any special advantage. The former 

feature can be responsible for a very striking reduction of machine 

bulk, so that the 300 MW or so per unit of which we will be speaking 

requires no bulkier machinery than has been regularly constructed for 

20 MW in open-cycle application. However, correspondingly higher torques 

must be generated, and this can only come from much higher total blade 

bending moments. Mach numbers, on the other hand, present no limitation 

HTGR-GT 
POWER PLANT ^„ 
EFFICIENCY ^^ 
(%) 
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with helium's high sonic speed. Indeed, the main compressor design 

problem is to induce a sufficiently high Mach number to do a useful com

pression per stage, which is the exact reverse of the usual basis for 

air-compressor design. Another special feature of the closed-cycle gas 

turbine is that, although pressure ratio may be low, absolute pressure 

differences are very high indeed, posing very special pressure-balancing 

and thrust-bearing problems, particularly under operational transients. 

Turning now to the question of design options open, the first con

cern is whether to employ a common turbine or separate turbines for the 

load and the compression duty—the single- or the split-shaft scheme. 

The single-shaft system is obviously simpler, eliminates some duct

ing, and can use the generator as a starter motor. However, without 

inventory control (requiring considerable helium storage space and 

powerful storage compressors), it suffers poor part-load efficiency and 

cannot cope with very rapid load demand increase. It is, on the other 

hand, better able to deal with the consequences of rapid load loss. In 

the power range below some 500 MW, the synchronous speed restriction 

also increases compressor bulk when a single shaft is used, but, a lower 

stressed design is possible. 

Advantage is therefore largely a balance of somewhat different 

attributes. We have elected to pursue the single-shaft arrangement 

more vigorously, principally because it is simpler, and because this 

readily allows use of an externally located main thrust bearing. This 

decision could be modified by such considerations as a requirement to 

use common machinery for 50- and 60-cycle operation or strongly 

increased premium on rapid load following. 

The question of horizontal or vertical machine orientation is, of 

course, a very major consideration affecting layout. The issue is 

primarily a matter of choosing to minimize departure from the state of 

the art of either the pressure vessel or the generator. The boiler wells 

in the vertical walls of tfie present HTGR-type PCRV can readily 
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accommodate vertical machinery and heat exchangers, and even a horizon

tally mounted power turbine section, but an entirely new arrangement 

involving large horizontal penetrations and added vessel height is 

required to house single-shaft horizontal machinery. 

Vertical generators (of high speed and large capacity) are also 

untried, but the novelties involved presently appear to not be of a 

far-reaching nature. 

Another major choice is the number of loops to be used. We have 

already mentioned reasons for using several rather than one, but the 

best number is what is sought. 

2 
Blade stress, being proportional to the product of (rpm) and 

annulus area, sets an upper limit to machine size. For 60-cycle oper

ation, some 350 Ml'J per machine about represents the limit of presently 

well-tried blade materials operating at the stress level appropriate to 

the long service that we require. The interesting point here is that 

for 50-cycle operation the power limit is (-̂1 times higher, or some 

500 MW. A lox̂ 7er limit to power (with a single shaft) is set by the 

resulting compressor proportions, which need a higher working speed to 

go with smaller size. This limit is at around 250 MW for 60 cycles or 

350 MW for 50 cycles. Thus, there is not too wide a range of choice at 

any one frequency, but this latter factor makes a big difference favor

ing a smaller number of larger loops for 50-cycle operation. 

The choice for 60-cycle operation is thus narrowed to use of either 

three or four loops for a standard 3000 MW(t) HTGR reactor, each develop

ing some 350 MW(e) or 250 MW(e) respectively. Consideration of the cost 

of test facilities, of carrying spares, and the question of shipping 

size limits for machinery and heat exchangers, however, all favor the 

smaller size. 

Figure 5 illustrates one outcome of the foregoing considerations 

and depicts in particular a possible layout for a four-loop vertical, 
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Fig, 5. Gas turbine reactor 

single-shaft scheme. Each loop is housed in two of what would be the 

boiler wells of an HTGR steam plant PCRV. Precoolers, rejecting heat 

via closed, pressurized water loops to external dry cooling towers, are 

located under each vertical turbogenerator set. The other well of each 

loop accommodates the somewhat greater length needed to house the simple 

tubular counterflow forms of the regenerator. 

It is emphasized that this arrangement by no means represents final 

thought, but is presented here only for illustrative purposes. Indeed, 

substantially more attractive arrangements, essentially made possible by 

attention to compact heat exchanger design (which is the key issue 

settling layout), are already apparent. 

BOTTOM CYCLES 

We have mentioned interest in the extra power that could be gener

ated from the gas turbine's waste heat, which would be very considerable 
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in association with the lower sink temperature provided by a return to 

water cooling. In simplest form this would entail only substitution of 

a vaporlzable liquid for the water normally in the precooler's heat 

rejection loop, associated with an external vapor turbine and water-

cooled condenser. The extra power so produced would in no way affect 

that normally coming from the rest of the plant and would therefore con

stitute a bonus, not only free of fuel cost but also free of the capital 

charges of the whole unmodified part of the system. The attraction is not 

thus just that of getting higher efficiency, but also of saving capital 

cost per unit total power in so doing. 

More specifically, addition of a bottom cycle, using isobutane, 

vaporized to 400°F by the heat available from a 1500°F top temperature 

gas turbine, could at once raise efficiency from an initial 36% (dry 

cooled) to an overall 48% when water cooled. In so doing, 32% more 

electric power would be produced from the same reactor. This would be 

chargeable only at the capital cost of the added vapor-cycle components. 

Fortunately, estimates of this are available from studies of similar 

equipment proposed for geothermal heat utilization, the development of 

which has much in common with this application. 

This figure indicates the order of only $120 to $140 per kW for 

the incremental cost, a figure far below that of the nuclear gas tur

bine plant alone. 

The use of vapors other than steam is desirable in all these 

applications because the temperatures involved are low enough to allow 

choice of fluids having much higher molecular weights and vapor pres

sures, and lower critical pressures than steam provides. The first two 

factors greatly reduce the necessary turbine and condenser sizes, and 

the last allows supercritical operation at modest pressures. This is 

important because it allows a proper match of the bottom cycle heat 

input requirements to the temperature swing inherent in a noncondensing 

heat source. 
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With the 1800°F gas turbines eventually envisaged, over 52% overall 

efficiency appears possible. An important implication of all this is 

that very high efficiency can be reached far more easily by adding a 

bottom cycle to the gas turbine than by trying to add high-temperature 

topping to a steam plant. The latter not only involves far more diffi

cult temperature problems, but it does nothing to overcome the serious 

disadvantage of the steam plant's enormous exhaust volume. 

HTGR TEMPERATURE CAPABILITIES 

As already indicated, although the gas turbine offers substantial 

further reward for source temperature increases, we have retained a 

1500°F maximum for initial developments to represent what a substantially 

unmodified HTGR core can yield; this temperature to also just short of 

what uncooled turbine blades of well-established material can handle. 

Since either blade cooling or use of, for instance, molybdenum-based 

blade materials alone should be capable of handling substantial tempera

ture increase, it is interesting to indicate the HTGR's capability of 

providing this. Table 1, which is the outcome of recent study of ways 

to increase gas outlet temperature without resorting to any higher maxi

mum fuel temperature, will serve to show something of the potential here. 

This table lists the results of several changes to the core loading, 

which while involving small fuel-cycle cost penalties in steam-plant 

application, are likely to be entirely justified by the higher premium 

on temperature offered by the gas-turbine and process-heat applications. 

It is emphasized that no untried novelty is involved here—only economic 

trade-off. 

The table shows that a combination of reversion to the Fort St. 

Vrain-type core blocks (which have more, but smaller, fuel sticks than 

later adopted for later HTGR's), plus use of all TRISO (silicon-carbide 

barrier) fuel particles (which allow better heat conduction to the fuel 

blocks) and a small reduction in the carbon-to-thorium ratio and the 

refueling cycle time, can immediately yield over 1800°F. Further flux 



411 

Table 1. Scope for Increase of HTGR Gas Outlet Temperature 
(Without Increase of Max Fuel Temperature) 

Available 
Gas Temp. 

Basis (°F) 

HTGR core loading and orlflcing optimized for entry 1500 
temperature Increase 640°F to 930°F to suit turbine 
application 

Substitution of Fort St. Vrain-type fuel blocks 1680 
(210 fuel holes instead of 132) 

As above with all TRISO particles (effect of closer 1723 
allowable fuel stick-block clearance) 

As above, 3-year cycle instead of 4-year 1763 

3 
As above, power density reduced from 8.4 to 7 w/cm 1800 

flattening across loading zones can get another 130°F, and the adoption 

of vertical fuel "shuffling" could add another 180°F, giving tempera

tures considerably higher than a gas turbine and its duct system could 

readily handle. In fact, these figures really indicate that the reactor 

core is not the limitation, but rather that this is set by the capabil

ities of the gas-turbine loop itself. This point is therefore a con

venient one at which to consider the process-heat applications, which 

probably represent the only real demand for such high temperatures. 

REASONS FOR INTEREST IN PROCESS HEAT 

The impetus for looking at process heat applications for the HTGR 

is rather differently motivated from that concerning gas turbines. In 

the latter situation the end product is clearly defined, i.e., elec

tricity. The customers are utility companies. The primary effort and 

results stem from new thermodynamic cycles, new mechanical equipment, and 

the consideration of a changing environment in regard to cooling. 
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Process heat, on the other hand, does not have the same end product nor 

does it aim at the same market. Thermodynamic cycles are not of prime 

interest, and new mechanical equipment is important but incidental to 

the application. The impetus for nuclear process heat comes primarily 

from the current fossil fuel situation, since the prime competition for 

nuclear process heat is heat from fossil fuel. This competition in 

itself suggests the fact that high helium outlet temperature would be an 

advantage since fossil flame temperatures are much higher than one could 

get from a nuclear reactor. 

The changing energy situation in 1973 provided a much strengthened 

incentive for nuclear process heat. Rapidly rising fossil fuel costs 

have Increased interest in synthetic fuels, and the desire for energy 

self-sufficiency in the longer term has put stronger emphasis on coal 

and nuclear energy sources. Nuclear systems are particularly attractive 

because they are less sensitive to rising fossil raw material costs and 

provide a significant increase in synthetic fuel output for a given 
10 

fossil material reserve. One HTGR with a thermal output of 10 Btu/hr 
9 

can produce electric energy of approximately 4 x 10 Btu/hr (1170 MW) , 

but when used as a process heat source in coal gasification, it can pro-
10 

duce 3 X 10 Btu/hr of clean synthetic fuel. 

In summary then, we are primarily interested in developing the 

process-heat version of the HTGR to 1) exploit the HTGR core tempera

ture capability for nonelectric applications, and 2) open new markets 

for the HTGR by replacing and conserving fossil fuel heat sources. 

APPROACH TO THE PROCESS HEAT MARKET 

Potential applications for the HTGR in industries where the primary 

product is not electricity are shown in Fig. 6. This figure has been 

developed from the nuclear reactor manufacturer's point of view. Cer

tainly not all possible applications are shown, and this list may be 

regarded as a sort of progress report. The following criteria were 

used in developing this list: 
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Fig, 6. HTGR heat source applications 

Magnitude of energy requirements for a single product or site. 

Nuclear reactors today come in large sizes for reasons of 

economy, and in our opinion smaller sizes will not be developed 

unless a very strong economic or technical case can be made. 

Temperature requirements. All applications have at least part 

of their energy requirements in the 1000° to 1800°F range. 

Process development. Has a process been developed that can 

utilize a nuclear reactor's capabilities, or can one be 

developed? 

Starting on the left-hand side of Fig. 6, the first column shows 

the applications that use the current HTGR with virtually no modifi

cation. The second set of applications shox«i involves the generation 

of high-pressure steam. Current steam conditions are 2500 psi at 950°F. 

No basic changes would be contemplated on the high-pressure steam gener

ator sections, but the reheater would be eliminated. The helium 
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circulator turbine currently is in series with the HP power turbine 

and runs on steam of about 900 psi. This turbine would have to be 

redesigned for higher pressures and temperatures. 

The next series of modifications, as shown in Fig. 6, involves 

adding a steam/light hydrocarbon reformer as a convectively heated heat 

exchanger in the primary coolant loop. Here lie many of the interesting 

applications, including a coal gasification method, which will be dis

cussed in greater detail. The last set of modifications involves the 

design of a special heat exchanger (generally different for each specific 

application). One of the more Interesting longer-range developments is 

the closed-loop thermochemical production of hydrogen for the hydrogen-

economy concept. The heavy borders in Fig. 6 indicate the applications 

that may involve significantly higher helium temperatures than the 

current value of 1400°F, 

HTGR IN SYNTHETIC FUELS PRODUCTION 

Perhaps the leading possibility for the use of the HTGR in non

electric applications today is in the production of synthetic fuels. 

The use of coal looms very large in this field since its relative 

abundance in the U.S. is far greater than that of oil or natural gas. 

Coal is extremely deficient in hydrogen. The percentage by weight of 

hydrogen in coal is about 5%, whereas oil is 14%, and natural gas 25%. 

Therefore, the production of synthetic fuel from coal involves the 

addition of large amotints of hydrogen. This hydrogen serves two pur

poses: 1) it is used to hydrogenate the solid coal and convert it to 

either a valuable clean liquid or a gas where it can be used as a 

direct substitute for other fossil fuels, and 2) it is used as a 

scavenger for the sulphur and some nitrogen. Synthetic fuel produc

tion from oil shale and tar sands also requires large quantities of 

hydrogen. The basic role of the nuclear reactor in these processes 

is to provide hydrogen. The hydrogen is produced by the steam 

reforming of a light hydrocarbon liquid or gas. This reaction is 
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endothermic. The heat is supplied by the nuclear reactor and the 

reaction takes place in a convectively heated reformer in the pres

ence of a nickel catalyst. The HTGR heat is also used to provide the 

steam used for: 1) reforming operations, 2) in-plant power needs, 

and 3) operation of the hydrogen compressors. Calculations have 

shown that a balanced plant can be developed where the sole net out

put from the facility would be hydrogen, although a dual-purpose 

plant that also produced net electricity would be feasible. Several 

different layouts of the nuclear reactor core steam generators, cir

culators, and reformers are possible. One such arrangement has been 

studied in some detail by us as shown in Fig. 7. In this arrangement, 

which closely resembles a commercial HTGR layout, the helium-heated 

reformer is placed in a wall cavity of the PCRV and the helitmi is passed 

in series from the core to the reformer and on to the steam generator. 

This arrangement results in a very compact installation, eliminates the 

need for extra heat exchangers, helium circulators, and large size pipin 

loops. However, it does place a premium on the design of the reformer 

where maintenance becomes more difficult due to the location within the 

PCRV. Problems of diffusion between the helium and the process side 

become of considerable interest also since there is a single metallic 

barrier between these. However, preliminary calculations performed 

by us indicate that the diffusion problems of hydrogen into the 

helium and of tritium into the process stream can be kept within 

entirely acceptable limits. 

This judgement, it is emphasized, is preliminary and consider

able additional work on these problems as well as the safety and 

operating parameters must be done before any final conclusion can be 

reached. 

The reformer represents a new piece of equipment not found in 

current HTGR's. It has many characteristics of the steam generator in 

that it is a convectively heated heat exchanger. However, it also has 

its own design consideration, namely it must contain a nickel catalyst 

that requires periodic replacement. To our knowledge there are no 
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HTGR PROCESS HEAT SOURCE 

Fig. 7. HTGR as a process-heat source 

convectively heated reformers in service today and this feature in 

itself raises a technical question in regard to our ability to calculate 

performance. This question must be answered before anything approaching 

final design can be considered. Conventional reformer technology can 

provide considerable information on the process side. However, the 

situation can be likened to the development of an HTGR steam generator 

starting with a large fossil-fired boiler, where radiantly heated 

reformers have long existed and form the starting point for this new 

design endeavor. 

PRODUCTION OF HYDROGEN BY CLOSED-LOOP PROCESSES 

As mentioned, hydrogen is a key ingredient in synthetic fuel 

production, and it could become an important fuel in itself. 

An HTGR can participate in the production of hydrogen by 1) pro

viding the electricity for electrolysis processes, 2) steam-hydrocarbon 
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reforming as described previously, or 3) as an energy source in a 

closed-cycle thermochemical process. 

Electrolysis methods suffer from the efficiency penalties imposed 

by electric power production, even with an HTGR. Hydrocarbon reforming 

is the current method and should continue to dominate until either 

fossil fuel prices rise to very high values or conservation measures 

rule them out. Looking ahead, the last named way represents an exciting 

and potentially large market for a process-heat reactor. 

Many laboratories around the world have initiated searches for and 

evaluation of water-splitting cycles. The single-step process requires 

an impractically high temperature of heat addition. Multistep cycles 

will help to alleviate this situation but it is quite likely that HTGR 

temperature limitation will impose restrictions on the ultimate choice 

of cycles. 

CONCLUSIONS 

The subjects touched upon have obviously been too diverse for the 

much more detailed treatment necessary for their proper appraisal. 

Nevertheless, in outlining the broad picture, it is hoped that some 

indication will have been given of the fields to which the inception 

of the HTGR reactor has led us, conveying something also of the promise 

and challenges involved. 
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SAFETY EVALUATIONS FOR GAS-COOLED REACTORS 

J. A. Larrimore, General Atomic Company 

T. R. Moffette, General Atomic Company 

INTRODUCTION 

The high-temperature gas-cooled reactor (HTGR) plant is an advanced 

nuclear power plant that is rapidly becoming a significant factor for the 

immediate future supply of the world's growing energy needs. It offers 

high thermal efficiency, minimum environmental impact, and opens up the 

world's thorium resources to utilization. 

The gas-cooled fast-breeder reactor (GCFR) is under development as 

an advanced nuclear steam supply system (NSSS) in the gas-cooled reactor 

line. The technology of the HTGR provides the basis for NSSS structures, 

systems, and components in the GCFR, except for the fuel. The balance-

of-plant for the GCFR and HTGR are in general similar to conventional 

nuclear plant, except that the higher reactor coolant temperatures permit 

the use of the same steam conditions that are found in modern efficient 

fossil-fired power plants. 

Gas-cooled nuclear plants have a number of unique safety character

istics; therefore, safety considerations, safety criteria, and safety 

evaluations for HTGRs and for GCFRs differ considerably from those for 

other types of reactors. These safety considerations have been presented 
1 2 3 4 

elsewhere for the HTGR and GCFR separately; ' ' ' in this paper the 

safety characteristics, safety-related design features and accident 

evaluations of the HTGR and the GCFR are described together to highlight 

the great similarities and the significant differences. 



419 

INHERENT AND DESIGN SAFETY FEATURES 

Helium Coolant 

The safety characteristics of a nuclear power plant are affected 

most importantly by the reactor coolant. The HTGR and GCFR utilize as 

coolant helium gas. Helium has the advantage of being a single-phase 

fluid; therefore, a reduction of helium coolant pressure cannot cause the 

sudden effects on heat transfer or coolant circulation that would be 

associated with a change of fluid phase. Helium is particularly desirable 

as a reactor coolant because it is chemically inert and noncorrosive, is 

chemically and radioactively stable, and has good heat-transfer character

istics. Helium has essentially a zero neutron capture cross-section, 

except for trace amount of He , which forms H , a very soft beta emitter. 

With helium as coolant the reactivity is insensitive to changes in coolant 

density, and control of the reactor is inherently easier than in reactors 

where the coolant functions as the moderator. The transparency of helium 

permits visual inspection of many areas within the primary coolant system 

and it facilitates fuel handling. 

To obtain economical and efficient heat removal during normal 

operation the helium gas is pressurized to 725 psi in the HTGR and 1250 

psi in the GCFR. The higher pressure in the GCFR is a reflection of the 

optimum operation parameters associated with larger volumetric power den

sity of a fast reactor system. 

PCRV Safety Features 

Highly reliable primary pressure containment is assured through the 

use of a prestressed concrete reactor vessel (PCRV), a technology first 

applied in France and England and for the first time in the USA in 

the Fort St. Vrain HTGR. The maturity of this technology is indicated by 

the joint ACI-ASME Proposed Standard Code for Concrete Reactor Vessels 

and Containments issued in April 1973 for trial use.-̂  The PCRV for the 

HTGR and the GCFR is designed in accordance with this code. 
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Of the greatest importance to HTGR and GCFR safety are the PCRV 

safety features. A PCRV has, within and around its concrete walls, a 

large number of steel tendons and bands of wire wrapping that are 

tensioned before putting the vessel into service. The prestressing 

creates compressive stresses in the concrete and liner that are never 

completely relaxed, even with maximum internal cavity pressure. The 

structural strength and integrity of the PCRV are assured by the highly 

redundant amount of reinforcing steel and prestressing, together with a 

natural limitation of primary coolant system pressure. This character

istic has been demonstrated in a one-fifth scale model PCRV test at 

General Atomic, as well as in other model tests. To provide additional 

safety assurance, redundant pressure relief valves limit the maximum PCRV 

pressure so that the prestressing elements are not stressed above levels 

experienced during their installation. As a result, sudden loss of 

coolant due to prestress failure is incredible. 

The load-bearing tendons and wire wrapping have sufficient concrete 

between them and the reactor core to prevent neutron embrittlement from 

causing a problem during the life of the reactor. 

The entire reactor coolant system is enclosed within the cylindrical 

PCRV, the core in a central vertical cavity, the steam generators and 

helium circulators in vertical sidewall cavities. Internal ducts connect 

these components to route the helium flow; there are no large external 

pipes. This arrangement of the reactor coolant system provides good 

seismic resistance. Potential openings in the reactor coolant pressure 

boundary are limited to small lines (e.g., instrument lines, whose 

failure would cause a helium depressurization over a period of an hour or 

more if not stopped) and to closures on penetrations into the PCRV. 

These penetrations are required for the installation and removal of equip

ment, such as control-rod drives, fuel handling machines, and helium 

circulators. The largest penetrations are for installation of steam 

generators and, in the GCFR, the reactor grid plate. The structural 

design criteria for these penetrations are conservative including con

sideration of a single structural failure. 
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Secondary Containment 

Potential failures in penetration closures could allow helium 

leakage. A backup closure could be provided to prevent helium depressur

ization in such a case; this approach was used in the Fort St. Vrain HTGR 

in conjunction with a vented containment. However, in larger HTGRs and 

in the GCFR, a conventional low-leakage containment building is used. 

The incentive is to allow more flexibility in holding up helium which 

leaks from the PCRV prior to its release to the atmosphere. Use of this 

type of containment building is a fundamental design choice with a number 

of consequences, both positive and negative. 

Flow Restrictors in PCRV Penetrations 

The maximum rate of helium leakage through a failed PCRV penetration 

closure is a design variable. Flow restriction means can be built into 

them to limit the maximum potential leak area to almost any desired 

degree. In the HTGR and GCFR all large PCRV penetrations are equipped 

with passive flow restriction devices whose function is to limit the 

free-flow area to less than 25 to 100 sq. in. following a postulated 

gross failure of the penetration closure seal. Limiting the free-flow 

area limits the rate of primary system depressurization following the 

penetration failure. This assures that there is no possibility of damage 

to essential PCRV internals resulting from pressure differentials induced 

by the depressurization. With such a maximum leak area, the most rapid 

depressurization of the reactor coolant system would take several minutes. 

The extent of depressurization of a gas is limited in any case to the 

ambient atmospheric pressure, and with provision of a containment building 

the minimum pressure reached after thermal equilibration is reached is in 

the range of 1.5 to 2 atmospheres. 

The desi-gn of the flow restrictors follows the same principles used 

in the Fort St. Vrain plant. They are constructed of steel, high-nickel 

alloy, or composite steel-and-concrete. Metal components (except concrete 



422 

rebar and those backed by concrete) meet the requirements of paragraph NB-

2000, Section III, of the ASME Boiler and Pressure Vessel Code. Concrete 

and rebar requirements are the same as for the PCRV. The design incorpo

rates the maximum effects of dynamic loading, including the forces induced 

by the depressurization together with any other dynamic effects resulting 

from the closure failure. Where necessary, limit stops are provided to 

limit the movement of the closure or penetration internals, thereby mini

mizing any impact loadings. These limit stops may be designed to absorb 

the impact energy by gross plastic deformation. A combined flow re-

strictor and limit stop is shown in Fig. I. 

Residual Heat Removal Systems 

Helium gas is not sufficiently dense at the operating pressures with 

the compact arrangement within the PCRV for natural circulation to be 

effective in either the HTGR or GCFR following reactor shutdown at normal 

operating pressure, and of course far less so with a depressurized 

coolant system. Therefore, forced convection cooling is required for 

residual heat removal after shutdown. 

The reliability required of forced convection shutdown core-cooling 

is achieved in the HTGR and GCFR through provision of two separate 

residual heat removal (RHR) systems: an operational system, utilizing 

the main cooling loops and normal steam-power conversion system com

ponents; and an independent and diverse safety system, called the core 

auxiliary cooling system for the large HTGR (see Fig. 2). Design features 

and performance requirements are generally similar in HTGR and GCFR, some 

differences being related to the difference in reactor coolant system 

thermal response time characteristics. Steam-driven helium circulators 

are utilized in the steam power conversion system and for operational RHR. 

Electric-motor-driven circulators are used in the safety RHR system. The 

steam generators and condensate-feedwater system are used as heat dump for 

operational RHR, while pressurized water loops exhausting heat to the 

atmosphere or water are used in the safety RHR system. 
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There is no single failure of an active component that will prevent 

the operation of a sufficient number of main loops for safe shutdown with 

the operational RHR system. The only accident condition for which the 

operational RHR system is not designed is the safe shutdown earthquake 

(SSE), a very low-probability event. The safety RHR system is provided 

as an independent means of cooling the reactor in the event that main 

loop cooling is not available. The safety RHR is designed as a seismic 

Category 1 System and as an "Engineered Safeguard" to cool the reactor 

core and remove decay heat following all anticipated transients and 

postulated accidents, including the SSE, design-basis depressurization 

accident (DBDA), and failures leading to loss of main loop cooling. The 

capability of this system is such that adequate cooling is provided to 

keep core temperatures and gas temperatures below prescribed limits, so 

that a safe cooldown of the reactor and primary coolant system is ensured 

This function is to be carried out in the event of any accepted combina

tion of simultaneous system failures in the plant, while meeting the 

single failure criterion for the safety RHR system, utilizing on-site or 

off-site power. The system is also capable of providing safe cooldown 

of the reactor with mixtures of heavier gases in the primary system, a 

condition that could result from accidents involving steam or air in-

leakage. 

The adiabatic heatup rate following shutdown in the HTGR core is 

slow enough, due to the large graphite moderator heat capacity (about 

three million pounds of graphite in the 3000-MW(t) core) and low power 

density (8 kW/1) for a temporary stoppage of heat removal (for a period 

of minutes) to be tolerable. Graphite is well suited to withstand high-

temperature operation and transients, since, unlike most materials, its 

strength increases at higher temperatures, reaching a maximum at about 

4500°F, well above the reactor operating range, and it retains usable 

strength even at much higher temperatures. 

The tolerable temporary stoppage of core heat removal in the GCFR 

is shorter, on the order of tens of seconds, so that more attention has 
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had to be paid to preventing a very rapid loss of the normal core cooling 

system. The main loop helium circulator pumping power in the GCFR is 

provided by using a series flow of the circulator steam turbine and main 

turbine, where in effect, the circulator turbine replaces high-pressure 

stages of the main turbine (as compared to replacing intermediate turbine 

stages for the HTGR). This arrangement allows steam from each GCFR steam 

generator to pass directly to the circulator turbine in that loop, so 

that for operational RHR the main cooling loops are independent of each 

other on the steam side. Adequate protection can thus be provided in the 

GCFR against loss of all main loops in a time too short for reliable 

startup of the safety RHR system. 

A principal basis for design of the RHR systems of both plants is a 

rapid coolant depressurization accident. RHR performance in this 

situation is discussed later. 

Reactivity Control and Shutdown 

The thorium content of the HTGR fuel and the U-238 in the GCFR fuel, 

through the Doppler coefficient, ensures negative prompt and overall 

temperature coefficients of reactivity throughout reactor life at all 

temperatures of interest. Typical values of reactivity effects and 

coefficients in HTGR and GCFR are listed in Table 1. 

All anticipated reactor shutdown functions are performed in HTGR and 

GCFR by a control-rod system that is also used for shim, burnup, and 

power distribution control. In both reactors, these control rods move 

vertically in passages within special fuel elements. In the GCFR, the 

rods move in a guide channel that replaces the central 37 fuel pins of a 

core element; the rods are normally motor driven, and fall rapidly into 

the core under gravity upon release of a holding magnet by the plant pro

tection system. Reactivity control requirements are small in the GCFR 

and can be provided by a reasonable number of small worth rods (21 rods 

each worth $0.85 in the 300-MW(e) demonstration plant). In HTGR, the 
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TABLE 1 
TYPICAL REACTIVITY EFFECTS IN GAS-COOLED REACTORS 

Reactivity swing over one cycle ($) 

Control rod worth, $/rod or rod-pair, 
operating conditions 

Doppler coefficient, T dk/dT, 
operating temperature 

Isothermal temperature coefficient, 
C/°F 

Power coefficients, c/MWt 

Coolant worth, $ 

Average rod withdrawal rate, C/sec, 
operating conditions 

^eff 

HTGR* 

10 

0.8 

-0.04 

-1.0 

-0.3 

<0.01 

0.3 

0.0042-
0.0065 

GCFR 

9 

0.9 

-0.004 

-0.1 

-0.1 

0.5 

0.4 

0.0035 

For this comparison $1.00 = 0.0065 
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HTGR plant protection system reliably prevents withdrawal of more than 

one rod-pair at a time, thus limiting the maximum reactivity insertion 

to about 1,5% Ak. The rod withdrawal rate is quite slow (about 180 sec 

from fully inserted, assuming all rod-withdrawal prohibit devices fail). 

A backup shutdown system is provided in the HTGR and GCFR incorpor

ating independence and diversity, which is independently able to shut the 

reactor down in adequate time in any circumstance requiring it due to a 

postulated total failure of the control rod system to shut the reactor 

down. For GCFR, a motor-driven rod backup shutdown system has been 

chosen after a comparative evaluation of possible designs. 

The HTGR reserve shutdown system uses neutron-absorbing material in 

the form of spheres of boron carbide in graphite which can be released 

into the core, if required. This system was first installed in the Fort 

St. Vrain Nuclear Generation Station. A cylindrical channel with a closed 

bottom is provided in each core region and is connected by a guide tube to 

the lower end of a storage hopper. The absorber material is introduced 

into the core channels through the guide tubes from the hoppers. The 

hoppers are integrated with the control-rod drive and orifice-drive 

assemblies located within each of the refueling penetrations. The 

absorber material can be released from each hopper by a valve actuated 

electrically from the control room or safe-shutdown room. Hoppers can be 

released individually if it is not desired to release all of the hoppers 

at once. 

Anticipated operational occurrences are accommodated relatively well 

in both HTGR and GCFR even in the event of failure of subsequent control 

or protective actions expected during such occurrences. For example, a 

turbine trip or a main-loop isolation and shutdown requires only a power 

reduction. The minimum time available for reactor shutdown in any 

anticipated operational occurrence is on the order of minutes. 
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The overall reliability of reactor shutdown provided by the control 

rod and diverse backup shutdown rod systems in the GCFR and HTGR, 

particularly considering the time available for rod insertion, is 

sufficiently high that accident sequences involving failure of all pro

tective action have a probability well below that which would require 

their consideration in design. The reliability and diversity is more 

than sufficient to meet the reliability requirements for shutdown follow

ing anticipated transients without scram as recently established for 

light water reactors by the AEC in WASH 1270.^ 

Fuel Safety Characteristics 

The fuel in HTGR and GCFR has little similarity, except that the 

system for pressure-equalizing (or venting) fuel in GCFR has much in 

common with the fuel purge system in the Peach Bottom HTGR. GCFR fuel-

rod and fuel element materials technology is based on LMFBR fuel tech

nology. 

Pressure equalization provides significant safety benefits for the 

GCFR in eliminating fuel-rod failure modes by creep-collapse early in life 

or due to internal fission gas pressure buildup late in life. Incorpora

tion of charcoal traps within the fuel element assures that only noble 

gas fission products will be vented from the element; recent experimental 

data indicate that the blanket regions of the fuel rod are effective traps 

for volatile fission products. Fuel rod venting does not, therefore, 

affect the containment of most fission products within the' fuel rod 

cladding. Those gaseous fission products vented from the element are 

swept directly into a helium purification system (HPS) where they are 

trapped on low-temperature delay beds. The design of the HPS for GCFR is 

similar to that used for HTGR (which draws a small sidestream from the 

main coolant system rather than directly from the fuel), although in the 

GCFR a larger fraction of the noble-gas fission products (the principal 

long-lived isotope being Kr-85) and tritium is released from the fuel and 

reaches the HPS. 
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The fuel for an HTGR consists of pyrolytic-carbon-coated fuel 

particles bonded into fuel rods, placed into a graphite block. These 

graphite blocks, stacked together, make up the core. The coated fuel 

particles retain fission products effectively. The massive graphite core 

acts as a very large heat sink which slows temperature transients and also 

acts as a diffusion barrier to fission products that escape from the fuel 

particles. The HTGR ceramic fuel and core operate well below their temp

erature limits. Furthermore, the pyrolytic carbon-fuel coating does not 

fail rapidly and therefore does not suddenly release fission products in 

quantity when subjected to temperatures considerably in excess of normal. 

Response to Postulated Accidents 

As part of the safety evaluations for GCRs, accidents are postulated 

to test the capabilities of the plant protection system, engineered safe

guards, and containment systems to handle with adequate margin potential 

equipment malfunctions or failures. A range of severity of each postu

lated accident is considered to demonstrate safety margins. 

Because of the major differences between gas-cooled reactors and 

other reactor types, the responses to postulated accidents are in general 

different and some accidents are unique to GCRs. Analyses of postu

lated accidents in HTGR and GCFR have been reported in the litera

ture."' '°»'-̂ »̂-'--̂  Performance of these analyses has required develop

ment of a number of accident evaluation models and computer codes. 

The principal types of accidents considered in GCRs are: 

1. Breaks in the reactor coolant system boundary, resulting 

in helium depressurization; 

2. Breaks in the secondary coolant system boundary, resulting 

in leakage of steam/water into the reactor coolant system, 

into the containment building, or into auxiliary buildings; 
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3. Failures in the operational RHR system leading to the 

use of the safety RHR for shutdown cooling; 

4. Reactivity insertions caused by unanticipated control-

rod withdrawals; and 

5. Localized core undercooling. 

Helium depressurization accidents provide a major test of core 

cooling systems and containment systems capabilities in both HTGR and 

GCFR. The capabilities of the safety RHR systems in HTGR and GCFR are 

further tested by evaluating situations involving loss of the operational 

RHR system. Steam leakage into the PCRV is of special importance in the 

HTGR. These three accident situations are discussed further below. 

Helium Depressurization Accidents 

The reactor coolant system is contained within the PCRV, which is 

immune to gross failure because of the large number of independent redun

dant structural members (tendons and wirewrap). A gross failure in a 

major PCRV penetration closures is extremely remote because they are 

designed to ASME nuclear vessel standards. However, to evaluate the 

safety margins in the plant with respect to an unplanned loss of helium 

pressure, a range of reactor coolant system leaks are considered, up to a 

hypothetical sudden gross failure of a large penetration closure seal 

(considered as the Design Basis Depressurization Accident). 

As described earlier, every PCRV penetration incorporates flow 

restriction means which limit the free flow area to less than 25 to 100 

sq. in., thereby limiting the rate of depressurization following the 

hypothetical gross failure of the penetration closure and ensuring that 

there will be no damage to the vessel internals resulting from differential 

forces induced by the depressurization. 
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Because of the relatively high power density and low core heat 

capacity, the detailed behavior during and immediately following the 

helium depressurization is of particular interest in the GCFR. Typical 

reactor transient results for a GCFR depressurization accident are shown 

in Fig. 3. The core temperature response is primarily determined by the 

coolant mass flow through the core. The low stored heat in the fuel is 

removed in about the first 10 sec after reactor trip. The helium circu

lators are initially slowed after reactor trip as a normal control pro

cedure and then the control system reaccelerates the circulators to try 

to maintain core mass flow as the helium pressure decreases. Fuel cladding 

temperatures initially fall but then rise to a maximum value (below the 

damage level) near the time when depressurization is complete. The steam 

generators have a relatively large stored energy and serve both as good 

heat sinks and as sources of energy, in the form of steam, to drive the 

helium circulators during this accident. 

The secondary containment atmosphere experiences pressure and temper

ature rises during a depressurization accident, but heat transfer to 

structures reduces the pressure within a few minutes to a steady value 

between 1.5 and 2 atm absolute, as shown in Fig. 4. 

Extensive studies of depressurization accidents for GCFR and HTGR 

have shown that the fuel and coolant temperatures can be maintained at 

acceptable levels by the use of either the operational or safety RHR 

system. Activity escaping from the PCRV would be confined within the 

containment building. Operation of the containment cleanup system would 

reduce airborne activities to low levels. Doses to the public would be 

maintained well below those specified by the licensing authorities. 

Loss of the Operational RHR System 

The number of main loops and the capability of driving main loop 

helium circulators with either nuclear or house-boiler steam makes the 

loss of the operational RHR system unlikely. Nevertheless, analyses have 
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been made of a number of such cases which involve core cooldown using the 

safety RHR system." Situations investigated have included cooling an 

intact primary system and a depressurized primary system. Cooling with a 

loss of one auxiliary loop has also been studied. In all cases the core 

outlet temperature and fuel temperatures can be maintained below levels 

which would result in significant fuel damage or prevent the continued 

safe cooldown of the reactor. 

Because of the high heat capacity of the HTGR core, the core temper

ature rise relatively slowly following a scram. This inherent safety 

feature of the HTGR eliminates the need for rapid initiation of the 

auxiliary loops, thus allowing manual initiation of this cooling system. 

Analysis has shown that coolant and fuel temperatures remain within 

tolerable limits with a delay of as much as 20 min. before the start of 

auxiliary cooling (see Fig. 5). 

Steam Leakage Into the PCRV (HTGR) 

Leakage or failure of a steam generator tube would result in the 

inleakage of steam/water into the primary system. At normal operating 

temperatures in the HTGR, the steam will slowly react, with core graphite 

to form hydrogen and carbon monoxide. To protect against the long-term 

consequences of this accident, highly reliable moisture detection means 

are incorporated in each coolant loop. A leaking loop will be located, 

isolated, and dumped to limit the potential inleakage of steam and/or 

water. Of greater importance, the reactor is automatically tripped and 

core temperatures quickly drop to levels at which the steam graphite 

reaction does not occur. In the event of the largest credible inleakage 

rate, the total inleakage is limited to amounts that would create no 

problems resulting from graphite reaction, even if calculated extremely 

conservatively. There would be no release of primary coolant from the 

PCRV. The products of such a failure (H2, CO, H2O) will be removed from 

the primary coolant by the helium purification system.° 
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CONCLUSIONS 

Inherent and design safety features of helium cooled reactors provide 

a high degree of built-in safety. Due largely to the characteristics of 

helium and the PCRV type of reactor coolant containment, these systems 

have a substantial capability to withstand potential off-design conditions 

and equipment malflanctions or failures. 

The results of extensive safety evaluations of anticipated plant 

transients and postulated accidents have been very encouraging with 

respect to the capabilities of the HTGR and GCFR to handle the whole 

spectrum of initiating faults without fuel or reactor coolant system 

safety limits being exceeded. 
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FISSION PRODUCT CONTROL IN HTGR PLANTS 

H. J. de Nordwall,+ W. E. Bell^ 

ABSTRACT 

Fission product control in a typical 2000 MW(t) HTGR 
plant is discussed in terms of (1) radiation dose guide
lines as established by the AEC, (2) fission product path
ways to the environment, (3) fission product distributions 
under normal and selected accident conditions, and (4) the 
physical models and basic data used to describe fission 
product transport. Six key fission product nuclides, namely 
% , ^%r, 50sr, ̂ 27mTe, 131i^ and 137^8 are taken to repre
sent chemically and radiologically all significantly mobile 
fission products. 

Results of release calculations for the six nuclides 
show substantial margins (or safety factors) between 
acceptable (guideline) and predicted releases to the environ
ment. For normal conditions, the smallest apparent margin, 
a safety factor of 22, is for °°Kr. For accident conditions, 
the smallest apparent safety factor is 330, which is for ̂ ^Sr 
in the design depressurization accident. 

1. INTRODUCTION 

The goals of fission product control are minimization of radiation 
dose to man, optimization of equipment associated with the handling of 
fission products and description of the radiological consequences of 
accidents in which the normal barriers between the fission products and 
the environment are breached. 

'Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830. Operated by 
the Union Carbide Corporation for the U.S. Atomic Energy Commission. 

General Atomic Company, San Diego, California 92138, 



440 

Standards for acceptable radiation doses to man aim at controlling 
the maximum dose commitment made by any individual and by the population 
as a whole. The current objective is to limit the maximum dose coimnit-
ment rate from nuclear power to the whole body or any organ of any off-
site individual to about 5 mrem/yr, which is a small fraction of the 
natural background of 100-250 mrem/yr.^ 

Total population exposure from a given plant is currently determined 
by integrating (dose x population) over a 50~mile radius. Integral dose 
rates of 10-30 man-rem per plant per year are being projected for large 
reactors. This population dose does not include any allowance for doses 
received during unanticipated events such as accidents or the repair of 
major components. 

Once in a lifetime maximum individual dose guidelines for use in 
accident analysis are established by regulation-̂  as 25 rem to the whole 
body and 300 rem to the thyroid. A bone dose guideline of < 150 rem is 
being used in relation to the potential release of "^Sr during a fast 
depressurization. No population dose guide for use in accident analysis 
has been defined numerically. 

Practical and economically acceptable goals for fission product 
control in large HTGR systems are currently being established. Following 
some quantification of these overall goals in terms of specific plant 
release goals the paths by which fission products can reach the environ
ment and the status of methods for assessing fission product transport 
within an HTGR will be discussed. 

While the emphasis in this paper will be on demonstrating that 
specific release goals can currently be met, it must be emphasized that 
if probable radiation cost in man-rem is ultimately to be assessed, 
best-value calculations and error assessments rather than the conservative 
estimates accepted for licensing will ultimately be required. 

2. PLANT RELEASE GOALS 

The selection of a small set of nuclides to characterize the behavior 
of radiologically important fission products in an HTGR has been described 
by Flowers.^ Tritium has been added to the list. 

The fission product isotopes selected are % , 127mjg^ '^^^1, ^^Kr, 
l37cs, and °*-'Sr. Chemically this group represents all significantly mobil 
fission product elements. Satisfactory control of these six key fission 
products in an HTGR system means satisfactory control for all fission 
products. The list has been restricted to one isotope per elonent for the 
sake of brevity. 

Restrictions may be imposed for reasons other than radiological 
toxicity, for example, the release of stable and long-lived tellurium 
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could be limited by its reaction with nickel alloys. This effect has 
not been observed to date in an HTGR. Plant maintenance considerations^'^ 
may also lead to restrictions on the release of ysiiitters such as 
I'̂ ^̂ Ba-La and 137cs from the core. 

The radiological consequences of release of the key nuclides at ground 
level on a hypothetical site are compared in Tables 1 and 2 under normal 
and accident conditions in terms of mrem/yr received at the exclusion area 
boundary (EAB)* per curie/year released under normal conditions, and 
rem/Cl released in 2 hr during an accident. 

3. FISSION PRODUCT PATHWAYS TO THE ENVIRONMENT 

The barriers and sinks provided in the HTGR to prevent fission products 
from being transported to the environment from the fuel kernels where they 
are born are shown in Fig. 1. The barriers and sinks within the PCRV 
liner determine the radionuclide inventory in the primary circuit; this 
inventory is important because it is most readily available for release 
during accidents involving breaches of the primary containment. Because 
of the sluggishness with which heat and fission products are transported 
in the core, it is unlikely that significant release of fission products 
from the core will occur during currently analyzed accidents. Components 
outside the PCRV liner attenuate and/or contain radionuclides that leak 
from the PCRV. 

The first and most Important fission product barrier is the fuel 
particle coating, whose effectiveness depends upon material properties, 
service temperature^and fission product half-life and atomic number. 
Under normal operating temperature, SiC coatings provide an absolute 
barrier for all fission products; pyrocarbon coatings provide a selective 
barrierJ which is impermeable to gases and iodine and more or less per
meable to metals. In escaping from the fuel rod, which is the next 
larger core structural unit, a fission product must pass through the 
fuel rod matrix and across a helium-filled gap between the fuel rod and 
the fuel element structural graphite. Both the matrix and graphite 
contain large surface areas upon which less volatile fission products 
can adsorb, but the effectiveness of the matrix as a diffusion barrier 
(or delay) is minimized by the homogeneous distribution of fuel within 
it and its higher operating temperature. The structural graphite does 
however provide an effective diffusion delay for metallic fission products, 
again depending on half-life, atomic number and temperature. Structural 
graphite has little effect on gas transport on account of its high 
permeability. 

Within the primary circuit, the purification plant and the walls of 
the system serve as sinks for fission products, their effectiveness 

Federal regulations define an exclusion area within which access is 
controlled by the reactor operator.^ 
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Table 1. Dose Commitment Rate per Unit Release 
Under Normal Conditions 

Release Rate = 1 Ci/yr at ground level 

X/Q = 1 X 10"^ sec/m^ 

Concentration at EAB^ = 3.175 x 10"^^ Ci/m^ 

Isotope 

EAB Dose Commitment Rate 
for 

Most Limiting Organise 

mrem/yr 1 
Ci/yr released; 

Release Rate 
Dose Rate 

Gl/yr 
_mrem/yr Limiting Path, Organ 

H 
127: 

131. 
\ e 

Kr 
137 

Cs 
90 
Sr 

0.00026 

83 

380 

0.0051 

89 

750 

3900 

0.012 

0.0026 

200 

0.011 

0,0010 

Inhalation, W. Body 

Ingestion, Kidney 

Ingestion, Thyroid, 
Childd 

Submersion, W, Body 

Ground shine, W. Body 

Ingestion, Bone 

EAB = Exclusion Area Boundary, 

Organ dose = E dose via submersion, ground radiation, inhalation, and 
ingestion. 

Dose factors from Ref. 6. Ingestion path dose factors are divided by 3 
since no one is assumed to grow more than 1/3 of his food. 

T)ose factors from Ref. 7. Ingestion path dose factor is adjusted. 
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Table 2. EAB Dose Commitment per Unit Release During an Accident 
-•a Activity Released to Atmosphere = 1 Ci 

X/Q = 1 X 10"-̂  sec/m^ 

Dose Commitment^ 
(rem/Cl released) Ci to Exceed 

Isotope W. Body Thyroid Bone Limiting Dose Limiting Organ, Path 

•^H 

12ym^^ 

131^ 

««Kr 

^^^Cs 

^^Sr 

0.00038 

0.00057 

0.0010 

0.00050 

0.011 

0.45 

0.00038 

0.019^ 

0.51 

0.00050 

0.011 

0.45 

0.00038 

0.0043 

0.0010 

0.00050 

0,021 

6.8 

66,000 

— 

590 

50,000 

2,300 

22 

W. Body, Inhalation 

Kidney, Limit undefined 

Thyroid, Inhalation 

W. Body, Submersion 

W. Body, Inhalation 

Bone^ Inhalation 

Activity released and inhaled over a 2-hr period; breathing rate, 30 m-̂ /day, 
b„ 
This is not a working limit. 

'Kidney pathway. 
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Fig. 1. HTGR System Components Controlling Fission Product 
Transport to Environment. (T(M,x,y) represents the transfer of isotope 
or element M from a capacitance (x) to capacitance (y)). 



445 

depending on fission product half-life, volatility, and chemical reactivity. 
The coolant circuit surfaces can become a source of fission products during 
certain accidents» as indicated by the double arrows in Fig, 1. 

Pathways for fission products to reach the environment under normal 
operating conditions are (1) leakage of primary coolant through the PCRV 
liner [(T(5,9) and T(5,10)] and (2) leakage of primary coolant into the 
reheater sections of the steam generators [T(5,8)]. (The &team pressure 
in the reheaters is lower than the helium coolant pressure.) Accidents 
involving large increases in both these leakage paths are analyzed in HTGR 
safety reviews. The concrete wall of the PCRV and the water in the cooler 
parts of the secondary coolant system function as sinks for elemental 
iodine and less volatile metallic fission products passing through them. 

Fission products reaching the containment are controlled by (1) the 
containment air cleanup system, (2) deposition on containment surfaces, 
(3) filtration of air leaving the containment, or (4) decay. During 
accidents involving release of primary coolant into the secondary contain
ment, ventilation is stopped, isolation valves are closed, and leakage 
from the secondary containment [T(10,16)] becomes the dominant path to 
the atmosphere. 

Fission products reaching the secondary coolant (water side of the 
steam generator) can reach the environment either as liquids, or gas via 
the steam air ejector [T(14,16)]. Tritium is unique in that it can reach 
the environment via diffusion through the steam generator tube walls as 
well as via the pathways open to the noble gases. It therefore appears 
in both liquid and gaseous effluents. 

4, CURRENT FISSION PRODUCT DISTRIBUTION ESTIMATES FOR 
NORMAL AND ACCIDENT SITUATIONS 

This section suiranarizes and discusses the results of fission product 
release and distribution calculations made for a typical 2000 MW(t) HTGR 
using the plant parameters taken from the Preliminary Safety Analysis 
Report^ (Table 3). Fission product distributions under normal conditions 
and following three accidents involving breach of the primary containment 
are considered. The physical models used to represent fission product 
transport and the parameter values used in these models are discussed later 
in Section 5. 

Table 4 summarizes the expected fission product distribution under 
normal conditions at the end of reactor life. Inspection of Table 4 
permits some important conclusions to be drawn: 

1. The inventory of fission products closest to the environment 
is well controlled by the graphite core and the particle 
coatings. (See also ref. 9,) 

2. Only small fractions of the radiologically toxic elements, 
iodine and strontium, remain gas-borne in the primary circuit, 
and hence are able to be transported by gas leaks through the 
PCRV liner. 
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Table 3. Plant Parameters Used in Fission Product 
Transport Calculations 

Primary Coolant Purification Rate 5.3/day 

PCRV Leak Rate 0.01%/day 

Reheater Leak Rate 0.001%/day 

Containment - Atm Purification Rate During Accident 1 vol/hra 
- Recirculation Filter Efficiency 

I, Cs, Sr 90% 
Organic Iodide 30% 

Containment Leak Rate During Accident (first 24 hr) 0.5%/day 

Purification starts 1 hr after accident. 



Table 4, Predicted Normal Fission Product Distributions in a 2000-MW(t) HTGR^ 

Isotope 

^H 

131j^^ 

'\r 
"^Cs 

^°Sr 

Equilibrium 
Core Inventory 

(Ci) 

1,7 X 10^ 

1.5 X 10^ 
6.0 X 107 

1.0 X 10^ 

4.1 X 10^ 

4.3 X 10^ 

Primary Circuit 
Inventory After 40 yr^ 

Ci Ci 
gas-borne deposited 

1.9 

5.6 X 10-^ 
8.5 X 10-2 

2.3 X 10^ 

1,7 X 10-^ 

4.1 X 10"^ 

0 

6.8 X 102 
8.6 X 103 

0 

1.1 X 10^ 

2.7 X 103 

Rate of Gaseous 
Release to 
Environment 
(Ci/yr) 

48 

1.6 X 10-^ 
2.5 X 10-5 

45 

6.2 X 10-S 

1.5 X 10-8 

EAB 
Concentration 

(Ci/m3) 

1.5 X lO"-'--'-

5.0 X 10-20 
7.7 X 10-18 

1.4 X 10-11 

2.0 X 10-20 

4.8 X 10-21 

\/q = 10"^ sec/m̂  as in Table 1. 
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3. There are considerable margins between the reference release 
limits (Ci/yr/mrem/yr) listed in Table 1 and the releases to 
the environment (Ci/yr) in Table 4. 

4. While the projected release of cesium to the environment is clearly 
acceptable, the presence of ~ lljOOO Ci of 137(]s in the primary 
circuit must be considered in terms of the contribution it 
could make to the total man-rem dose delivered by an HTGR if 
major maintenance such as removal of a steam generator were 
necessary. 

Q c 

Since °-̂ Kr can be separated and removed for offsite disposal, it was 
not considered in assessing the radiological impact of the plant. 

Table 5 summarizes the 2~hr activity release to the environment fol
lowing a design basis depressurization accident involving a penetration 
failure with 100 in.2 flow area. In this accident, the containment is 
Isolated by closing of isolation valves, and activity release to the 
environment occurs by leakage from the containment. 

Table 6 summarizes the activity release to the environment resulting 
from a single steam tube rupture in the reheat section of a steam generator. 
In this accident, activity monitors detect radioactivity in a reheat 
line, the defective reheater is isolated, and the loop is shut down. Release 
to the atmosphere is via the steam air ejector. 

The third accident involves steam leakage into the primary coolant 
system with concurrent failure of the moisture monitor. It is assumed 
that the steam leak is not isolated quickly and the leaking loop is not 
dimiped automatically. As the leak continues, the pressure relief valve 
opens, once due to the initial pressure buildup, and again as a result of 
steam-carbon reactions. Some fission products are released as a result 
of reaction of steam with core graphite and failed fuel particles. The 
radiological consequences of this accident are less severe than for the 
design basis depressurization accident. 

Let us now consider the estimates of releases during the first 
2 hr of these accidents in conjunction with the plant release limits in 
Table 2. Again substantial margins appear to exist; in fact some margins 
are larger in the accident case because the release limits are higher 
and the containment is isolated except for an assumed leak rate. This 
is true in spite of the additional safety factor of 10 applied to the 
primary circuit inventory for use in accident analyses. 

Some of these margins are large enough to permit design changes 
without significant effect on potential radiological Impact. For example^ 
if one were not limited by requirements relating to access to the primary 
circuit one could use only pyrocarbon coated fuels. One also has con
siderable tolerance (on the same basis) toward undetected releases of 
metallic fission products from partially or completely blocked coolant 
channels. Alternately one does not need to be so concerned about the 
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Table 5. Estimated Activity Release (2-hr) to the Environment Following a 
Design Basis Depressurization Accident 

Isotope 

\ 
127m^^ 

134 
«\r 

^^^Cs 

'̂̂ Sr 

Release to 
Containment 

(Ci) 

19 

74 

950 

2.3 X 10^ 

59 

190 

Containment 

Circulating 
(Ci) 

19 

33 

420 

1.3 X 10^ 

24 

80 

Inventory after 

In 

2 hr 

Cleanup System 
Filter 
(Ci) 

0 

41 

530 

0 

35 

110 

Two-hr 
Release to 
Atmosphere 

(Ci) 

0.008 

0.026 

0.33 

7.4 

0.020 

0.067 

Normal primary circuit inventory multiplied by 10 for use in accident 
analysis. 
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Table 6. Estimated Activity Release to Environment 
After a Reheater Tube Accident 

Isotope Release to Environment (Ci) 

•̂H 0.037 

^2^™Te 1.1 X 10-6 

"'"̂•'•I 1.6 X 10-*̂  

^\r 44 
137 7 

Cs 3.2 X 10-7 
^°Sr 7.9 X 10-8 
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fraction of a deposited fission product that could re-enter the gas phase 
during an accident [T(6,5)]. In the accidents listed in Tables 5 and 6, 
100% of the primary circuit inventory of iodine, cesium, and strontium 
could be released to the isolated containment without exceeding dose 
limits. 

88 However since the Kr margin is relatively small, increases in core 
temperature in response to pressure for higher thermal efficiency can only 
be made if accompanied by corresponding Improvements in fuel quality and 
failure rates. 

It is also apparent from scaling the doses per curie entering the 
containment, that the containment is capable of holding substantial 
fractions of the core inventories of the more volatile nuclides such as 
iodine, krypton^ tritium, and cesium. 

In view of the reliance placed upon the containment, one should ask 
what the consequences of failure to close the isolation valve would be. 
Using current re-entrainment factors [T(655)], depressurization without 
containment would lead to dose guidelines being exceeded if the "accident 
(XlO)" primary circuit inventory were used; if the expected (normal) 
inventory were used, one would not expect to exceed the limits. 

Using information similar to that reviewed in Section 5, the radio
logical impact of a 2000 MW(t) HTGR may be calculated for all fission 
products, not just the six reference nuclides. Taking into account all 
fission products does not significantly alter the conclusion that there 
are substantial margins between acceptable and predicted releases, 
particularly under accident conditions. 

5. CURRENT BASIS OF FISSION PRODUCT DISTRIBUTION ESTIMATES 

Assessment of the radiological consequences of HTGR operation and 
accidents revolves around a description of the amounts and mobilities 
of fission products in the primary coolant circuit. This section will 
indicate how these quantities are currently estimated for the reference 
elements. For brevity, individual steps in the fission product path will 
be identified by the xs in Fig. 1. For example x(M,5,6) means the transport 
of isotope or element M from a capacitance (5) to capacitance (6). 

5.1 Noble Gases 

It is now well established that the coatings of HTGR fuel particles 
are, for practical purposes, impermeable to krypton and xenon; therefore 
x(Kr 2,3) and x(Xe 2,3) are zero. Gas release is thus a sign of coating 
failure or contamination of the outer coatings by uranium or thorium and 
is represented by x(l,3) in Fig. 1, For newly manufactured particles 
x(l,3) is the sum of contributions from imperfect, damaged and contaminated 
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particles and is determined experimentally by measuring the steady state 
release (R/B) of 85m̂ 5. QĴ  ̂  sample of production fuel rods. Fort St. 
Vraln specifications required R/B (SSm^r) to be < 3 x lO'^ at 1100°C, a 
value which was achieved. 

The percentage of failed fuel is expected to be < 1% at full burnup 
and fast neutron exposure for both fuel types (BISO fertile and TRISO 
fissile), Mathematical models are used to determine the core-average 
fuel failure-fractions which is currently 0.27%. The release of krypton 
and xenon from failed fuel has been measured. A recent study indicated 
a 85mKr R/B value of 5 x 10"^ at 1100°C for failed particles. 

Experiments have demonstrated repeatedly that the steady-state release 
of Kr and Xe from fuel kernels varies with X-1'2 and e"̂ /̂ '̂ , where X is 
the radioactive decay constant and E is an activation energy characteristic 
of the release process. At low temperatures (< 500°C), diffusional re
lease tends to become zero and fission recoil controls release. At normal 
fuel temperatures (700 to 1200°C), E is ~ 23 kcal/mole, which is a relatively 
low value, suggesting a diffusion process more rapid than bulk diffusion. 
At temperatures above 1300°C, E is higher, suggesting some contribution 
from bulk diffusion. The same activation energy applies to both Intact 
and failed particles in fuel rods. On the basis of experimental results, 
xenon release is taken to be ~ 1/2 that of a krypton isotope of the same 
half-life. Values of R/B and E are less well defined for fuel at very high 
burnup, and E may continue to increase above 1200°C. 

In calculating circulating gas inventories, a factor of 4 increase is 
explicitly applied to the reference fission gas release (R/B) data for 
particles failing in service. This increase allows for the potential 
increase in gas release following hydrolysis or oxidation of the kernel 
by impurities in the coolant or following carburization by interaction of 
oxide kernels with carbon. The reference R/B data for as-manufactured rods 
are reduced by a factor of 2.5 to account for the actual fuel temperature 
distribution, which yields an average temperature of 880°C. The contri
bution from particles with failed coatings is not similarly reduced since 
the potential for particle coating failure is greater at higher temperature 
and the average temperature for fuel failed in service may therefore differ 
from that of all fuel. The R/B value for "SK^^ ^nd other long-lived gases, 
is assLBjied to be 1.0 for failed fuel particles. In-pile tests of proto
type fuel for large HTGRs indicate that the release parameters used in the 
above procedure are well-grounded. Fort St. Vraln is expected to finally 
validate this analysis. 

Given rates of release from the fuel, the primary circuit inventory 
corresponding to an equilibrium core is readily calculated since krypton 

e rate ^ ^ , ^ ̂  — — - — at steady state. rate 
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and xenon do not interact significantly with the core structural graphite 
or the walls. Coolant purification and leakage rates are given in Table 
3. 

Noble gases leaving the PCRV via route x(5,8) are assumed to reach the 
environment without delay; gases passing through the ventilated contain
ment are delayed an average of 120 minutes, long enough for the more 
toxic short-lived gases to decay to filterable solid daughters. During 
accidents gases entering the secondary containment are retained, except 
for an assumed leakage rate from the containment. 

5.2 Iodine and Tellurium 

The transport behavior of iodine and tellurium differs from that of 
the noble gases in that iodine sorbs to some extent on graphite and can 
deposit on and react with steel, concrete and other surfaces.11»12J13 

It has been found that iodine isotopes are released from fuels at 
about the same rate or more slowly than xenon isotopes of comparable 
halflife.l^»15 Therefore the equations and parameters used for xenon 
may be used for iodine. A similar assumption for tellurium is even more 
conservative. 

Iodine and tellurium have been observed to be delayed in passing 
through fuel element sleeves below 900°cl^ although the reasons are not 
fully understood. Published adsorptionl^ and diffusion coefficientsl7 
for iodine in graphite are too small to explain the delay. Adsorption 
experiments at very low concentrations where metallic impurities in the 
graphite would become significant may permit credit for delay to be 
taken. 

The gas-borne concentrations of iodine and iodine compounds in the 
primary circuit are determined by the release rate of iodine, the deposi
tion rate of iodine, the purification rate, and the rate of formation of 
weakly adsorbing volatile compounds such as CH3I in the cooler parts of 
the circuit.18 

The rate of deposition currently used in calculating the primary 
circuit inventory in Table 4 is 40% per pass, based on observations in 
the Peach Bottom reactor,!^ and the General Atomic in-pile loop (GAIL).20 
The capacity of the available surface and the distribution of iodine in 
the primary circuit cannot be calculated accurately since a complete set 
of iodine adsorption isotherms for all the materials present does not 
exist yet. Studies at ORNL indicate that oxidation of a metal surface 

0-1 

reduces the affinity of the surface for iodine. -̂  The observed capacity 
of the Dragon heat exchangers could be unrepresentative, partly because 
of their low temperature (200°C) and partly because of their short time 
in service; that of the Peach Bottom steam generators would be realistic 
as regards temperature, but the minute amounts of iodine released by a 
purged core mean that the iodine loading in the steam generators is trivial 
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compared with the iodine loading in the steam generators of a large HTGR 
after 40 years.18s22 Examination of the behavior of the AVR steam 
generator could assist in resolving this uncertainty. 

Currently, the capacity of the primary coolant system for iodine is 
assumed to be sufficient for the average deposition rate to remain constant 
over reactor life. However, even if this were not so, exchange between 
long-lived and stable iodines on the steam generator and 131i in the 
coolant could reduce the partial pressure of l̂ ll substantially at the 
end of life.23 

During accidents, the opposite processes of evaporation and the 
re-entrainment of surface dust deposits must be considered. Evaporation 
of iodine in the absence of steam is slower than the assumed rate of 
dust re-entrainment which is 1% under design basis depressurization 
conditions. The re-entrainment value of 1% is based on experiments 
which showed that < 0.5% of the iodine could be blown off with particulates. 
Steam is assumed to have no effect on the partition of iodine between 
surfaces and the coolant. Account is taken of fission product release 
resulting from hydrolysis of exposed fuel and oxidation of graphite. 
Factors relating to the adsorption and desorption of iodine are still 
being investigated. 

Since the seals of the PCRV penetrations are purged with clean helium, 
all iodine leaving the PCRV under normal conditions is assumed to either 
pass through concrete [x(5,9)] or the turbine [x(5,8)]. The decontamina
tion factors applied in these regions for all iodine species are: passage 
through PCRV wall, 100; condensation of steam, 2000; and evaporation at 
cooling-tower temperature, 100. Iodine leaving the containment in 
ventilation air is not assumed to be further attenuated except for decay 
in the containment. Some iodine will undoubtedly deposit on surfaces in 
the containment, and a further fraction may be converted to an organic 
form.'̂ 5 During an accident, containment air is assumed to be purified 
with 90% efficiency for iodine and 30% for organic species. 

5.3 Metallic Fission Products 

Cesium and strontium Interact strongly with graphite and metallic 
surfaces at all HTGR temperatures and are able to form compounds with 
impurities in the coolant. 

Cesium and strontlxjm do not permeate silicon carbide at normal tem
peratures, TRISO particles having cracked SiC coatings and intact pyro-
lytic carbon coatings will behave like BISO coatings. 

The release of cesium from BISO coated particles is however a complex 
process not readily described in terms of diffusion theory.2^ Laboratory 
experiments show that if the concentrations of fission products are not 
too high (corresponding to < 10% burnup in urania kernels), thoria kernels 
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can retain up to 90% of cesium even at 1600°C. In-pile confirmation 
of this behavior is being sought. 

In the meantime, diffusion through the coatings is assumed to be 
rate-determining. The diffusion coefficients used represent a synthesis 
of the work of groups at ORHL^jZe and GAC.IO D in pyrocarbon is 

strongly dependent on temperature and coating structure; the effects of 
fast neutron exposure lie within experimental uncertainty. 

In calculating the inventories reported in Table 4 end-of-life cesium 
release was set at 1% for all TRISO fuel equal to the failed fuel fraction^ 
and 10% for BISO particles. 

For strontium, a similar situation obtains for Th02 kernels and re
lease has been conservatively set at 50%. 

The fluxes of cesium and strontium from fuel rod to graphite are 
influenced by sorption on the adjacent fuel rod matrix and graphite 
materials. At equilibrium, this may be described by a partition coef
ficient or sorption ratio (cj)) which may be computed from vapor pressure 
versus composition curves for the matrix and graphite involved. Measure
ments indicate that matrix-type materials, compared to fuel element 
graphite, will sorb up to 50 times more cesium and strontium on a volume 
basis.28 Like the vapor pressures, the partition coefficients are 
structure and irradiation sensitive. However, the temperature-sensitivity 
of the vapor pressure curves is not reflected fully in (J) since the heats 
of adsorption are not strongly temperature dependent. 

Some consideration has been given to the possibility that equilibrium 
across the gap between fuel rod and graphite may not be reached as a 
result of the very low pressure (and hence mass transfer coefficient) so 
use of an equilibrium based cf) may be unduly conservative.2" Data from 
operating fuel elements are needed. In calculating the primary circuit 
inventories in Table 4, (j) and t}) were taken to be 50 and 20^ respectively, 

Cs br 
on a volume basis. 

The ratios of x(4j5) to T(3,4) for cesium and strontium are determined 
by the vapor pressures of the metals at the graphite-helium interface and 
th^ir rate of transport through the graphite. Though this graphite is 
cooler than the fuel coating and ~ 100 times thicker, it is considerably 
more porous. Those species able to move as vapors will therefore move 
much faster than in pyrocarbon, particularly if there is a permeation 
flow of helium in the same direction;30»31 those species whose transport 
involves movement on internal surfaces or within crystallites will be 

cone, of metal in fuel matrix 
cone, of metal in graphite 
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more effectively delayed though D is known to increase at higher concen
trations. Helium flow and graphite structure sensitivity are greater 
for cesium than for strontium. Transport of the two metals through 
graphite as a result of helium flow through the graphite is currently 
assumed to be unimportant in comparison with condensed phase transport 
on the basis that the diffusion coefficients used are adequately conser
vative. 

Metal vapor pressures over graphite generally exhibit Freundlich-
type adsorption behavior except at low concentration. Vapor pressure 
varies logarithmically with concentration as well as temperature. At 
low concentrations, a transition from Freundlich sorption behavior to 
Langmuir behavior occurs,32 The latter is characterized by a constant 
heat of adsorption and a linear dependence of vapor pressure on concen
tration. The vapor pressure data currently used are represented by the 
Freundlich-type equations: 

, , P^^ . [8.65 - 3M00] + [ ^ ^ - 0.57] £n C,^ 

and 
, , P ^ ^ = [ 2 8 . 4 - 5 6 ^ 3 M ^ i f ^ - 19.0] £nC,^ 

where C is in ]imoles/m2, P is in atm, and T is °K, The average specific 
surface area of graphite is about 1 m2/g| that for matrix graphite is 
much higher. Transition from Freundlich to Langmuir behavior has been 
observed in the case of the cesium-graphite system at approximately 0.2 
limole Cs/m2 C. For other metal-graphite systems, Langmuir behavior Is 
assumed to begin at the lowest experimentally determined vapor pressure. 
Theoretically computed corrections are applied to allow for the presence 
of other elements that may block adsorption sites.33 

Transport through the graphite is described by applying Fick's law 
as if graphite were a homogeneous isotropic solid. Release from the fuel 
and (f) constitute the inner boundary conditions; evaporation through a 
gaseous boundary layer controls the flux at the outer boundary. The 
reference diffusion coefficients used are 

D, =0.37 e-̂ '̂̂ Ô̂ /̂ ^ 
Cs 

o«A -60,000/RT 
Sr °" 300 e ' 

where D is in cm2/sec. '34 

These diffusion coefficients lead one to predict that only small 
fractions of the strontium released from the fuel reach the coolant; for 
cesiiim one has to rely more heavily upon retention by the fuel. For the 
accidents considered in the PSAR, the diffusion coefficients are too 
small to permit any significant quantities of metallic fission products 
from being released from the core, even if fuel were to fail.35 
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It is recognized that the present representation of transport through 
the structural graphite may oversimplify a very complex process. Refine
ment is being sought experimentally and through experiments in the Peach 
Bottom HTGR. 

In the primary circuit, strontium is expected to adhere upon impact 
to surfaces < 750°C with unit efficiency^ based upon experimental data 
obtained in loops.3" A somewhat lower deposition efficiency is found 
for cesium above 600°C.37 Surface capacity for metallic fission products 
depends upon the presence of oxide films and dusty deposits; however in 
this instance^ as distinct from the situation with iodine, oxidation is 
beneficial and there are presently no reservations about capacity.38 

There is, however, uncertainty about the behavior of deposited metals 
during depressurization accidents, since it Is difficult to model re-
entrainment of small fractions of deposited dust under reactor conditions. 
On the other hand, because of the large margins between acceptable and 
predicted releases^ it is not necessary to assume low re-entrainment 
fractions during a depressurization in which the secondary containment 
system works. It may be sufficient to point out observations that suggest 
that concern about re-entrainment is being overemphasized. Steep axial 
gradients of surface activity have been maintained for several million 
coolant cycles in loop and reactor systems in which strontltmi and cesium 
concentrations exceeded those of their precursors*37 Even in the Peach 
Bottom reactor, where dust from the steam generator has been shown to 
play a part in cesium transport in the gas duct further downstream, the 
redistribution of cesium on a per pass basis was trivial.10 Cesium and 
strontium are also expected to transfer, at least partially, from carbon 
dust to surface oxide films39 or even to dissolve in base md:als at high 
enough temperatures.^0 Finally, prolonged cooking is expected to make 
dust, as distinct from fission products, adhere more effectively to 
surfaces. Further information on re-entrainment is expected from the 
planned Peach Bottom HTGR post-power generation program and parallel 
laboratory Investigations. 

The ratio (metal In coolant)/(metal on surfaces) for cesium and 
strontium nuclides has been found to be very much smaller than for iodine 
in loops and reactors.18»37 Therefore, the value of 40% plateout per pass 
used in calculating the primary circuit circulating activity appears to 
be quite conservative for cesium and strontium. 

Cesium and strontium are assumed to be removed from helium leaking 
through the PCRV wall with the same efficiency as iodine. 

5.4 Tritium 

The principal sources of tritium in HTGR systems are ternary fission 
and neutron activation of (1) He-3 present in the helium coolant, (2) 
Li-6 and Li-7 present as impurities in the core and reflector materials, 
and (3) B-10 in the control rods and reflector materials. Other tritium-
producing reactions are relatively unimportant. The tritium production rate 
in a typical 2000 MW(t) HTGR is about 12,000 Ci/yr. 
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The release of tritium from the fuel elements, control rods, and 
burnable poison rods is currently treated by assuming that the tritium 
from failed fuel particles, Li-6 in the graphite, and B-10 in the control 
material is all released into the helium coolant. Tritium behavior has 
been recently reviewed.'̂ 1 

Some work has been done by GAC on the retention of tritium by fuel 
kernels and coated particles. The results of this work generally indicate 
that tritium is retained in Intact coated particles at normal operating 
temperatures and that the retention decreases rapidly with increasing 
temperature. Silicon carbide coatings appear to be more retentive of 
tritium than are pyrocarbon coatings. 

Tritium produced from He-3 can also be retained by core materials 
(either by exchange or sorption), but the capacity of the graphite is 
unknown.'̂ 3 Appreciable retention of tritium born in control materials 
is also indicated. Confirmation Is required. 

Tritium is currently assumed to diffuse through steam generator walls 
at a rate of 48 Ci/year, based upon scaling of observations made at Peach 
Bottom. Tritium entering the secondary coolant system will be divided 
between the gas and liquid waste systems, somewhat at the operator's 
option. Gaseous release would ultimately be as water vapor containing 
HTO and a very small fraction as HT. 

During an accident, tritium in the primary and secondary coolant 
systems could be released, depending on where a rupture occurred. No 
tritium from the core is assumed to be lost at that time. Condensation 
of steam in the containment vessel reduces the gas-borne 3H concentration. 

6. CONCLUSIONS 

1. The inventory of fission products in the primary circuit is well 
controlled by the graphite core and particle coatings. 

2. The 2000 MW(t) HTGR has substantial margins between calculated 
fission product releases and guideline releases established by the AEC. 
For normal conditions, the smallest margin, a safety factor of 22, is for 
88Kr. The predicted ^^Kr release is 45 Ci and the guideline release is 
1000 Ci (based on a whole-body dose at the site boundary and the AEC 
guideline of 5 mrem/yr). For accident conditions, the smallest safety 
factor is 330, which occurs for "Ogr in the design basis depressurization 
accident. The predicted ^Ogj. release in this accident is 0,067 Ci and 
the guideline release is 22 Ci (based on a bone dose guideline of 150 rem) 

3. The mathematical models and parameters used in computing the 
primary circuit inventory, which can be regarded as the source of fission 
products during accidents and normal operation are currently chosen to 
yield conservative margins. However, in view of the complexity of some 
of the phenomena involved,verification of margins by surveillance and 
additional R&D are clearly desirable. 
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4. The pressures of HTGR development are in the direction of 
higher helium outlet and core temperatures and therefore tend to decrease 
available margins. If the apparently high safety margins of HTGR are to 
be maintained in advanced systems, not only Improved fuels but more 
precisely defined fission product transfer functions will be needed. 

1 37 
5. While the projected release of Cs is acceptable from a safety 

standpoint, the presence of this and other condensable gamma-emitting 
Isotopes in the primary circuit must be considered from the standpoint 
of plant maintenance. 
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THE ENVIRONMENTAL IMPACT OF HTGR STEAM ELECTRIC POWER STATIONS» 

M. J. Kellv^~~ S. S. Kirslis^ 
R. G. West 

ABSTRACT 

The high-temperature gas-cooled reactor steam electric power sta

tion has all of the potential environmental impacts associated with any 

large nuclear station. Construction impacts can be minimized by proper 

planning and are usually of limited duration. The potentially most 

significant impacts of station operation result from the operation of 

the heat dissipation system. The use of cooling towers is assumed. The 

effects of salt deposition, fogging, and icing are expected to be minor. 

The magnitude of the adverse effects caused by intake and discharge such 

as entrainment of eggs, larvae, and fish and chemical impacts from blow-

down can only be assessed for a specific site but may be significant. 

The impact of radionuclide releases, constrained by the as-low-as-

is-practicable criteria, is small. 

The only environmental advantage over other reactor types is lower 

consumptive water use for the same net electric power production which 

can result in a smaller environmental impact. 

*Research Sponsored by the U. S. Atomic Energy Commission Under Contract 
with the Union Carbide Corporation 

Oak Ridge National Laboratory, Environmental Statements Project 

•̂ USAEC, Directorate of Licensing, Environmental Projects Branch 3 

3 
USAEC, Directorate of Licensing, Environmental Projects Branch 1 
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INTRODUCTION 

The National Environmental Policy Act of 1969 (NEPA) calls for, 

with respect to major Federal actions significantly affecting the 

quality of the human environment, preparation of a detailed statement 

on: 

1. the environmental impact of the proposed action, 

2. any adverse environmental effects which cannot be avoided 

should the proposal be implemented, 

3. alternatives to the proposed action, 

4. the relationship between local short-term uses of man's 

environment and the maintenance and enhancement of long-

term productivity, and 

5. any irreversible and irretrievable commitments of resources 

which would be involved in the proposed action should it 

be implemented. 

Pursuant to Appendix D of 10 CFR Part 50, the AEC Directorate of 

Licensing prepares a detailed statement on the foregoing considerations 

with respect to each application for a construction permit or full-

power operating license for a nuclear power reactor. 

This paper will address, in far less detail, these same considera

tions as applied to a high-temperature gas-cooled reactor (HTGR) nuclear 

station on an unidentified site assumed to meet all appropriate federal 

regulations and regulatory guides. In order to highlight specific dif

ferences between the HTGR and present generation pressurized water 

reactors (PWR) and boiling water reactors (BWR) an occasional comparison 
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of all three reactor types will be made, 

SCOPE 

Within the limited scope of this paper no effort will be made to 

attempt a benefit-cost balance between various alternatives or to make 

a judgement on whether the accrued benefits of plant construction and 

operation are greater than the environmental costs. Even at a specific 

site with detailed information available it is frequently difficult to 

make such judgements. It is Implicitly accepted that the need for power 

exists and that the chief societal advantage from the plant is produc

tion of this power. The environmental impacts can then be discussed 

generically without the subtle nuances which are site and region specific. 

THE ENVIRONMENTAL EFFECT OF PLANT CONSTRUCTION 

Any modern reactor station requires several hundred acres of site 

in order to meet exclusion boundary requirements. To date, no reactor 

station has proposed dry cooling towers and enough cooling water must 

be available to supply the stations consumptive use within the con

straints of applicable thermal standards. 

With these requirements met the normal expected impacts from con

struction are: 

1. Impacts on land use such as, 

(a) the removal of vegetation from perhaps 300 acres prior 

to and during construction, 

(b) the loss of perhaps half of this land to developed 

plant areas for the service lifetime of the plant, and 



466 

(c) the alteration of the remaining land used during con

struction even though returned to other uses. 

2. Other impacts of either short duration or negligible impact 

with proper planning such as, 

(a) water erosion on construction areas 

(b) blowing dust 

(c) vehicular congestion on local roads 

(d) air pollution and noise from construction machinery. 

3. Impacts on water use caused by sediment resulting from construc

tion of intake and discharge facilities 

4. Effects on Ecological systems such as, 

(a) the displacement of terrestrial wildlife and removal 

of habitat by construction activities 

(b) the destruction of benthic organisms by dredging for 

intake and discharge facilities. 

5. Effects on the community such as, 

(a) the demands of the construction force and families on 

local schools, housing, and community services 

(b) the construction wages spent locally. 

In general all adverse impacts can be held to a minimum practicable level 

by proper planning. 

THE ENVIRONMENTAL EFFECTS OF PLANT OPERATION 

Impacts on Land Use 

After construction much of the site area will remain in its original 
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state, and other disturbed areas on the site will be restored to a 

stabilized equilibrium of floral and faunal associations. Usually the 

plant will be in a rural area and contrast strongly with its rural envi

ronment. Nearby residents are unlikely to be affected by plant operation 

except for possible visual impact. 

Impacts on Water Use 

The use of cooling towers is assumed. The chemical salts in the 

intake water are concentrated, typically by a factor of 2 to 5, in the 

cooling towers and other chemicals are added before the blowdown is dis

charged back to the water source. In addition, minor amounts of radio

active materials are discharged in the blowdown. After mixing with the 

receiving body the additions usually produce no significant effect on 

water use. The operation of the cooling towers results in the consump

tive use of water by evaporation removing heat from the system. 

Effects of Operation of the Heat-Dissipation System 

A small fraction of the circulating water is removed as drift con

taining dissolved salts. Some 3% of the total removed heat is discharged 

to the original water source. 

The heated blowdown discharge, perhaps 15 to 40°F above ambient must 

meet such thermal standards as apply. Typically, this standard might be 

a maximum of 5F° surface rise outside of a specified mixing zone with a 

maximum temperature of 85°F. 

Drift losses from cooling towers are so small that no adverse 

effects are expected from salt deposition, even with very saline tower 
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basins farther than a few hundred feet from the towers. 

Fog and icing from cooling tower evaporation and drift may cause 

local problems of short duration. 

Radiological Impact 

During normal operation an HTGR station must meet the as-low-as-

practicable criteria as specified by AEC regulations, for both liquid 

and gaseous waste releases. The only release peculiar to the HTGR system 

is tritium diffusion to the steam system with subsequent airborne release 

as trititim oxide in the cooling tower plume and blowdown. 

No difficulty is expected in meeting existing or potential radio

nuclide release requirements. 

Non Radiological Effects on Ecological Systems 

After plant operation begins, aquatic species will be subject to 

damage by the cooling water intake and discharge systems. The degree of 

damage will vary with trophic level, species, and size and will be 

dependent on the total flow of water in the supply source and the ratio 

to plant intake. Only slight impacts on aquatic species are expected 

from scouring of the bottom by blowdown and discharge of chemicals and 

heated water. An estimation of loss by entrainment and impingement in 

the components of the cooling water system is dependent on the distribu

tion with time of eggs, larvae, and fish that may be subject to harm. 

Organisms that pass through the cooling towers are subject to essentially 

complete mortality due to abrasion, heat, and chemical poisons. The 
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effects to aquatic life are apt to be significant. The higher thermal 

efficiency of the HTGR results in a reduction in potential Impacts on 

aquatic species because of the reduction in water use. 

Terrestrial species are usually not affected by plant ope_-ation 

unless herbicides are used unwisely. 

Effects on the Community 

The operation of HTGR station will have little impact on the local 

community. Normal plant operation will require a work force of only 

about 100 people. More personnel may be used during refueling and 

maintenance operations, but the total increase in commuter traffic on 

local roads will be small. Shipments of fuel and other materials to and 

from the plant will also cause only a small additional burden on local 

traffic. 

The permanent staff that does relocate to the plant area will bring 

additional children to the local schools, but the impact, again, is 

expected to be small. 

Plant operation will usually result in increased local tax revenues. 

THE ENVIRONMENTAL IMPACT OF POSTULATED ACCIDENTS 

Plant Accidents 

A high degree of protection against the occurrence of plant acci

dents is provided through correct design, manufacture, and operation 

through the quality assurance program used to establish the necessary 

high integrity of the reactor system. Engineered safety features are 
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installed to mitigate the consequences of those postulated events that 

are judged credible. 

For the HTGR system nine classes of postulated accidents and occur

rences ranging in severity from trivial to very serious have been identi

fied. These are identified in Table 1. In general accidents of high 

potential consequence have a lower probability of occurrence than those 

of low potential consequence. 

For the accidents considered a failure in the radioactive waste 

system causing the inadvertent release of the waste gas storage tank 

contents yields the highest expected dose to an individual at the exclu

sion boundary. The estimated dose from such a release is 20 ± 10 percent 

of the 10 CFR Part 20 limit of 500 mrem per year. The same accident to 

a BWR or PWR would lead to similar consequences. 

The environmental impact of the postulated accidents considered is 

very small. 

CONCLUSIONS 

From the preceeding discussions the conclusion may be drawn that 

the environmental impact of the construction and operation of an HTGR 

Power Station is very similar to the impact of the construction and 

operation of its competitors, the PWR and BWR. 

The apparent environmental advantage stems from the higher thermal 

efficiency which reduces consumptive water use by up to 18%. At sites 

with limited water resources this would be significant. 
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Table 1 Classification of postulated accidents and occurrences 

Class AEC description'̂  Examples 

1 Trivial incidents 

2 Small releases outside 
containment 

3 Radioactive waste system 
failure 

4 Fission products from 
primary system 

5 Fission products from 
primary system to 
secondary system 

6 Refueling accident 

7 Spent-fuel handling 
accident 

8 Accident initiation 
events considered in 
design-basis evaluation 
in the Safety Analysis 
Report 

9 Hypothetical sequence 
of failures more 
severe than Class 8 

Small spills 

Minor tritium releases 

Radioactive waste tank 
failure 

Instrument line break, 
small pipe break, small 
liner failure, or venting 
of FCRV due to over-
pressurization 

Reheater tube rupture 

None 

Fuel cask drop 

Rapid depressurization 

Not considered 

^The accident descriptions given in Appendix D of 10 CFR Part 50 have 
been slightly modified to better suit gas-cooled reactor systems. 
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FORT ST. VRAIN HTGR OPERATING EXPERIENCE 

R. F. Walker 

After more than ten years of study and participation in nuclear 
research and development, Public Service Company of Colorado (Public 
Service), in early 1965, made the decision to add the Fort St. Vrain 
unit to its system as its first nuclear generating capacity. The Fort 
St. Vrain Nuclear Generating Station, located at the confluence of St. 
Vrain Creek and the South Platte River near Platteville, Colorado, 
about 35 miles north of Denver, Colorado, utilizes the advanced high-
temperature gas-cooled reactor (HTGR) concept and was designed and con
structed for Public Service Company by General Atomic Company (GA). 
Development of this concept was initiated by GA in 1957, and its 
adaptability to large electric utility systems has been demonstrated by 
the 40 MW(e) Peach Bottom Unit No. 1 which has been in operation on the 
Philadelphia Electric Company system since June, 1957. 

GA used Sargent & Lundy as architect engineer and EBASCO as gen
eral construction contractor on this project which, along with the re
search and development associated with this endeavor, is a part of the 
AEC Power Reactor Demonstration Program. 

The Fort St. Vrain HTGR will have a thermal output of 842 MW, will 
produce steam at 2400 psig and 1000°F with reheat to 1000°F, and will 
generate 330 MW(e) with a conventional steam turbine generator. 

This reactor uses 235u as the fissile material, ̂ 32r[;]̂  ̂ g ĵjg fer
tile material, graphite as the moderator, cladding, structure, and re
flector and helium as the primary coolant. 

The fuel for Fort St. Vrain consists of 1482 fuel elements. The 
individual fuel elements are made up of two basic parts: the graphite 
structure and the bonded rods of coated fuel particles. The graphite 
structure is a hexagonal prism 31 inches high and 14 inches across the 
flats. Within this structure are 108 coolant passages and 210 cavities 
which contain the bonded rods of very small fuel particles consisting 
of uranium and thorium dicarbides encased in four separate spherical 
carbide structures. 

Fort St. Vrain is the first nuclear reactor system in the United 
States to use a prestressed concrete reactor vessel (PCRV). This PCRV 
has an internal diameter of 31 feet and an internal height of 75 feet, 
with control-rod drives located in penetrations in the top head that 
also serve as access penetrations for refueling. The two cavities in 
the vessel are separated by a five foot thick reinforced concrete sup
port floor. The reactor core is located in the upper cavity and the 
steam generators and helium circulators are located in the lower 
cavity. 
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The helium coolant, at a pressure of about 700 psia, flows down 
through the reactor core where it is heated to 1430°F. This hot helium 
then flows directly to the once-through steam generators where it gives 
up heat to convert water to superheated steam and is cooled to about 
750°F. This steam is used to produce the plant electrical output in 
the main turbine generator set. The cooled helium is then returned to 
the top of the reactor by helium circulators driven by steam turbines 
in series with the main turbine. A circulating water system supplies 
cooling water to the main condenser which condenses the steam from the 
main turbine. Circulating water heated in passing through the conden
ser, goes to the main cooling tower which dissipates unrecoverable heat 
to the atmosphere by the evaporation of a small fraction of the circu
lating water flow. Makeup water for the circulating water system and 
other plant uses is provided by water from the St. Vrain Creek and 
South Platte River and from shallow wells located on the plant property. 

The electrical energy produced by the plant is supplied to the 
Public Service system by four 230 KV transmission lines. 

Regulatory Approval Milestone Dates 

In the development of any nuclear project, certain governmental 
approvals are required. The key regulatory dates related to the Fort 
St. Vrain project are shown in the following tabulation. 

DATE EVENT 

October, 1966 

April, 1968 

Application for construction permit filed 
with AEC. 

Colorado Public Utilities Commission is
sues Certificate of Public Convenience 
and necessity. 

July, 1968 Public hearing before Atomic Safety and 
Licensing Board on Construction permit 
application. 

September, 1968 

November, 1969 

Construction permit issued by AEC. 

Application for operating license sub
mitted to AEC. 

August, 1972 Final Environmental Statement issued by 
AEC. 

December, 1973 

Highlights of Construction 

Operating License issued by AEC. 

Preliminary on-site construction work at Fort St. Vrain started 
in April, 1968. This preliminary work consisted of grading, fencing. 
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railroad spur construction, temporary building erection, concrete batch 
plant erection, domestic water service and construction power service. 
The excavation for the reactor plant building was also started. Since 
the water table at the plant site was at a depth of 20 to 25 feet and 
since there was a considerable flow of ground water, the freeze wall 
technique was used to prevent water from flowing into the excavation 
and to provide a vertical wall to support cranes and other heavy equip
ment required. The frozen wall was created by pumping refrigerated 
brine through 360 U tubes sunk to the bedrock depth of approximately 
55 feet. 

The first permanent concrete was poured on September 18, 1958. 
The reactor building basement walls were up to ground level by February, 
1969. In the center of the excavation, the reinforcing steel for the 
50 foot diameter support ring for the PCRV was being formed. This ring 
is 3h feet thick, 33 feet high and contains 575 cubic yards of concrete 
which was poured in an 18 hour period. The unique shape of this ring 
and the high density of reinforcing steel required, made this task ex
tremely difficult and took more time than was scheduled. 

Prior to construction of the PCRV and because of its complex na
ture, special partial mockups of the vessel were built at the site to 
insure that the placement of the tendon tubes and reinforcing steel 
would not interfere with each other or with the filling of open spaces 
with concrete. 

A preplaced aggregate concrete technique was used for the PCRV 
bottom head. The aggregate was positioned by hand in layers to avoid 
large voids and to achieve intimate contact with all embedments. 
Grout was pumped into the aggregate in a continuous operation through 
previously embedded pipes. 

The remainder of the concrete for the PCRV was conventionally 
mixed and placed. This concrete, designed for a strength of 6000 psi, 
was carefully cooled to minimize shrinkage and high temperature-gradient 
cracks. 

After placement of rebar, tendon tubes and instrumentation wiring 
and erection of the necessary forms, the first PCRV sidewall lift was 
poured on July 17, 1969. The fourteenth lift was completed on January 
7, 1970. In the meantime, the top head liner was completed and moved 
on to the PCRV. Pouring of the concrete for the top head was completed 
on February 13, 1970. The total concrete placed in the PCRV was approx
imately 6500 cubic yards. 

Installation of the tendons in the completed portion of the PCRV 
was started in October, 1969. The first tendon was stressed on January 
16, 1970 and stressing of all of the tendons was completed by May 1, 
1970. 

During the next twelve months the twelve steam generator modules, 
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the vessel liner Insulation, and outer graphite reflect blocks were in
stalled inside the PCRV. Meantime, in the conventional side of the 
plant, the main steam turbine boiler feed pumps and other conventional 
power plant equipment was installed. 

The four helium circulators, after completion of their 100 hour 
test runs using steam produced at the Valmont Steam Electric Station of 
Public Service, were readied for installation in the PCRV. After some 
minor modifications to provide proper alignment in the penetrations, 
these circulators were installed in the vessel. 

In July, 1971, the installation of instrumentation and testing 
equipment required for the new PCRV pressure test was completed. The 
PCRV pressure test, using nitrogen, was started on July 29, 1971 and 
the proof test of 970 psi was achieved on August 6, 1971. The test was 
concluded with an 84 hour leak test that was completed on August 14, 
1971. 

Preliminary operating tests were begun in August, 1971 and the 
first helium deliveries started in October, 1971. In December, 1971 
the first two loads of fuel were delivered to the site. 

During February and March of 1972 the reliability of the standby 
diesel generator sets was affirmed by the completion of more than the 
required 298 successful starts required to achieve the requested level 
of reliability. Also in March, 1972, the PCRV was filled with helium 
in preparation for running the hot flow test. In April and May, 1972 
preparation for the hot flow test continued with the testing of the 
helium circulator auxiliary systems. Such testing included rotating 
of all four circulators, using normal backup and emergency bearing wa
ter systems. After making adjustments to correct some minor difficul
ties with these systems, the hot flow test was begun on June 28, 1972. 
This test was terminated at 42% completion in August of 1972 because 
of difficulties with the helium circulators resulting from inadequacies 
in the temporary Pelton wheels which are used to provide motive power 
to the circulators during the hot flow test and which are not utilized 
in normal operation. 

Following the occurrence of difficulties with the helium circula
tors in August, 1972, the machines were removed for inspection. As a 
result of inspection, the four machines were shipped to San Diego for 
repair and modification. The circulators were returned to the site 
ahead of schedule, but because of a variety of complicating circum
stances, the hot flow test was not resumed until May 30, 1973. The hot 
flow test was satisfactorily completed in August, 1973. 

Operator Training 

Public Service recognized at the beginning of this nuclear project 
that operators with considerable specialized training would be required 
to operate the Fort St. Vrain Station. In anticipation of this need, a 
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nuclear training program was initiated in September, 1966 to train Com
pany operating and engineering personnel. This program was conducted 
by Colorado State University and consisted of 22 full day sessions con
ducted over a nineteen week period. A total of seventy-five Public 
Service employees completed this training. 

In August, 1968, ten of the men who had completed the Colorado 
State University training were assigned to the Peach Bottom Atomic 
Power Station. The 40 MW(e) HTGR nuclear unit at this station was an 
ideal place to train the Fort St. Vrain plant operating personnel. 
This six month training period consisted of fourteen weeks of classroom 
instruction by personnel of Philadelphia Electric Company, two weeks of 
reactor and simulator operating experience, six weeks of shift operat
ing experience and four weeks of review and AEC examination. The cul
mination of this training was the awarding of the AEC Certificate of 
Equivalency as Licensed Operators for Peach Bottom Unit No. 1. A 
second group of ten men followed the first group and received the same 
training. 

In September, 1969 the twenty men who completed the Peach Bottom 
training were sent to the GA facilities in San Diego for a seventeen 
week training program designed to familiarize the operating personnel 
with the design details of the Fort St. Vrain plant. In January 1970, 
these men were assigned to the Fort St. Vrain site and have remained 
there since that time except for special training courses requiring 
their absence from the site from time to time. Additional support 
personnel have been added to the plant staff during the past two and 
one-half years, bringing the plant staff to a total of seventy-five. 

To insure continuity of training, an on-site program was conducted 
during the latter part of 1970 and the first part of 1971. In June, 
1971, twenty of the plant operating personnel took the first written 
portion of the operator's license examination for Fort St. Vrain. All 
of these people passed this portion of the examination, and all have 
now completed the remainder of the AEC Operator's License Examination. 

The plant operating personnel also participated in the writing of 
the preliminary operating tests, startup tests and station operating 
procedures. The use of operating personnel in the preparation of these 
tests and procedures have been a valuable training device and has 
served to insure their familiarity with the various plant systems. 

There are sixty-seven preliminary operating tests involved in the 
verification of the Fort St. Vrain systems. 

Start-up Testing 

The start-up tests for the Fort St. Vrain facility consist of two 
separate series of tests; Start-up Tests Series A and Start-up Tests 
Series B. The A series covers the low power physics tests and the B 
series covers the initial power escalation program. 
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The A series consists of an overall summary of the Series A test 
program and the ten individual tests. The purpose of the summary test 
procedure is to list the order of the major low power physics tests 
and to outline procedures for performing certain special operations, 
such as installation and checkout of special equipment and instrumen
tation, and the installation of the startup neutron sources. The 
following is a discussion of each of the ten individual tests. 

1. Initial Loading of Fuel and Reflector Elements.—The purpose 
of this test was to load the 1482 fuel elements, the temorary 
absorber section and 1392 reflector elements in an efficient 
manner and in such a way that the reactor will remain in a 
safe, substantial configuration throughout the loading. The 
fuel elements and reflector elements were inspected, brought 
to the refueling floor and loaded by manual methods into the 
reactor through the PCRV penetration in a prespecified sequence, 
using special loading equipment. During the loading, temporary 
absorber section, a special neutron core loading source and six 
in-core detectors were used. Curves of the inverse multipli
cation (1/M) as a function of the number of fuel and reflector 
elements loaded were developed. Count rate meter readings 
were taken after each element was loaded. 

The initial fuel loading operation started on December 26, 
1973, with the first fuel element being placed in the core on 
December 27. The last fuel element was loaded on January 12, 
1974 and the last of the top reflector elements was loaded on 
January 16, 1974. 

During fuel loading, eight of the 1482 elements required eval
uation by the special fuel analysis group before acceptance 
because of minor graphite chip damage. Two fuel elements re
quired repair work because of fuel hole plug problems. In 
addition, six elements had damaged dowels which required re
placement of the dowels. Considering the small percentage of 
the total elements involved in these minor remedial actions 
and the fact that the inspection procedures were successful in 
insuring that all of the fuel elements as placed in the core 
were in excellent condition, the fuel loading went exceedingly 
well. A total of 26 graphite reflector elements had minor 
damage and were replaced. 

Two problems of significance occurred during the fuel loading: 

a. Temporary absorber section was misaligned in the core 
to the extent that further placement of fuel elements 
above it would have prevented its removal. Misalign
ment was the result of a cocked connector nut welded 
to a lower absorber section. Problem was corrected 
and fuel loading proceeded after correction. 
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b. Inspection of the top metalic reflector elements revealed 
the presence of metal drill cutting lodged in coolant 
passage of elements. 100% cleanup of all metal clad top 
reflector resolved this problem. 

In summary, the initial loading of fuel and reflector elements was 
accomplished in an orderly and efficient manner within the time sched
uled for this start-up test. 

2. Pulsed-Source Measurements and Initial Criticallty.—The pur
pose of this test was to determine shutdown margin and the 
achievement of initial criticallty. This test has been com
pleted with the following results. 

a. Pulse source determination of the total shutdown mar
gin of the core with all temporary absorber sections 
in except for the control rod holes of regions 1, 2, 
4, 16, 30 and 31. This was found to be 9.2%A K. 

b. Pulse source determination of core shutdown margin 
fully rodded. This was found to be 11.5% AK. 

c. Determination of the individual worth of the two rod 
pairs in the regions of highest fuel loading. These 
were found to be 4.6% AK for region 30, and 4.5% AK 
for region 31. 

d. Measurement of the worths of the four rod groups in 
the normal sequence to criticallty. These were found 
to be 4.3% AK for rod group 3C, 4.5 AK for rod group 
2A, 0.8% AK for rod group 4B and 1% AK for rod group 
4F. Worth of #1 rod pair at 115" is 0.7 AK. 

e. Reactor brought to initial criticallty. Initial criti
callty was achieved on January 31, 1974. 

3. Control Rod Drive and Orifice Tests.—The primary purpose of 
this test was to confirm the operability of the control drive 
and orifice assemblies with the reactor core in an air atmos
phere. This test was performed in January, 1974 and consisted 
of checking each control rod drive and orifice by withdrawal, 
insertion, rewithdrawal and scram of the control rod pair. 
Each orifice valve was stroked through its full travel. The 
remainder of the test consists of performing the same tests 
with hot helium (700°F) in the core. 

4. Burnable Poison Loading Adjustment.—This test was set up to 
provide a reactivity adjustment procedure that could be used 
to adjust the core excess reactivity if the subcritical rod 
worth measurements and zero power critical measurements indi
cated that an adjustment was necessary. The result of the 
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pulsed source measurements and initial reactivity were so 
close to predicted that no adjustment was necessary. 

Neutron Flux Distribution Measurements.—The purpose of this 
test was to measure the neutron flux distribution at several 
radial locations in the core representing unrodded, rodded 
and partially rodded regions. This work was completed in 
early February, 1974. 

Differential Rod Worth Measurements.—The purpose of this test 
is twofold: First to verify that the reactivity computer will 
accurately measure positive and negative reactivity insertion 
instantaneously as a result of step reactivity changes at very 
low power levels with no temperature feedback. Second, to 
establish procedures for calibrating control rod pairs by dif
ferential rod worth measurements using the reactivity computer. 

Reactivity Coefficient Measurements.—The purpose of this test 
is to determine the effect on reactivity due to variation in 
helium pressure, helium flow and core temperature. 

To obtain the helium pressure coefficient, the reactor is back
filled with helium at atmospheric pressure and placed in criti
cal configuration at low power. The reactivity change is then 
measured as the helium pressure is increased to the maximum 
pressure attainable with full helium inventory at ambient tem
perature. 

To obtain the helium coefficient, the reactor is placed in a 
critical configuration at lower power with full inventory of 
helium. The reactivity change as a function of helium flow 
rate is measured as the flow rate is increased to the maximum 
attainable with the pre-nuclear Pelton wheels driving two helium 
circulators. 

To obtain the temperature coefficient, the reactor is placed 
in a critical configuration at low power with a full inventory 
of helium the temperature of the core will be increased, us
ing the helium circulators as a heat source and the resultant 
change in reactivity will be measured. 

Helium Circulator Performance Tests.—The purpose of this test 
Is to: 

a. Verify proper Pelton wheel drive operation and to determine 
that the Pelton wheel drives will supply sufficient helium 
flow for decay heat removal with either feedwater conden
sate or feedwater. 

b. Verify performance of circulator turbine throttle valve and 
speed control system for startup and subsequent low power 
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operation and to determine the adequacy of the auxiliary 
boiler as a source of steam to obtain sufficient helium 
flow for startup and subsequent low power flow. 

c. Determine adequacy of speed controller to maintain con
stant speed while rapidly reducing the primary system 
pressure. 

d. Verify proper automatic Pelton wheel start on loss of tur
bine steam to the circulators and to determine proper 
Pelton wheel operation at low primary system pressure. 

e. Verify proper operation of helium circulator auxiliary 
systems. 

9. Low Power Helium Purification System Test.—The purpose of this 
test is to demonstrate operability of the helium purification 
system during initial heating and out-gassing of the reactor 
core at temperatures up to approximately 700°F. 

10. Fuel Handling Test.—The purpose of this last test of the 
startup test Series A is to demonstrate that the refueling 
process can be performed under actual refueling conditions. 
One standard region of elements will be removed, one fuel hand
ling machine load will be transferred to the fuel storage 
facility and the entire region of elements will be returned 
to the reactor. 

The Startup Tests Series B program includes the sequence of opera
tion and testing of the various plant subsystems and components in an 
ordered manner with the objective of achieving a safe and efficient 
plant startup while performing the thirteen Series B startup tests. 
Most of these tests will be performed at various power levels between 
2% and 100% of rated plant thermal power of 842 megawatts, during the 
initial rise to power program. The following is a discussion of each 
of the thirteen individual tests: 

1. Steam System Performance Test.—In these tests, the secondary 
coolant system will be commissioned, the turbine generator will 
be warmed, rolled and then loaded. The performance of the 
feedwater, condensate, and steam system will be recorded and 
analyzed. Included in these tests will be steam generator 
overload capability tests, where a simulation of a plugged 
steam generator tube by partially closing off a feedwater ring 
header valve and a performance evaluation of the steam genera
tors with the top high pressure heater removed from service at 
80% reactor power are performed. 

2, Analysis of Chemical Impurities in the Primary Coolant.—The 
performance of the helium purification system relative to de
sign performance will be recorded and analyzed and the amounts 
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of water and hydrogen removed from the core during the initial 
rise to power will be measured. Data will be taken and ana
lyzed at each planned steady state power level during the 
initial approach to power. 

PCRV Performance Tests.—In these tests, the performance of 
the PCRV and liner cooling system will be recorded and ana
lyzed. The PCRV liner and penetration cooling water flow 
will be adjusted when required to achieve uniform cooling at 
each planned steady state power level. Data on the PCRV cool
ing system performance is collected every eight hours and 
just prior to every major change in power. The PCRV data ac
quisition system will be used to evaluate the PCRV structural 
performance. Data will be recorded once per day, just prior 
to every planned change in power to a new steady state level 
and also at every 200 psig increase in reactor pressure. 
Data to determine the PCRV leak-tightness will be collected 
and analyzed. 

Primary System Performance Tests.—In these tests, the per
formance of the primary coolant system including the helium 
circulators will be recorded and analyzed. Data on the helium 
circulator and loop performance is collected at each planned 
steady helium flow level. The principal variables of the 
helium circulators, their auxiliaries and the primary coolant 
loops will be used to evaluate cooling system performance. 

Region Peaking Factor Measurements will be made with helium 
flow orifices adjusted to give approximately equal helium 
flow in each core region. This test will be performed at 
approximately 5% and 8% reactor power before any of the fol
lowing temperatures reach a limiting condition: 

a. Region helium outlet temperatures 

b. Steam generator module helium inlet temperatures. 

c. Steam generator module reheat steam temperatures. 

The helium temperature rise through each core region is used 
as a measure of the power peaking factor in each region. 

The Helium Flow Orifice Valve Performance and Calibration 
Test is performed at approximately 28% and 100% steady state 
power with rated steam conditions. Changes in core region 
outlet temperatures, steam generator module helium inlet and 
outlet steam temperatures will be recorded as functions of 
changes in orifice valve position. 

Plant Instrumentation Performance Testing.—In these tests 
the performance of portions of the plant instrumentation 
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which could not be tested prior to power operation will be 
checked. The nuclear instrumentation will be calibrated by 
means of heat balance measurements and analyses. The calibra
tion of the condensate and feedwater flow instrtmientation and 
the core region outlet thermocouples will be checked. The 
core region outlet thermocouple test will be performed just 
prior to the first adjustment of the helium flow orifices at 
approximately 8% power and again at approximately 100% power. 

Plant Transient Performance Tests.—In these tests the tran
sient performance of the plant will be tested and analyzed. 
The testing will include: A scram and turbine trip from ap
proximately 28% reactor power, a turbine trip from 50% reactor 
power, a main turbine-generator load rejection from approxi
mately 60% reactor power to house load, sequential tripping 
of the two circulators in a loop from approximately 80% re
actor power and resultant loop shutdown, and boiler feedpump 
start and stop transients. 

Plant Automatic Control System Performance Tests.—In these 
tests the plant automatic control systems will be placed in 
service and commissioned. The response of these control sys
tems to small perturbations will be recorded and analyzed. 
These tests will be performed from steady state power levels 
during the initial rise to power and will include the tuning 
of all major plant control loops and subloops. 

Reactivity Coefficient Measurements.—In these tests the tem
perature and power coefficients of reactivity will be measured 
in the power range. The reactivity change accompanying power 
level changes will be corrected for changes in helium flow 
and short term fission product poisoning. The remaining re
activity change is associated with the temperature change. 
These tests will be performed at each planned steady state 
power level during the initial rise to power. 

Differential Control Rod Worth Measurements.—The control 
rods withdrawn during the rise to power will be calibrated 
by measuring the reactivity change produced by small rod 
withdrawals during each increase to a new power level during 
the intial approach to power. These measurements will be 
performed with the aid of an analog reactivity computer. At 
each planned steady state power level of the Initial approach 
to power, the partially inserted control rods will be with
drawn a small amount and then again returned to their original 
position. By obtaining the reactivity worth of rod motions 
during temperature, power and xenon poisoning changes, these 
changes can be related to changes In reactivity. 
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10. Xenon Buildup and Decay Measurements.—In these tests the 
reactivity worth of the rapidly saturating fission product, 

Xe» is measured. Following a power level change, the re
actor conditions are held constant until near-equilibrium 
xenon is present. The change in control rod positions re
quired to maintain a just-critical reactor is used to measure 
the reactivity worth of the change in xenon poisoning. Xenon 
buildup data are collected every hour during the initial ap
proach to power. However, it is required to retain constant 
power for a time period to obtain full equilibrium xenon only 
at approximately 8%, 25%, 50%, and 100% reactor power. From 
equilibrium xenon conditions at 100% power, the power is re
duced to approximately 28% and held at this level for xenon 
decay measurements until equilibrium xenon is reached. 

11. Xenon Stability Test.—In this test the absence of any sus
tained xenon oscillations is demonstrated. At 100% power a 
perturbation is produced from equilibrium xenon by inserting 
a control rod is one region and withdrawing a control rod in 
another position. The indicated power level and region out
let temperatures are recorded as a function of time and ana
lyzed for the presence of any oscillation produced by xenon. 

12. Shielding Surveys.—At approximately 28% reactor power and 
approximately 100% reactor power, surveys of the radiation 
levels within the plant are performed. An additional survey 
is taken during and following any regeneration of the helium 
purification system. These measured data are recorded and 
analyzed to demonstrate the adequacy of the shielding design. 

13. Radiochemical Analysis of the Primary Coolant.—In this test 
the radioactive gaeous fission products in the primary cool
ant will be sampled and analyzed. These tests are used in 
the initial startup phase to define fuel fission product re
lease-to-birth ratio at zero burnup and will yield informa
tion on the fraction of failed particle coatings. This test 
is performed at each major power level of the initial rise 
to power. 

Initial Rise to Power Program 

A list of the major sequential events taking place during the ini
tial rise to power program is given below: 

EVENT DESCRIPTION 

1 Heat-up of primary system, using Pelton wheel drives 

2. Initial helium flow via two steam driven circulators 
and feedwater flow to both steam generator loops. 
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EVENT DESCRIPTION 

3 Initial generation of nuclear heat 

4 Reactor power increased to 5% and secondary system 
cleanup cycle is initiated, 

5 Initial operation of four steam driven circulators 
and balancing of helium temperatures via region core 
orifice adjustments, balancing of main steam (water) 
temperatures via module trim valve and feedwater 
ring header valve adjustments, and balancing of the 
reheat steam temperatures via loop attemperator 
adjustments. 

6 First time for boiling in the steam generator with 
saturated steam production to the main steam line. 
Reactor power increased to 18%. 

7 First time superheated steam is produced and boilout 
of the superheater section is complete. Reactor 
power is increased to 26%. 

8 The main turbine-generator is loaded to generate con 
tinuously and for the first time about 15MW (e). 

9 First generation of rated steam conditions at 25% 
plant load and under fully automatic control. 

10 First manual reactor scram and subsequent main tur
bine generator automatic trip. 

11 First time plant is at 40% power. 

12 First normal load change performed under full auto
matic control from 40% to minimum plant load or 28% 
reactor power. 

13 First manual main turbine trip from 50% power. 

14 First operation of motor driven boiler feedpump, 
reactor power at 60%. 

15 With plant operating at 80% power, two helium cir
culators in the same loop are tripped in sequence. 

16 Plant operated at 100% power. 

Table No. 1 shows the estimated reactor, water/steam and helium 
conditions for initial startup. These values will be verified during 
the startup testing. 



Table 1. Reactor, Water/Steam and Helium Conditions 
for Initial Startup 

% 
Reactor 
Power 

0 

2 

5 

8 

11 

18 

26. 

26. 

27. 

27. 

28. 

40 

50 

60 

80 

100 

2* 

8 

3 

8 

6 

% 
Helium 
Flow 

10 

15 

20 

20 

20 

33 

49 

43 

39 

35 

29 

39 

47 

58 

79 

100 

Cold 
Helium 
Temp°F 

220 

225 

290 

320 

350 

445 

590 

587 

585 

575 

560 

588 

610 

636 

580 

750 

Hot 
Helium 
Temp°F 

220 

370 

425 

570 

660 

815 

970 

980 

990 

1090 

1250 

1300 

1330 

1360 

1400 

1450 

% 
Feed 
Water 
Flow 

8 

10 

25 

30 

25 

25 

25 

25 

25 

25 

25 

36 

44 

56 

76 

100 

Feed 
Wat eg 
Temp F 

220 

220 

220 

220 

220 

220 

220 

220 

220 

260 

295 

316 

333 

350 

370 

400 

Main 
Steam 

Pressure 
psla 

1212 

1212 

1212 

2412 

2512 

2512 

2512 

2512 

2512 

2512 

2412 

2412 

2412 

2412 

2412 

2412 

Meas. 
Main 
Steam 
Temp°F 

220 

315 

400 

500 

645 

660 

800 

860 

920 

970 

1000 

1000 

1000 

1000 

1000 

1000 

Reheater 
Inlet 

Pressure 
psla 

12.4 

20 

28 

40 

50 

75 

130 

132 

135 

140 

150 

213 

262 

330 

470 

620 

Meas. 
Reheat 
Steam 
Temp°F 

355 

400 

500 

575 

680 

790 

800 

800 

900 

1000 

1000 

1000 

1000 

1000 

1000 

Helium 
Pressure 
psia 

100 

340 

400 

440 

460 

510 

590 

590 

592 

595 

600 

606 

620 

633 

660 

700 

00 
(J-l 

*Flrst electric generation 
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CONCLUSION 

At the time this paper was finalized in the first part of March 
1974 only the cold physics portion of the Series A startup test had 
been completed. At the end of February, 1974, the Fort St. Vrain 
reactor had been critical for 50.05 hours. We are pleased with the 
progress made in getting this plant started and believe its operation 
will make a significant contribution to nuclear power technology. 
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THE DESIGN AND DEVELOPMENT OF THERMAL INSULATION /„..,—-' 
FOR HIGH TEMPERATURE GAS COOLED REACTORS L-"-^ 

S. B. Hosegood 
H« Jones 

ABSTRACT 

Thermal insulation systems for gas cooled reactors have been 
developed on both sides of the Atlantic. These are described and 
examples are given from the major programmes of testing and 
development work carried out to ensure high standards of reliability 
in meeting difficult and sometimes conflicting service requirements. 

Currently available techniques and materials are adequate for 
High Temperature Gas Cooled Reactors with steam power plants but 
improved materials and techniques will be required for the higher 
temperature levels anticipated In HTGC Reactors for gas turbine 
and high temperature process heat supply applications^ Materials 
for these more severe conditions are currently being developed. 

INTRODUCTION 

Background 

Thermal insulating materials have a time honoured function as linings 

to protect furnance structures from excessive temperatures* This is an 

arduous duty in terms of environmental conditions, accessibility for 

repair and consequence of failure* Thermal insulation of an HTGR 

is an even more demanding duty since the structure being protected is the 

prestressed concrete reactor vessel (PCRV)« 

As reactors are developed to progressively higher temperature levelss 

the analogy between their thermal insulation and furnace linings will 

become more pronounced* Important differences nevertheless remain since 

periodic renewal of the whole of an HTGR insulation is unlikely to be a 

practical proposition while the very low concentration and chemically 

reducing nature of the HTGR coolant impurities present quite different 

problems and opportunities to the materials scientist from those in a 

conventional furnace and the high circulating gas pressure aggravates 

problems of convective heat transfer* 
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Requirements 

The primary coolant of an HTGR Is high purity helium pressurised to 

around 50 atm and circulated at flow velocities up to 300 ft/s (91 m/s)* 

Mixed gas temperatures at the hot end of an HTGR primary circuit may range 

from just over 700 C in a conservatively designed nuclear steam supply 
o 

reactor to more than 1000 C in a future reactor supplying heat to high 
1 

temperature chemical process plant * Local temperatures in the gas stream 

may vary ±200 C from these values. These temperatures span the range in 

which most structural metals "run out of strength", making ceramics 

increasingly interesting towards the upper end of the range. 

At the "cool" end of the HTGR circuit temperatures will be some 

400-500 C lower and, while this is a range in which a wide variety of 

traditional materials can be used, it still requires quaranteed integrity 

of the thermal insulation since the water-cooled steel liner of the 

prestressed concrete reactor vessel must be held to 50-70 C to limit 

thermal stresses in the concrete and to eliminate local boiling in any 

of the multiple parallel paths of the liner cooling system. 

To maintain these standards the insulation must satisfy conflicting 

requirements. Low permeability to heat carrying gas-flows must be combined 

with ability to accommodate rapid pressure changes, while thermal expansion 

must be accommodated without undue wear or fatigue due to repeated flexing* 

The insulation must withstand acoustic excitation by the blowers or gas 

turbine machinery and corrosion by impurities in the coolant gas* A great 

deal of research effort has been devoted to these problems. Additionally 

the insulation should not absorb and subsequently slowly release impurities 

and should not become radioactive due to neutron capture or the absorption 

of long-lived fission products. 

In current HTGR nuclear steam supply system designs the core and 

the boilers tend to form separate packages relatively isolated from the 

pressure vessel insulation. This leaves the cool and hot ends of the 

circuit as distinct zones at widely different temperatures leading to a 

terminology in which the cool end insulation is referred to as "T 

insulation" and the hot end as "T insulation"* There is a very large 
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cost difference between these two types, so that designers aim to arrange 

a "T " flow over as much as possible of the vessel insulation. 

Types of Insulation 

Three basic insulation techniques have been developed or proposed 

for gas-cooled reactor applications they are: 

(a) All metal insulations comprising multiple layers of metallic 

radiation and convection barriers with suitably vented gas spaces. 

(b) Compressed ceramic fibre blanket insulations employing metal 

components to retain them in place, suppress by-pass flows and 

maintain adequate fibre compression. 

(c) Rigid ceramic insulations with or without metallic coverings 

at their hot faces. 

In some cases the most appropriate way of meeting requirements may 

be to combine two of the above techniques. 

Metallic Insulation Systems 

These were developed for CO cooled Magnox reactors and are also 

employed in the 300 MW(e) pebble-bed HTGR under construction at Schmehausen 

in Germany. Extensive development has resulted in very satisfactory 

performance over some 19 reactor years of UK Magnox reactor operations. 

On the other hand this type of insulation requires elaborate inter-layer 

sealing arrangements and it is difficult to eliminate leakage paths 

adjacent to an uneven liner surface, particularly around penetration 

junctions. 

Ceramic Fibre Blanket 

These insulations were developed specifically to avoid or minimise 

the above problems. They have been installed in the later CO cooled (AGR) 

power reactors and in the 300 MW(e) Fort St, Vrain HTGR which (at the time 

of writing) will shortly enter service. They are also specified for the 

large HTGR generating stations currently on offer. The fibre blankets 

rely on compression to maintain low permeability and a tight fit against 

the liner. Compression is applied by pre-loaded metal cover plates. 
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Creep relaxation of the fibre blankets occurs at elevated temperatures 

and the substantial cover plate loads increase retaining stud stresses 

and accentuate problems of friction in catering for thermal expansion. 

Rigid Ceramic Materials 

These have been used for insulating purposes in gas-cooled reactors 

(e.g., pumice concrete in some early French Magnox reactors and 

"Kohlestein" (carbon bricks) in the AVR pebble-bed reactor experiment). 

Newer materials which can be exposed directly to the flowing hot gases 

may offer substantial advantages, especially for very high temperature 

applications. 

Development Work in Progress 

Development work has been in progress for a number of years in 

several places. The following chapters of this paper give some examples. 

The authors are greatly indebted to the individuals and organisations who 

have contributed material for this brief account of their work. 

DEVELOPMENT IN THE UNITED STATES 

Background 

The gas cooled commercial power reactor has a comparatively short 

history in the United States having been introduced only after many 

successful years of operation in Europe. However, development has been 

very rapid in recent years due to the large commercial high temperature 

gas cooled reactor programme of the General Atomic Co. (HTGR) which 

operates at significantly higher temperatures than previous commercial 

designs. 

Early work concentrated on the multiple layer metal foil principle, 

similar to that used on the Britich CO cooled reactors. The UHTREX 

programme at Los Alamos, used such a design in an experiment to determine 

its performance and long term integrity in a high temperature helium 

environment. Later General Atomic adopted this approach for their first 

HTGR - Peach Bottom No. 1. This 40 MW(e) unit has a steel pressure vessel 

insulated with SOLAMI, a stainless steel foil laminate fabricated by 



490 

Solar Division of International Harvester Corp. Commercial operation 

started in early 1967 and has continued successfully for 7 years so far* 

Some recent indications of insulation degradation are attributed to 

metallurgical changes in the very thin foil (o*002 in/0.05 mm). Peach 

Bottom No* 1 was originally designed for only a 5 year life* 

The Original Fort St. Vrain Design 

With Peach Botton No* 1 operating successfully, an improved laminated 

metal design was originally adopted for the Fort St. Vrain (FSV) HTGR. 

This reactor was the first in the USA to use a Prestressed Concrete Reactor 

Vessel (PCRV)* (Fig, l). The insulation generally was about 3 in 

(76 mm) thick with comparatively heavy (0.03 in/0.76 mm) sheet metal 

laminations spaced 0.25 in (6 mm) apart by wire mesh. 0.25 in (6 mm) thick 

cover plates were specified* The heavier gauge materials were expected to 

overcome foil metallurgical degradation problems. 

Another significant design difference was the use of shop 

pre-fabricated panels, rather than the wall-papering method used to apply 

the thin foil, more or less continuously, on British reactors. (Fig. 2). 

The design suffered from one major drawback* Gaps were necessary 
« 

between the modular panels to allow for installation, thermal expansion, 

and PCRV movements* These gaps were substantial and virtually uninsulated. 

Forced convection effects resulting from primary coolant conditions at 

different points in the loop, were found to result in unacceptably high 

local liner temperatures adjacent to these gaps. 

At about this time the Oldbury Magnox Station in England was being 

delayed by similar problems. G.A. consulted TNPG, the builders of Oldbury, 

and the two companies agreed to seek an alternative approach less 

sensitive to pressure gradients with both conducting indepenent research 

but comparing results periodically to hopefully combine the best products 

available on either side of the Atlantic* 

This decision was implemented at General Atomic on the highest 

priority since only about l-J years were available before starting to 

insulate the FSV vessel. In this period it was necessary to screen and 
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Fig, 2. Test Panel - Early Metal Laminate Design for Fort 
St. Vrain, 
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select an alternative approach, perform materials and engineering model 

tests to demonstrate their adequacy, develop and execute a detail design, 

procure and fabricate the materials and components, develop the 

installation techniques and obtain AEC licensing approval of this new 

approach. 

Fort St, Vrain - Development of the Current Design 

Fort St. Vrain was the first US reactor to employ a PCRV and this 
3 

dominated the requirements for the insulation . The primary coolant 

loop circulates approximately 3.4 x 10 Ib/h (1,54 x 10 kg/h) of helium 

at 700 psia (48 bars). The core inlet side is at a mean temperature of 

about 760°F (404°C) and the outlet at 1440°F (782°C)* Local temperature 

variations up to 1985 F (1085 C) occur in the core outlet gas stream at 

normal full power rated conditions. In addition, a complete loss of 

primary coolant flow is recognised as the design basis accident. This 

requires the insulation protecting the core support floor to withstand 

thermal radiation from the adjacent graphitfe core support blocks which 

would reach 3000°F (1649°C) in this accident. 

In contrast to the high coolant temperatures, the PCRV designers 

specified that the normal operating temperature of the PCRV should 

generally not exceed 130 F (59 C). Square tubes (1 inch outside x 

0.125 inch wall) 25 x 3.2 mm) welded to the liner, remove the heat passing 

through the insulation* This cooling system operates at a mean 

temperature of 105°F (40°C) (95° inlet/115° outlet) (35/46°) and is 

instrumented to determine insulation performance and to detect failure. 

Before proceeding into detailed development, a trade-off study of 

insulation thickness versus cooling system capacity was conducted. 

Cooling capacity is determined primarily by tube spacing rather than water 

flow/temperature rise considerations. 

The final FSV design employed tube spacings from 2*62 to 7.5 in 

(66 to 190 mm). The PCRV temperature criteria for these two spacings 

are met when the insulation heat flux does not exceed 4,000 and 
2 2 

920 BTu/h ft (12,510 and 2,900 W/m ), respectively. To design the 
insulation, these fluxes were divided by 2, thus providing a margin for 
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inaccuracies, degradation of insulation over the reactor life, and 

uncertainties in convection effects (both forced and natural) within the 

insulation. Initial selection of overall thickness was based on 

k = 0.25 BTu/ft h °F (4.33 x 10~^ VJ/cm °C) * 

The search for an alternative type of insulation started with a 

thorough review of methods already in use or considered by others. From 

these discussions it became obvious that all previous choices had been 

determined by compatibility with reactor core materials rather than 

insulation efficiency. For the HTGR this did not have to be such a 

heavily weighted factor as, for example, in a Magnox reactor. Provided 

such obvious contaminants as boron were avoided, a wider choice of 

materials could be considered. The range of commercially available 

insulation products was examined and the conclusion reached that ceramic 

(or glass) fibre products were particularly attractive for the primary 

insulation requirement with ceramic fire brick types being useful for 

the area directly under the core* Screening tests were then employed 

to optimise the choice. At this point most of the candidate materials 

failed becuase they contained significant quantitites of boron 

(unacceptable because of the risk of release into the core as dust) or 

such corrosives as leachable chloride salts which might concentrate and 

cause component corrosion following steam leak accidents. 

Fortunately, one ceramic fibre product - "Kaowool" (Babcock & 

Wilcox, Augusta, GA,) and one fire brick product - "Glasrock/Masrock" 

(Glasrock Products, Atlanta, GA.) seemed to meet the basic chemistry 

requirements and were selected for further study. 

"Kaowool" is a fibrous material derived by spinning fibres from 

molten natural Kaolin clay. Its chemistry is approximately a 50/50 mix 

of alumina and silica with a very small content of objectionable 

contaminants. It is available in various forms but is used by GA Co in 
3 3 

blankets, 1 inch nominal thickness (25 mm) 8 lb/ft density (128 kg/m ). 

Its melting temperature is above 3000 F (1649 C) and it is commonly used 

in conventional insulation at temperatures up to 2300 C (1260 C). 
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"Glasrock" and "Masrock" are slightly different forms of the same 

material which is slip cast pure, fused silica (quartz). "Glasrock" is 
3 3 

more porous and has a density of 50 lb/ft (800 kg/m ), "Masrock" is 
3 3 

120 lb/ft (1,922 kg/m ). Chemistry is 99.9% silica. Generally used as 

3 inch (76 mm) thick flat slabs, cast shapes are also possible. In some 

components the application is load bearing; lots of material for this use 

must demonstrate a cold compressive strength of 8,000 psi 

(5,516 Newton/cm ), This product melts at 3050 F (1677 C) but is limited 

in load bearing applications to about 1500 F (816 C) by the onset of 

relatively rapid creep. 

The principal design advantage of the ceramic fibre insulation was 

the ability to apply it to the relatively rough surface of the PCRV liner, 

around penetrations, etc., and yet to achieve a tight fit, highly resistant 

to by-pass gas flows. Relatively liberal manufacturing tolerances could be 

employed (compared with the requirements of the metal laminate design) and 

simply compressing the insulation resulted in a very low permeability 

system. 

The main problem was to demonstrate that the intial configuration 

and performance could be maintained throughout the reactor lifetime. 

It was also necessary to show that the selected ceramic block material 

would not crack, spall, or powder excessively as a result of thermal 

cycling. 

Tests were therefore started to simulate all reactor operating 

conditions for its 30-year design lifetime. The Kaowool ceramic fibre 

blankets were tested as follows; (l) Chemistry, (2) Compression load 

versus deflection and material damage, (3) Permeability as a function 

of compression for various configurations of joints between blankets^ 

(4) Resiliency as a function of temperature following irradiation and 

steam leaks, (5) Immersion in water, dry-out rates, (6) Acoustic and 

mechanical vibration* Tests on the Silica block material were similar 

except that resiliency tests were not applicable and some additional 

thermal shock tests were done. 
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The results were entirely acceptable with one major exception. 

Kaowool had been expected to satisfy both core inlet (760 F) (404 C) 

and outlet (1440 F) (782 C) conditions since it was rated for over 

2000 F (1093 C) in normal insulation applications. In resiliency tests 

as a function of temperature it softened in a very short time at 1000 F 

(538 C) and exhibited essentially no "spring-back", although at 800 F 

(426 C) it spjTung back to around 90% of its original thickness after 

compression to 70% for the same period. Further testing to periods up 

to 5,000 hours confirmed satisfactory "spring-back" for temperatures 

up to 800 F (426 C). This resulted in an urgent search for materials 

which might retain resiliency up to 1500 F (816 C) for extended periods 

and would not soften in short time exposure below 1800 F (982 C). The 

French company Quartz et Silice were marketing a pure silica felt blanket 

which had failed previous screening tests but which Quartz et Silice 

thought could be improved by heat treatment. Their development was 

successful and the improved material was incorporated into the GA Company 

design. In appearance and general properties it is almost identical to 

"Kaowool" permitting Identical techniques for fabricating and installing 

the blankets. 

Engineering model tests followed to prove integrity of the mechanical 

components of the insulation system over the reactor lifetime at the high 

temperatures required. Major tests performed included: 

(1) Mock-ups of the most difficult reactor areas on which trial 

installations were made. Many design details were developed this way. 

(2) Accelerated Thermal Cycle tests of typical components (both core inlet 

and outlet). 

(3) Fatigue tests of the attachments to the PCRV liner. 

(4) Friction and wear tests on the many parts requiring relative movement 

to accommodate thermal expansion. 

(5) Thermal performance tests on a section typical of the core inlet side 

and another on a typical core outlet side component (the hot duct 

through the core support floor). These were done with realistic 

operating temperatures, gas pressure, and pressure gradients and 
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provided quantitative verification of the increase in heat transfer 

resulting from pressure gradients. 

(6) Sudden depressurisation of the reactor vessel was simulated with 

a maximum rate of - 60 psi/s (4 bars/s). 

In general all results were favourable, although the thermal 

performance tests demonstrated conclusively that primary coolant by-pass 

flow is the most severe problem faced by the designer. In both tests, 

small errors in installing the test models produced startling increases 

in heat transfer to the simulated PCRV liner. Both errors short circuited 

the sealing provisions and in both cases correcting the error immediately 

restored the thermal performance to the expected value. 

Fort St® Vrain Construction 

Detail design of the reactor installation started in parallel with 

the later phases of development since thd overall reactor construction 

programme was by now well under way* Tolerances were chosen to 

accommodate any Variation in the existing reactor components and this 

proved one of the fundamental advantages of ceramic fibre blanket. 

Every individual component (there are 100,000) was completely detailed, 

toleranced, and prefabricated to be installed in sequence without further 

adjustment. Insulation blankets were shop fabricated and shipped to the 

field in polethylene bags, mounted on masonite panels. The blankets were 

generally about 24 x 72 in (0.6 x 1.8 m) with all mounting holes and 

mitred edges pre-cut. Installation was carried out by local insulation 

craft workers under supervision by GA Quality Assurance personnel and 

the entire installation job took place over a period of about 1 year 

running in parallel with installation of other reactor internals. The 

insulation is in three categories - "A" the low temperature core inlet 

side of the loop (Fig. 3), "B" the core outlet side hot gas ducts and 

"C" the core support floor immediately below the core outlets where the 
2 2 highest temperatures are experienced (Fig* 4), 16,000 ft -(1,486 m ) 

of Class A, 1,500 ft^ (140 m^) of Class B, and 600 ft^ (55 m^) of Class C 

were installed. 
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Fig, 3. Installation of Ceramic Fibre Blankets and Cover Plate 
on Vessel Wall - Fort St. Vram, 
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Fig. 4. Installation of High Temperature Ceramic Block Installation 
on Core Support Floor - Fort St. Vrain. 
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Fort St, Vrain Performance 

Design calculations predicted a total insulation heat loss of 

12 X 10 BTu/h (3,5 MW). The PCRV cooling system was designed for a 

capacity of 24.5 x 10 BTu/h (7*2 MW) at 20°F (11°C) temperature rise* 

During the pre-operational hot flow test the performance was 

monitored in detail, and extrapolated to full power operational 

conditions. Results indicated a total heat load of 10 x 10 BTu/h 

(2.9 MW), the cooling system measurements showing it to be capable of 

removing 27 x 10 BTu/h (7.9 MW), 

Local evaluations of each zone were also made. In a few areas 

(always associated with a large pressure gradient in the primary coolant) 

the performance was not up to expectations* This had been allowed for 

by providing additional cooling tubes at such locations. Nevertheless, 

the local increases in heat load required adjustment of the cooling 

water flow rates to increase heat removal capacity. Fortunately, these 

local increases did not outweigh the generally better than expected 

performance* 

Cooling system performance is monitored by a permanent measurements 

system. Additional temporary temperature sensors were also deployed 

throughout the PCRV. In general these indicated lower than expected 

temperatures particularly on the liner itself. 

Design of Insulation for the Large HTGR 

The Fort St. Vrain project having satisfactorily demonstrated the 

practicality of a compressed ceramic fibre blanket system, the same 

materials and general approach were adopted for the larger 2,000 and 

3,000 MW(t) projects, (Fig, 5), but with considerable simplification 

to improve reliability and reduce fabrication and installation costs. 

The major changes are: 

(l) A single layer of insulation is used instead of two layers in 

series with two cover plates. The single layer provides the same 

thermal resistance (and safety factor) as the two separate layers 

in the FSV design. 
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(2) A different layout for attachements to the liner is used, with a 

smaller total niomber resulting in improved thermal performance. 

This is illustrated by comparing Figs. 3 and 6, 

2 
Each 3,000 MW(t) HTGR requires a total of around 45,000 ft 

2 2 2 

(4,180 m ) of primary loop insulation. 34,000 ft (3,158 m ( of this 

(76%) are used on the core inlet side where the full power normal 

operating temperature is 640 F (338 C). This system employs carbon steel 

cover plates and attachement hardware over "Kaowool" insulation blankets, 
2 

typically around three inches thick installed. Another 10,000 ft 
2 

(929 m ) (22%) of higher temperature insulation is used on the side wall 

of the core outlet pleniom, in the hot ducts and in the lower part of the 

steam generator cavities. This system is generally constructed from 

nickel alloy over plates (Hastelloy X) over pure silica felt (Quartz et 

Silice) and Kaowool. Thicknesses vary from 3 to 5 inches. In the hot 

ducts there is a continuous nickel alloy liner in addition to the cover 

plates, which protects the insulation system from the high velocity flow 

and resultant gradients. In this portion of the loop the maximum mixed 

gas temperature at normal full power operating conditions is 1430 F 

(777°C), but local conditions may reach 1700°F (927°C), Finally on 
2 2 

the bottom head of the core cavity there is 1,000 ft (93 m ) of a 

composite system designed to withstand the very high temperatures local 

to the area immediately below the core. (Essentially the same as the 

FSV design in Fig. 4). These may be as high as 1950 F (1055 C) in normal 

operation at full power and 2400 F (1316 C) during some modes of CACS 

operation. The top layer of the composite is 3 inches thick silica block 

over two separate layers of "Kaowool". The lowest of the three layers 

(adjacent to the PCRV liner) is essentially the same as the low 

temperature system used elsewhere and is compressed tight against the 

liner to resist by-pass flow. Total thickness is 9 inches. 

As in Fort St. Vrain the design of the insulation is based on a 

safety factor of two compared with the cooling system capacity. Current 

predictions indicate insulation losses of 23 x 10 BTu/h (5.7 MW) and 

a cooling system capacity of 51 x 10 BTu/h (15 MW) at 20°F (ll°C) rise. 
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Current Development Programmes 

Current development tests are primarily aimed at verification of the 

existing large HTGR design. General Atomic Company are continuing 

research into ceramic fibre blanket resiliency with emphasis on extending 

the duration of tests. G.A. are also pursuing alternate sources of 

material and hope to develop improved retention of resiliency at higher 

temperatures. 

Under agreements with G.A,, the French CEA at Saclay is engaged 

in similar materials research. Plans are also in hand to test full 

scale system components, particularly the hot ducts, under full power 

operating conditions and in some cases maximum accident temperatures. 

This work will not be complete until the end of 1975. 

DEVELOPMENT WORK IN EUROPE 

Background 

Gas-cooled reactors have a long European tradition and internally 

insulated concrete reactor vessels were adopted for the later French and 

British Magnox reactors and for the AGR, Such vessels are universally 

specified for High Temperature Gas-Cooled Reactors and are proposed for 

Gas-Cooled Fast Breeders. 

Current emphasis is on the recjuirements of the HTR. Typically this 

will have a downward flow core with a high temperature plenum underneath 

connected by radial ducts to individually removable vertical heat 

exchanger units (Fig. 5). A more complex circuit is required in a direct 

cycle HTR/gas turbine plant but again the hottest gas paths will be kept 

as short and simple as possible. 

Extensive insulation design and development programmes have been 

mounted at a number of centres. It has only been possible in a short 

paper to illustrate these by a few examples. 
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Work on Metallic Insulation Systems 

General 

Metallic insulation systems designed by Darchem Engineering Ltd 

in England and by Creusot-Loire in France have been used in Magnox 

reactors and in the 300 MW pebble-bed HTR. Development work has been 

carried out in the UK, France, Germany and at the Euratom Research 

Centre at Ispra where an independent metallic insulation design of 

modular form has also been designed and tested. Lifetime tests in 

an operating HTR have been mounted by installing hot gas ducts of Darchem 

and Creusot-Loire insulation in the Dragon Reactor under collaborative 

arrangements between the Dragon Project, KFA and the CEA (Fig. 7). 

Metalisol Insulation 

(Based on Information provided by Mr. A. Ollagnon (Creusot-Loire). 

Fig. 8 shows diagrammatically the construction of Creusot-Loire 

"Metalisol" insulation as mounted on vertical walls. Packs of 20 mesh 

wire gauze are sandwiched between stainless steel sheets. These are 

built-up in layers to the recjuired total thickness and held in place by 

cover plates and retaining studs. Suppression of inter-layer gas flow 

is important and a major CEA test loop CHELA has been used to investigate 
4 

thxs effect . A local pressure gradient is induced by partially 

obstructing the hot helium flow passage adjacent to the insulation. 

A pressure drop in the region of 1 psi (0.07 bar) at heliiom conditions 

of 500 C and 40 bars approximately doubles the conductivity of the 

Insulation (Fig. 9). 

Friction and wear between the cover plates and their retaining 

washers and between the internal insulation layers, have been studied 

at 800 C in a controlled (HTR helium) atmosphere test rig. No problems 

were found between the lightly loaded insulation layers (friction 

coefficients ->0.8) but the more heavily loaded cover plate retaining 

washers showed wear with friction coefficients ranging up to 3 in some 

casesi Best results were obtained with Hastelloy C washers and 

Incoloy 800 cover plates. 
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Fig. 7. Experimental Insulated Hot Gas Duct Liner before 
Installation in the Dragon Reactor. (Darchem) 
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A major endurance test of the Metalisol hot duct insulation for 

the THTR reactor is in progress at HFIB (Mannheim) in collaboration with 

Bertin et Cie. This is shown in Fig. 10. The hot face temperature is 

cycled five times per day between 600 and 800 C while vibration loads of 

200 N at 100 Hz are applied at the centres of cover plates. Heat losses 

and compression of the insulation can be measured continuously. 

Darchem Insulation 

Based on information provided by: Mr. J. Matthews (Darchem), 

Mr. A. Aranovitch (Ispra), Dr. H. D. van der Weyden (HRB) and 

Messrs. Scholz and Brokerhoff (KFA Julich). 

Darchem all-metal insulation is made up from layers of stainless steel 

foils, 0.004 inches (0.1 mm) thick, separated by suitable spacers. Early 

designs were built-up in situ layer by layer with wire grid spacers. Recent 

designs utilise dimpled foil spacers sandwiched between pairs of plain 

foils, edge welded to form elements with a single vent. Development work 

showed the element insulation to provide better thermal performance, to be 

more resistant to internal gas permeation and to sustain less wear due to 

vibration. Thick cover plates protect the insulation against acoustic 

or mechanical damage. The low gas-induced forces in a helium circuit 

allow each cover plate to be retained by a single anchor stud. This avoids 

the relative expansion problems of multi-stud fixings but makes secondary 

retention devices advisable as a precaution against stud failure. 

Provision of adequate resistance to internal gas movements presents 

special problems at penetration junctions and corners. Fig. 11 shows one 

of the large mock-ups employed by Darchem for permeability and thermal 

cycling tests of such features. Development work on this insulation in the 
5 

UK has parallelled the French work already described. Tests at HRB on 

the Darchem T insulation for the 300 MW THTR blower outlet and sidewall 

regions provided conductivity measurements over a range of gas velocities 

before and after thermal cycling, pressure transients and exposure to 

temperatures above the normal operating conditions. The tests confirmed 

the suitability of the insulation, yielding Nusselt numbers in the range 

of 1.8-2.4 with hot and cold side temperatures of 260 C and 30 C, 
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Fig. 11. Mock-up for Permeability and Thermal Cycling Tests 
(Darchem), 
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respectively, in helium at 40 bars. 

A problem arising in a direct cycle gas turbine reactor system is 

that very rapid pressure transients in the order of 10 bars/s may occur. 

A large test rig at Ispra was used under a joint programme with KFA to 

investigate the response of Darchem cylindrical ducts (600 mm long by 

500 mm diameter) to rapid depressurisation from 25 atm. Insulation 

"bobbins" were tested at Nitrogen and Helium depressurisation rates up 

to 8,5 and 19,2 atm/s respectively. Fig. 12 shows a bobbin damaged by the 

most severe tests with helium. A second bobbin withstood the tests after 

minor modifications to improve its venting. 

Venting conflicts with the requirement of low permeability and tests 

in the H.D. Kanal loop at KFA were initiated recently to verify the 

performance of Darchem element insulation in an 800 mm bore horizontal duct 

carrying high pressure 400 C helium at 15 m/s (318 ft/s). The duct 

insulation is subdivided circumferentially into four sectors individually 

tied inside the pressure tube by anchor studs and curved cover plates. 

An inner liner tube, equipped with vent holes and axial expansion joints, 

separates the insulation from the high velocity flowing gas» An annular 

gap was necessary between this and the cover plates to permit radial 

expansion of the inner tube. In the initial test set-up this gap was wider 

than strictly necessary. Tests in this condition produced an important, 

if unexpected result: the bottom insulation sector showed an excellent 

performance (indicating low permeability) over the full range of helium 

flow and pressure but the performance of the side and top sectors was 

seriously influenced by gas pressure. Natural convection in the annular 

gap appeared to be responsible for this effect which must clearly be 

avoided in the horizontal hot ducts which feature in most HTR layouts. 

Ispra Cellular Metallic Insulation 

(Based on information provided by Mr, A. Aranovitch (Euratom CCR, Ispra)). 

7 

The Euratom, Ispra, insulation was evolved specifically for helium. 

This is characterised by low weight (permitting expensive materials) and 

a completely prefabricated structure in which thermal expansions are 

accommodated without sliding. The two part structure comprises a lattice 
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Fig. 12. Duct Insulation Buckling Produced by Sudden 
Depressurisation in Ispra Test Rig. 
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of 0.5 mm walls, stud mounted or spot welded to the vessel liner, filled 

by multiple layers of 0.2 mm thick sheet stamped into the form shown and 

spot welded to the cell walls (Fig, 13). 

Test panels have survived thermal cycling and 20 atm/s helium 

depressurisation tests. Thermal tests have so far only been carried out 

in atmospheric pressure nitrogen and air at hot face temperatures up to 

700°C, 

Work on Ceramic Fibre Insulation 

Work at CEA, Saclay and Bertin et Cie 

(Based on information provided by Mr. P. Felten (CEA, Saclay)), 

Much of the French work on fibre insulation has been in support of 

the General Atomic Development programme described in Chapter 2 of this 

paper. The test rigs employed are described in a CEA paper presented at 

this conference. Property measurements, especially fibre blanket 

relaxation, have been made over long times with realistic temperature 
4 

gradients . Some relaxation results are shown in Fig. 14. Friction 

tests are also being made in HTR helium at up to 1000 C on cover plate 

retention features. 

The future programme covers fibre corrosion, vibration tests with 

diist measurements and full scale hot duct tests under simulated accident 

conditions in the large Carmen II loop which is being modified to permit 

helium temperatures up to 1025 C with a flow of 40 kg/s. 

Work at TNPG Ltd 

(Based on information provided by Dr. B. N. Furber, (TNPG)). 

Some years ago TNPG decided to adopt ceramic fibre insulation for 

their Hinkley "B" and subsequent AGR stations. They have carried out an 

intensive development programme, initially for the CO -cooled AGR and more 

recently for the helium-cooled HTR. Fig, 15 shows the hot face of the main 

vessel wall insulation in the Hinkley "B" AGR. The single centre stud 

cover plate anchorage and secondary retention devices linking neighbouring 

plates are prominent features. Secondary cover plates and stainless steel 
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Fig. 13. Ispra Cellular Metallic Insulation. 
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Fig. 15. Main Vessel Wall Insulation Hot Face in Hinkley "B" AGR. 
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foils prevent dust egress. Typical fibre diameters are about 5 pt. and 
3 8 

compressed densities aroung 160 kg/m provide the required permeability 
-10 2 of about 10 m for CO reactors. For helium reactors permeabilities 
-8 -9 2 

between 10 and 10 m are probably adequate. 

Large scale tests on insulation assemblies have investigated all 

critical aspects over several thousands of hours. Nine modules (cover 

plates) is considered the minimum specimen size. Thermal cycling tests 

are combined with vibration using electro-magnetic simulation of the 

acoustic responses previously measured in high pressure ambient 

temperature rigs in which large specimens are exposed to a noise spectrum 

similar to that predicted for the reactor. 

Work on Solid Ceramic Materials 

Work at CEA, Saclay on Masrock 

(Based on information provided by Mr. P. Felten (CEA, Saclay)). 

Masrock (cast porous fused silica) has attractive possibilities as a 

high temperature insulating material for HTR applications (good thermal 

shock resistance, coefficient of expansion only 0,6 x 10 per C and 

conductivity of about 0,7 w/m C). Work at CEA has been directed towards 
9 

its use for the insulation of vertical walls and hot gas ducts . 

For vertical walls a silica cement has been employed to join precast 

Masrock blocks and the structures have been cycled by heating the hot face 

to 800 C over 6 to 8 hours, followed by either slow or rapid cooling. 

Rapid cooling is by an air blast which reduces the hot face temperature 

to 100 C in about 2 hours. The cold face is silica cemented to a water-

cooled steel plate at about 50 C, thus providing realistic temperature 

gradients. Preliminary tests between 20 C and 500 C showed good behaviour. 

The mortar joints are 3 to 4 mm thick and the colloidal silica cement gives 

off the major part of its non-chemically bound water at temperatures 

below 100°C. 

For hot ducts a different technique has been developed. The 

problems of mounting, leak tightness and avoidance of cold side tensile 

thermal stresses have been solved by interposing a pressurised annular 
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metallic envelope between precast Masrock cylinders and the cooled duct 

liner. (See Fig. 16). The intention is to inject a pressurising medium 

which will solidify while retaining sufficient elasticity to maintain the 

prestress. A minimum pressure of about 20 bars is required. Solidification 

of the pressurising fluid will render the duct lining non-removable but 

for test purposes simple hydraulic pressure has been employed. Test ducts 

have been subjected to thermal cycling tests similar to those already 

described. 

In other tests on Masrock, properties have been measured at 

temperatures up to 1050 C, The upper temperature limit is set by 

recrystallisation which proceeds at unacceptable rates at temperatures 

substantially in excess of 1000 C. High density ('*'2 g/cm ) Masrock 

has resisted depressurisation rates of 15 bars/s from 90 bars in helium, 

which caused cracking in lower density material. Masrock has been found 

to absorb Caesium strongly, even at elevated temperatures. It must 

therefore be expected to become contaminated with Caesium-137 in an HTR 

circuit. Specimens are to be exposed to the Dragon Reactor primary coolant 

to provide quantitative data on this aspect. 

Work at UKAEA, Harwell on Silicon Nitride 

(Based on information provided by Dr. R. G. Sowden, UKAEA, Harwell)). 

Another ceramic which combines excellent thermal shock resistance with 
10 

versatile fabrication possibilities is Silicon Nitride Si N . The 

thermal conductivity of this material in its denser forms is however too 

high for insulating purposes. Two techniques for overcoming this drawback 

are to make foamed, low density material or to make multi-layer silicon 

nitride structures analagous to those employed in metallic insulation. 

"Plastic-ceramic" fabrication techniques developed at Harwell enable either 

of these objectives to be achieved in principle, Silicon powder is mixed 

with a thermo-setting plastic which can either incorporate a foaming agent 

or can be extruded, rolled, pressed and joined into complicated structures. 

The resultant pieces or assemblies are heated in nitrogen to carbonise the 

plastic and nitride the silicon. Nitriding proceeds slowly at about 

1400 C, The complex structures which can be fabricated in this way are 
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illustrated by Fig, 17, Gas turbine regenerator matrices up to 1 m in 

diameter have been made by this technique from interleaved layers of 

0,004 inch plain and corrugated Si N strip. It should be possible to 

build-up plain and corrugated foil sandwich insulating panels or 

cylindrical hot duct liners by similar fabrication methods. 

Due to their low thermal expansion coefficient (">»2.5 x 10 / C) 

silicon nitride components should be characterised by low thermal stresses 

and have good thermal cycling resistance. 

Dragon/CEGB Noise Tests 

Since acoustic excitation is one of the environmental conditions 

which must be resisted by the insulation, important questions are related 

to any differences in this respect between heliiom circuits and the CO 

systems in which extensive experience has already been gained. A Dragon 

loop containing a 100 HP centrifugal circulator, capable of speeds up to 

12,000 rpm, has been operated with helium, CO and Nitrogen under a 

programme in collaboration with the CEGB to investigate acoustic 
11 

behaviour 

The expected linear dependence of sound pressure on gas density and 

inverse dependence on velocity of sound in the gas were broadly confirmed, 

and the dipole mechanism (sound pressure proportional to the cube of the 

circulator speed) was found to be the predominant noise source in helium 

as in CO and N . Due to the high velocity of sound in helium, modal 

"cut-off" (in which lower frequency modes decay within a short distance 

of the source) was found to be effective in eliminating propagation of 

the blade-passing frequency and some of its lower harmonics provided the 

number of rotor and outlet guide vanes are appropriately chosen. This 

could be valuable in the design of helium cooled reactors, provided it 

is remembered that modes which may be cut off in helium will propagate 

during commissioning tests in air. Reasonably good agreement was found 

between experimental and theoretical values of the modal cut-off speeds. 
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Fig. 17. Silicon Nitride Component Fabricated by Plastic Ceramic 
Technique (Harwell), 
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CONCLUSIONS 

As shown in this survey, several techniques have been developed for 

meeting the insulation requirements of current gas-cooled reactors. 

Conflicting requirements have led to complicated and costly insulation 

designs and, while extensive test programmes have demonstrated the 

adequacy of the solutions adopted for individual cases, no universal 

panacea has emerged so far. 

Reliability over a long service liftime is a paramount requirement 

and it is to be hoped that new materials will permit simplified designs, 

making it easier to ensure reliability and reduce installed costs. 

We are currently approaching the practical limits of temperature for 

the nickel alloys. Under accident conditions, the short term creep rupture 

strength of these alloys is negligible at around 2000°F (1095°C). It 

appears there is little hope for improvement due to the relatively low 

melting temperature of nickel and its alloys. Refractory metals do not 

apparently offer any prospect for replacing nickel since their metallurgical 

compatibility with the very small traces of oxidising impurities always 

present in the HTGR primary coolant is poor and they present difficult 

fabrication problems. 

For temperature levels substantially above 850 C, contemplated for 

nuclear gas turbine and process heat applications, new insulating materials 

and techniques will certainly be required. Solid ceramic materials seem 

to present the best prospects for meeting these advanced requirements but 

considerable development work will be necessary to evaluate their full 

potentials and determine their limitations, 
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MATERIALS SELECTION FOR GAS-COOLED REACTOR COMPONENTS 

P. D. Hedgecock* 
P. Patriarcat 

ABSTRACT 

The governing environmental conditions within the High-
Temperature Gas-Cooled Reactor (HTGR) are described in rela
tion to the functions of all the major nuclear steam supply 
system components. Using these descriptions, the rationale 
underlying the selection of appropriate materials is explained. 

Special attention is paid to the problems associated with 
the highest temperature structures such as the thermal barrier 
and steam generators. Background work on materials used in 
these structures is summarized and reference is made to studies 
on the effects of helium impurities on alloys for use in the 
HTGR. 

Current and near-term future programs are briefly de
scribed. A concluding theme postulates future changes in al
loying element availability with the effect that these changes 
could have on alloy and material development programs. 

INTRODUCTION 

Through the use of a ceramic fuel, graphite moderator, and a neu-

tronically transparent heat transfer medium, namely, helium, the High-

Temperature Gas-Cooled Reactor (HTGR) develops a higher overall station 

net efficiency (approximately 38%) than the competitive light water mod

erated reactor (LWR). This is primarily due to the attainment of higher 

temperatures in the thermodynamic cycle associated with the HTGR. The 

performance of the HTGR is somewhat similar to that of current fossil-

fueled plants in terms of steam quality (955°F, 2500 psig steam). The 

principal differences between the HTGR and fossil-fueled plants are 

related to the disposal of waste heat and the elimination of stack emis

sions. In the case of fossil-fueled plants, a fair proportion of the 

^General Atomic Company, San Diego, California. 
tOak Ridge National Laboratory, Oak Ridge, Tennessee. 
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heat Is removed through the stack and the remainder goes into the water 

cooling system. In the HTGR, little or no heat is released to the 

atmosphere except through the cooling water system in the condensers and 

from the liner cooling system in the prestressed concrete reactor vessel 

associated with these plants. In contrast with fossil-fueled plants, 

the heat exchanger in the HTGR can operate at a much greater heat flux 

and the problem of fuel side fouling is, of course, essentially non

existent with a relatively inert coolant such as helium. However, in 

comparison a much higher level of attention must be given to the water 

treatment on the steam side of the plant. This consideration is of 

importance insofar as the possibility of steam/water side corrosion is 

complicated by the heat flux in HTGR once-through steam generators, 

which is so much greater than that in fossil-fueled plants. 

In contrast to LWRs the problems associated with material choices 

for system components within the HTGR are related more to high-temperature 

operation. Although similar materials are often used in the two types 

of reactors, the material considerations in the LWR relate more to aque

ous corrosion behavior of the components at relatively modest tempera

tures compared to those which the materials of construction could with

stand. In contrast, the HTGR demands adequate high-temperature 

performance from its materials of construction for extended periods of 

time up to the 40-year design life of most plants today. 

A further important area of contrast between the two reactor types 

relates to the pressure vessel concept employed in modern HTGRs. 

Whereas steel pressure vessels are employed in current LWR designs and 

in the first HTGR in the United States (Peach Bottom), Fort St. Vrain 

a\id subsequent commercial designs of HTGRs employ the prestressed con

crete reactor vessel (PCRV), which has evolved from the single-cavity 

type of Fort St. Vrain (described in Ref. 1) to the current multicavity 

type. This concept, pioneered in Europe, has inherent safety character

istics, which are exploited to advantage in the HTGR design. However, 

the PCRV has the requirement that the thermal protection system for the 

concrete and its associated steel liner must perform adequately under 

all conditions of operation of the reactor for the entire design life. 
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Historically, within the United States, a 40-MW(e) prototype HTGR 

was constructed at Peach Bottom, Pennsylvania and has been operated by 

the Philadelphia Electric Company since 1968. Currently, a 330-MW(e) 

demonstration plant, the Fort St. Vrain plant located at Platteville, 

Colorado and owned by the Public Service Company, is approaching commer

cial operation, which is expected later this year. Three larger commer

cial versions of the HTGR, namely, the 170-, 1160- and 1540-MW(e) plants, 

are now in design. The important operating characteristics of these re

actors are given in Table 1. The general arrangements are shown in Figs. 

1 through 3. Table 2 lists the principal structural metals used in U.S. 

HTGRs to date. 

MATERIALS CONSIDERATIONS - BASIC COMPONENTS AND SYSTEMS OF THE HTGR 

Within the HTGR there are several components and systems of prime 

importance in the operation of this type of reactor. These are the PCRV, 

its corresponding internal structures which consist of the thermal barrier 

and core support and restraint structures, the main helium circulators, 

the main steam generators, the control rods and drives, the reactor core 

instrumentation, the auxiliary heat exchangers, and the auxiliary circu

lators. The reactor core is not a subject of discussion in this paper, 

with the exception of the inlet valving, the reflector, and the support 

structure. 

Prestressed Concrete Reactor Vessel 

Description of Vessel 

As shown in Fig. 4, the multicavity PCRV consists primarily of con

crete reinforced with bonded, deformed steel bars and associated un

bonded prestressing systems in the vertical, longitudinal direction and 

in the circumferential direction. The main cavities, penetrations, and 

crossducts of the PCRV are lined with a steel membrane. The prime pur

pose of this membrane is to assure helium leak-tightness up to and beyond 

the operating pressures of the PCRV. The liner is keyed to the reinforced 

and prestressed concrete structure with shear anchors to permit it to 



Table 1. HTGR Reactor Plant Parameters 

Capacity 
Net electrical output, MW 
Gross generation, MW 

Overall station net efficiency, % 

Net heat rate, Btu/kW-hr 

Plant auxiliary power, MW 

Design life of plant, yr 

Reactor core output, MW(t) 

Net NSS output, MW(t) 

Core dimensions, diam/ht, ft 

NSS helium inventory, lb 

Number of fuel elements/columns 

Primary coolant flow, (10 ) Ib/hr 

Primary coolant inlet pressure, psig 

Avg. coolant temp., reactor inlet,°F 

Avg. coolant temp., reactor outlet,°F 

Core pressure drop, psl 

Core orifices 

Total initial neutron flux, nv 

Maximum fast fluence (core) 
(E > 0.18 MeV), nvt 

Peach 
Bottom 

40 
44.5 

34.8 

9810 

4.5 

Prototype 

115 

113.1 

9.16/7.5 

1000 

804/N/A 

0.492 

305 

650 

1380 

3.2 

N/A 

1.7 X lO-*-̂  

91 
4.3 X 10^-^ 

Fort 
St. Vrain 

330 
342 

38.8 

8800 

12 

30 

851 

842 

19.5/15.6 

8900 

1482/247 

3.39 

688 

762 

1445 

8.4 

37 variable 

1.8 X 10-*-̂  

?1 
8 X 10^-^ 

770 MW 

770 
781 

39 

8896 

13.4 

40 

2000 

1980 

23.1/20.8 

15,000 

2744/343 

7.480 

725 

605 

1366 

9.7 

55 variable 

2.4 X lO-*-̂  

21 
8 X 10^-^ 

1160 MW 

1160 
1175 

39 

8843 

18.0 

40 

3000 

2980 

27.7/20.8 

21,000 

3944/493 

11.230 

725-

605 

1366 

10 

73 variable 
18 fixed 

2.4 X lO-*-"̂  

21 
8 X 10^-" 

1540 MW 

1540 
1571 

39 

8896 

26.8 

40 

4000 

3960 

32.4/20.8 

26,000 

5384/673 

14.960 

725 

605 

1366 

9.7 

97 variable 
24 fixed 

2.4 X 10^^ 

21 
8 X 10 

en 
03 
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Fig . 1. General Arrangement of Peach Botjtom HTGR. 
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Table 2. Principal Construction Materials in Major Components of HTGRs 

Reactor 
Pressure 
Vessel 

Thermal 
Barrier 

Helium 
Circulator 

Steam 
Generator 

Peach Bottom, 40 MW(e) Carbon steel 
ASME SA-212 Gr B 

Fort St. Vrain, 330 MW(e) Concrete + 
C-Mn-Si steel liner 
ASME SA-537 Gr B 

Metal foil 
AlSl 304 

Ceramic fiber 
Alumina-silica 

Ceramic block 
Fused silica 

Cover plates 
Hastelloy X 
Inconel 600 
Carbon steel 

Impeller 
SAE 4340 
Ni-Cr-Mo steel 

Compressor 
blades & disk 
AlSl 422 

Low-temperature 
regions 
Carbon steel 

Superheat tubing 
Incoloy 800 

Superheat tube-
sheet 
Incoloy 800 

Low-temperature 
regions 
Carbon steel 

Superheat/reheat 
tubing 
Incoloy 800 
2-1/4 Cr - 1 Mo 
1/2 Cr - 1/2 Mo 

Large commercial Concrete + 
C-Mn-Si steel liner 
ASME SA-537 
Gr A & B 

Ceramic fiber 
Alumina-silica 

Ceramic block 
Fused silica 

Cover plates 
Hastelloy X 
Inconel 600 
Carbon steel 

Compressor 
blades & disk 
AlSl 422 

Low-temperature 
regions 
Carbon steel 

Superheat/reheat 
tubing 
Incoloy 800 

Superheat/reheat 
tubesheets 
Incoloy 800 
2-1/4 Cr - 1 Mo 
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accept the strains in the concrete as the vessel is stressed. Integrally 

incorporated with the membrane liner is a cooling system that prevents 

the concrete structure from achieving excessively high temperatures due 

to thermal leakage from the primary coolant and gamma radiation absorp

tion within the concrete itself. 

Materials Considerations 

Within the PCRV, which consists primarily of concrete and reinforce

ment along with linear and circumferential tendons, the temperatures are 

moderately low and the corrosion of buried material such as rebar is 

inhibited by the alkaline nature of the concrete mix. For the linear 

and circumferential prestressing systems there is a requirement for low 

relaxation to minimize the necessity of restresslng the concrete vessel. 

The primary source of heating within the PCRV concrete is due to gamma 

capture. A further source of heat is thermal leakage from the primary 

coolant through the thermal barrier system. Consequently, the PCRV 

requires a cooled, impermeable membrane not only to contain the helium 

but to limit the temperatures of the concrete. 

The bonded reinforcement and prestressing systems of the PCRV uti

lize low-carbon steels. The liner requires a carbon-manganese-silicon 

steel, which can be readily fabricated by welding and possesses tough

ness after welding. The toughness of the liner is assured by purchasing 

materials that guarantee low nil-ductility-transition temperatures 

(NDTT). In the case of the most highly irradiated regions of the PCRV, 

this material must meet a -60°F no-break criterion. The irradiation 

dose to the most heavily Irradiated zone of the liner will not exceed 
18 2 

0,6 X 10 n/cm (E > 1 MeV), which will ensure a change in NDTT of less 

than 100°F for the 40-year life of the commercial large HTGR. The se

lection of a low, initial NDTT will ensure that the liner always has at 

least a 60°F margin between the lowest PCRV operating temperature and 

the highest NDTT at the end of the 40-year plant life. 

The only portions of the PCRV that are designed to the steel pres

sure vessel code, viz., ASME Section III, Division 1, are those portions 

of the penetrations and their covers which extend beyond the last shear 



535 

anchor in the concrete. In this case, due to massive shielding and the 

distance from the core, there will be no irradiation damage. The liner, 

which acts as a leak-tight membrane for the primary coolant helium, has 

attached to it an integral cooling system. This system consists of a 

series of welded, carbon steel tubes on the exterior surface of the 

liner, which are buried within the concrete. The liner is attached to 

the concrete by means of stud welded shear anchors. 

Thermal Barrier System 

Description of System 

The primary function of the thermal barrier system is to limit heat 

flow from the primary coolant into the prestressed concrete structure, 

thereby maintaining the concrete at a suitable temperature (approximately 

150°F maximum). The different regions of the PCRV requiring protection 

contain gas in roughly three distinct temperature ranges, and the designs 

are separate for each of these ranges. The first class of insulation is 

that associated with the cooler gas temperatures up to 750°F under nor

mal operation at full power. The second region is associated with the 

steam generators. The need here is to prevent heat leakage between dif

ferent flow paths within the steam generator cavity. The highest tem

perature regions are associated with the crossducts and the floor of the 

reactor immediately below the nuclear core. The highest temperature 

thermal barrier structure must withstand demanding conditions extant 

within the HTGR under abnormal circumstances. These are encountered 

following loss of forced circulation in the period between cessation of 

normal helium flow and commencement of some form of cooling through 

either the main steam generators and circulators or the core auxiliary 

cooling system. 

In general, the thermal barrier design concept consists of a fibrous 

ceramic blanket material which is maintained in close conformance with 

the liner surfaces by means of a stud and cover plate system as shown in 

Fig. 5. The studs and cover plates are metallic. Where the temperatures 

are too high for the use of metallic materials, i.e., below the nuclear 
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core, the insulation system then becomes a simple ceramic block system. 

The principal objective of the thermal barrier design is to ensure that 

thermal short circuiting by channeling helium immediately adjacent to 

the liner interface is prevented under all conceivable circumstances. 

Materials Considerations 

The thermal barrier must have sufficient capability and reliability 

to limit the concrete temperature to 150°F maximum during full-power 

operation or 250°F for short periods in the event of an accident. With 

the exception of the regions beneath the reactor core, the principle of 

the thermal barrier depends upon the compression of a fibrous, ceramic 

blanket material against the liner surface with a system of holddown 

studs and cover plates. The reaction to the spring stiffness of the 

blanket by the cover plate provides the restraining force to hold the 

blanket against the liner. It is essential, therefore, that neither the 

metal nor ceramic relax sufficiently to permit channeling of hot helium 

behind the thermal barrier, resulting in a breakdoxwi of the thermal pro

tection system. 

The highest temperatures within the metallic/ceramic combination 

structure are within the hot crossducts that lead into the main stream 

generator and auxiliary steam generator cavities. The metallic materi

als used in this system range from carbon steels (nominally AlSl 1010, 

1020) for up to 750°F surface temperatures to Hastelloy X for the high

est temperature regions of the thermal barrier, which would normally 

operate at temperatures approaching 1500°F with the exception of the 

previously mentioned peak conditions. Hastelloy X was chosen in the 

Fo3;-t St. Vrain design and is retained in the large HTGR because it is an 

alloy that has residual strength up to temperatures closely approaching 

its melting point. 

The corresponding fibrous ceramic materials used in this design are 

Kaowool, a commercial name for an alumina-silica (mullite) composition 

fiber for low temperatures and pure, fused silica for the highest tem

perature regimes. These materials at densities of approximately 12 
3 

lb/ft , as compressed, have sufficiently low thermal conductivity and 
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exhibit adequately low relaxation for long periods of time at high tem

peratures such that the spring force acting on the cover plate is not 

relaxed. With this design system for the thermal barrier, there is, of 

course, a need to know the response of the hot duct structure under con

ditions approximating normal service and the highest temperature condi

tions mentioned before. To this end, a 0.6~scale model and a full-scale 

model will undergo testing in a helium environment at full pressure and 

simulated reactor conditions of pressure drop within the duct in a com

ponent testing program to be undertaken by the Commissariat a I'Energie 

Atomique (CEA) in Saclay, France. It is anticipated that these tests 

will be completed by the end of 1976 and, obviously, some very valuable 

information will be derived from them. 

The remainder of the thermal barrier system consists basically of 

the floor of the PCRV beneath the reactor core and is essentially a very 

simple system of refractory blocks. The refractory in this case is the 

same as that used in Fort St. Vrain, namely, fused silica blocks commer

cially designated as Masrock or Silfrax. Fused silica has the advantage 

of having an extremely low coefficient of thermal expansion coupled with 

a moderately low thermal conductivity, which results in very low thermal 

stresses induced by temperature gradients across the insulation. It is, 

therefore, resistant to thermal shock and does not exhibit spalling. The 

low thermal coefficient of expansion also permits close fitting of blocks 

within the reactor floor such that helium channeling is minimized as a 

source of heat leakage to the liner below the insulation. Fused silica 

will, at temperatures on the order of 2300°F over long periods of time, 

revert to the crystalline form, crystobalite. Fortunately, irradiation 

serves to drive this reversion in the opposite direction and preserves 

the disordered glassy phase. 

Core-Related Components 

Description of Components 

It is of course necessary to provide a reliable long-life mechanical 

support structure for the graphite core of the HTGR. In this case, as 

shown in Fig. 6, the fuel zones are supported with reflector and outlet 
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orifice blocks which mix the gas emanating from each of fuel columns into 

a single jet from each fuel region of the core. Below these reflector 

blocks are the graphite support posts, which are located on graphite 

spherical seats. These graphite seats are in turn supported upon alumina 

and fused silica blocks to reduce heat load into the liner in the bottom 

of the PCRV. The core, as a body, has a lateral restraint to withstand 

the various loads imposed during thermal cycling and under seismic load

ing. This lateral restraint structure employs a series of keyed blocks, 

which are mechanically fastened to a spring-pack that is capable of 

absorbing energy within its envelope. The spring-pack systems are 

designed to operate at reasonably modest temperatures (800° to 900°F) 

since the outer periphery of the core is not exposed to the exit gas. 

To control the helium flow through each fuel region, an adjustable inlet 

valve is located on top of the upper reflectors in the cooler region of 

the primary coolant and core. 

Materials Considerations 

Closely associated with the higher temperature fused silica block 

thermal barrier system is the core support structure for the graphite 

core. The core support posts consist of graphite but since graphite has 

a much higher thermal conductivity than fused silica, the presence of a 

large number of posts that have to be supported by the concrete, through 

the steel liner, would result in an excessive heat loss through the posts 

into the liner. Consequently, below the graphite cups that support the 

ball-ended posts, there are blocks of alumina and fused silica. The 

reason for the duplex design is that fused silica, being essentially a 

super-cooled liquid, exhibits viscous creep if loaded in compression to 

appreciably high stresses at temperatures much above 1800°F. Therefore, 

the fused silica pad rests on the bottom adjacent to the liner; above the 

fused silica pad, between it and the graphite cup, is a pad of 85% alu

mina silica refractory which, while having a higher thermal conductivity, 

possesses much higher creep resistance at high temperatures and, there

fore, will not allow minor slumping of the core. 
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The graphite posts provide some degree of redundancy in the core 

support structure inasmuch as the posts are in groups of three, any two 

of which can fail still leaving sufficient load-carrying capacity in the 

other post. A large compressive failure safety factor is employed in the 

posts, and the buckling characteristics of posts of varying length-to-

diameter ratios in different grades of graphite are being checked in the 

CEA test program. 

Metallic components related to the core, such as the inlet orifice 

valves and lateral restraint structures, employ alloys such as 2-1/4 Cr 

- 1 Mo steel, Incoloy 800, and Inconel 718. Environmental temperatures 

are modest and well within the capabilities of these alloys. Carburiza-

tion is not a major consideration due to the low temperatures. 

Main Circulators 

Description of Component 

The main helium circulators consist of steam-turbine-driven com

pressors. Both the turbine and the compressor are axial-flow single-

stage devices. The lubricant in the main helium circulator is water, 

and adequate design precautions are taken to ensure minimal intrusion of 

water into the primary coolant and vice versa. In the event of loss of 

forced circulation, there is associated with the helium circulator a 

shutdown seal which will automatically block flow back into the steam 

generators and avoid the problem of reversed flow during loss of cooling. 

Materials Considerations 

Since the circulators pump helium at its lowest temperature, when 

exiting from the steam generator and entering the upper plenum of the 

core, the temperatures involved are quite modest; materials such as the 

400 series stainless steels have been suitable for use in this case. 

The temperatures are low enough to avoid the well known 885°F embrittle-

ment characteristic of the 400 series stainless steels and the advan

tages of the use of 422 stainless steel as used in steam turbines have 

been utilized in this design. The circulator employs an ammonia-treated 

bearing water system, and the pH is maintained at a range where corrosion 
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would be inhibited, especially since oxygen levels are extremely low in 

the bearing water system. However, the system must withstand occasional 

excursions of water chemistry and, for this reason, the major portions 

within the circulator bearing water system are made from 400 series 

stainless steels with many subsidiary components in 300 series stainless 

steels. 

Control Rods and Drives 

Description of Components 

The control rod drive mechanisms are located within the upper PCRV 

penetrations used for refueling and have a neutron shield built into 

them. They drive the control rods by means of a cable and pulley system. 

The drive motor is a brushless, dc torque motor, which can act as its 

own brake. 

Materials Considerations 

The vented control rods operate in a very high neutron flux at high 

temperatures in the nuclear core. The stresses in the materials of the 

control rod drives are moderately low since there is no pressure gradi

ent across the Incoloy 800 vented cans that contain the boron carbide 

poison material. The control rod drives are located in the upper por

tions of the refueling penetrations within the PCRV. No primary helium 

circulates in this region. The temperatures are quite modest (below 

400°F) and permit the use of carbon steels, nitrided Nitralloy, and alu

minum alloys for the various structures of the control rod drive mecha

nism. Also, neutron shielding is provided below each control rod drive 

to limit nuclear heating. The cable is the only material that goes into 

the hotter reactor environment; this material is an austenitic stainless 

steel with a specially burnished-on layer of molybdenum disulfide, pro

duced on the wire before stranding. This treatment effectively precludes 

"birdcaging" of the cables during operation. (Birdcaging is an unravel

ing of the lay of a cable due to differential plastic strain within the 

inner and outer wires.) 
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Core Instrumentation 

Description of System 

In order to provide the relevant information concerning temperatures 

of gas exiting from the fuel regions of the core, which will then permit 

setting of the orifice valves at the top of the core, there is a need for 

high-temperature thermometry associated with the core. There is also a 

requirement for neutron flux determination by means of in-core neutron 

detectors. 

Materials Considerations 

It is necessary to provide a measurement of the temperature of the 

helium at each fuel zone outlet to the lower plenum of the HTGR. In 

this portion of the lower part of the core, gases exiting from seven 

separate fuel columns are mixed into one major exit entering the lower 

plenum. Using a thermocouple sensor, the mixed mean temperature of the 

helium is determined and utilized for the settings on the orifice valves 

in the upper plenum above the core. These valves control the helium 

flow to each fuel zone in the core. These thermocouples see modestly 

high thermal neutron fluxes at their tip. If the thermocouples are 

inserted from the top using a mechanism within the control rod drive 

housing, they will experience a higher neutron flux than if they are 

inserted horizontally. 

The combination of high radiation fluence and high temperature and 

the proximity of graphite to the thermocouple structures, consisting pri

marily of the thermocouple sheathing, necessitates that some form of 

testing be done before this instrumentation can be considered as having 

a known life. A series of tests is being performed in heated capsules 

containing helium and graphite using the light water Osiris reactor at 

Saclay, France, to obtain the radiation fluence. The conditions are in

tended to simulate those existing in the commercial reactor. The relia

bility and life of various thermocouple types will be determined in this 

facility. The neutron flux detectors will be tested in a similar fashion 

at the same facility. 
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Auxiliary Cooling System 

Description of System 

In the case of loss of primary coolant flow and concurrent unavail

ability of main steam generators and circulators, an auxiliary circulator 

and heat exchanger are provided in the HTGR. This circulator system 

employs a different mode of drive and lubrication than that of the main 

circulators. In the case of the HTGR, the auxiliary circulators are 

electrically driven and oil-lubricated. The auxiliary heat exchanger is 

a nonboiling, helically coiled heat exchanger. 

Materials Considerations 

The temperatures encountered in this system are relatively modest 

and permit the use of ferritic tubing in the heat exchanger, which does 

not undergo boiling. Maximum temperatures are slightly over 600°F in 

the heat exchanger system. Similarly, the auxiliary circulator, which 

is a motor-driven, oil-bearing circulator in order to be different from 

the main circulators, has a modest function to perform during operation. 

However, both the heat exchanger and the auxiliary circulator must be 

available when called upon in an emergency and, consequently, the sys

tems have to be reliable and operable after long periods of standing and 

lack of attention. This is somewhat more arduous for a mechanism than 

continuous running, and particular care must be taken to make certain 

that the lubrication system of the auxiliary circulator will function 

when needed. A development program is being undertaken on the auxiliary 

circulator to ensure that this intermittent demand can be met. 

Steam Generators 

Description of Components 

The primary heat exchangers within the HTGR consist of a group of 

identical, helically coiled, once-through steam generators as shown in 

Fig. 7. In the HTGR design the steam provided for the circulator drives 

passes through the reheater and, as far as the intrusion of primary 

coolant into the steam generator is concerned, the only area in which 
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such an intrusion can occur in the case of leakage is from the primary 

coolant into the reheater tubing. In the main steam bundle the steam 

pressure is considerably greater than the primary working pressure of the 

helium coolant. 

Materials Considerations 

The steam generator can be separated into several temperature regimes 

associated with the various phases of water, steam, and two-phase flow. 

Table 3 shows the alloys selected for the various regions of the steam 

generators. 

The two materials of principal interest in the present generation 

of HTGR steam generators are solution annealed Incoloy 800 and 2-1/4 

Cr - 1 Mo ferritic steel. The design stresses and rules for use of these 

materials in a large commercial HTGR steam generator are those given in 

Section III, Division 1, of the ASME Boiler and Pressure Vessel Code and, 

where required, the elevated temperature criteria provided by the ASME. 

(The applicable criteria will be given in Code Case 1592 for Section III, 

Class 1 Nuclear Components in Elevated Temperature Service which will 

replace Code Case 1331.) These rules and codes are not static but are 

continuously re-evaluated as data, design technology, and knowledge 

improve. 

Incoloy 800 was developed as a material having good strength and 

resistance to oxidation and carburization at elevated temperatures, and 

it has been used in the Peach Bottom and Fort St. Vrain reactors as 

steam generator tubing. Experience in superheated steam has also been 

gained by exposure in the Phillip Sporn Station of the American Electric 
2 

Power Company. Use of 2-1/4 Cr - 1 Mo steel in high-temperature steam 

environments has been even more extensive. Also, considerable experience 

was gained in Fort St. Vrain reactor construction in the joining of 

2-1/4 Cr - 1 Mo to Incoloy 800. 

Much information on the corrosion of Incoloy 800, 2-1/4 Cr - 1 Mo, 

and their weldments has been obtained in programs conducted by Oak 

Ridge National Laboratory (OKNL) at the Southern Nuclear Engineering 

(SNE) corrosion facilities. Weldments of Incoloy 800, joined to itself 
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Table 3. Definition of Materials Used for Steam Generator 
and Projected Maximum Operating Temperature 

Component Material Temperature (°F) 

Reheater 

Tube bundle 
Lead-in and 
lead-out tubes 
Tube support plate 
Tubesheet (hot) 
Tubesheet (cold) 
Floor plate 
Shrouds near 
crossover duct 
Thermal insulation 
cover plate 
Insulation 

Ni-Fe-Cr SB-163 Gr II 
Ni-Fe-Cr SB-163 Gr II 
Carbon steel SA-210 Gr A-1 
Ni-Fe-Cr SB-409 Gr II 
Ni-Fe-Cr SB-408 Gr II 
Carbon steel SA-508 CI 2 
2-1/4 Cr - 1 Mo SA-387-D 
Ni-Fe-Cr SB-409 Gr II 

Ni-Fe-Cr SB-409 Gr II 

Quartz et Silice, fused 
silica fibrous blanket 

1000-1280 (mean) 
850-1200 (mean) 
700 (mean) 
1500/1350 
1160/1000 
640 
1050 
1570/1420 

1450/1300 

1450 

Superheater II 

Tube bundle 
Lead-out tubes 
Tubesheet 
Tube support ladder 
Shroud (inner) 

Shroud (outer) 

Shroud insulation 
cover plate 

Upper insulation 
Lower insulation 

Ni-Fe-Cr SB-163 Gr II 
Ni-Fe-Cr SB-163 Gr II 
Ni-Fe-Cr SB-408 Gr II 
Ni-Fe-Cr SB-409 Gr II 
Ni-Fe-Cr SB-409 Gr 11/ 
2-1/4 Cr - 1 Mo SA-387-D 
Ni-Fe-Cr SB-409 Gr 11/ 
304 SS 
Carbon steel 

Pure silica 
Kaowool, alumina-silica 
fibrous blanket 

1200 (mean) 
1100-1200 (mean) 
1100/950 
1335/1270 
1360/1300 

N.A. 

660 

1300 
1000 

Economizer-evaporator-
superheater I 

Tube bundle 

Superheater I 
Evaporator II 
Evaporator I 
Economizer 

Economizer lead-in 
tubes 
Tube support plate 
Tubesheet 

2-1/4 Cr - 1 Mo SA-213, T22 
2-1/4 Cr - 1 Mo SA-213, T22 
2-1/4 Cr - 1 Mo SA-213, T22 
2-1/4 Cr - 1 Mo SA-213, T22 
2-1/4 Cr - 1 Mo SA-213, T22 

Ni-Fe-Cr SB-409 Gr II 
Carbon steel SA-508 CI 2 

1000 (mean) 
900 (mean) 
850 (mean) 
700 (mean) 
500 

1300 
500 
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and to 2-1/4 Cr - 1 Mo with Inconel 82, were exposed in normal quality 

dynamic steam (900 psi) at 1100° and 1200°F for periods to 27,000 hr.^ 

No evidence of preferential attack along fusion lines was observed, and 

measured corrosion rates were almost negligible (i.e., calculated maxi

mum 20-year penetration of just over 1/2 mil). 

Many constant-deflection (U-bend) stress corrosion cracking (SCC) 

tests of Incoloy 800 and 2-.1/4 Cr - 1 Mo have also been conducted in 
3 

chlorlde'-contaminated steam. The test method employed - thermal cycling 

in high-pressure steam between the superheated (700° to 800°F) and satu

rated states (540°F) - was intended to assess resistance to SCC under the 

alternating wet-dry conditions that could develop in steam generators 

subjected to very abnormal conditions. In a very contaminated system 

of 10 ppm CI (as NaCl) and 20 ppm oxygen, Incoloy 800 weldments were 

classed (among a large number of materials tested including stainless 

steels and Inconels) as showing moderate resistance to SCC. All 2-1/4 

Cr - 1 Mo weldments resisted cracking. (General Atomic has shown 

Incoloy 800 to be extremely resistant to SCC in superheated steam which 

is more representative of expected operating conditions.) Subsequent 

cyclic tests, in which CI was maintained at its previous level but oxy

gen was reduced to less than 7 ppb, failed to produce SCC even in mate

rials that had previously shown extremely high susceptibility to cracking 

(e.g., Hastelloy N and a 26 Cr - 1 Mo steel). When oxygen was again 

introduced, the crack-susceptible materials began to fail. This showed 

that oxygen is necessary to produce chloride cracking in the steam en

vironment employed in these tests. 

ORNL and SNE have also cooperated in the construction and operation 

of a high-pressure loop fabricated of Incoloy 800 pipe and fittings. In 

fact, the bulk of the chloride SCC tests discussed above were run in this 

loop. Three incidents of leakage occurred during its 1.5-year life. In 

each instance the leak was associated with intergranular cracks (attrib-

uted to chloride SCC) in or near heat-affected zoneg of welds. Because 

of the loop design and method of operation, salt crystal had deposited on 

the loop walls in these regions. Therefore, the corrosive conditions 

which existed must be considered as very severe and to far exceed thos* 
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to which Incoloy 800 will be exposed under even off-normal steam gener

ator operating conditions. 

Since corrosion failure of steam generator materials could eventu

ally lead to leakage into the core in the case of the main steam bundle, 

additional studies of general, pitting, and stress corrosion are being 

pursued at ORNL. The sensitivity of materials to chloride contamination 

in superheated steam will be evaluated both from the standpoint of SCC 

and pitting. Threshold values of oxygen necessary to cause SCC under 

various steam conditions and chloride levels will also be determined. 

General corrosion is not expected to be a problem in either the 

superheater or evaporator sections of the HTGR steam generator.^ How

ever, more rapid corrosion may occur in the evaporator when certain 

abnormal conditions are present. The first requirement for the above 

is the existence of deposits of corrosion products formed, for example, 

during shutdown and startup periods. Impurities can concentrate in these 

deposits and develop either acid or alkaline conditions that may cause 

rapid, localized corrosion. Therefore, tests in which such deposits are 

encouraged (e.g., under boiling heat transfer conditions) are being 

considered. 

Corrosion testing over the next year or so will be concentrated 

on stressed tubular specimens of Incoloy 800 and 2-1/4 Cr - 1 Mo, and 

appropriate weldments of these materials. Longer range plans call for 

the investigation of materials such as Inconel 617 and high-Cr ferritic 

steels. 

Many studies relative to the creep, rupture, and fatigue properties 
8—11 

of Incoloy 800 have been published, and it is currently qualified 

under the ASME Code for application in nuclear systems to 1400°F. Fur

ther, in order to assure the reliability of performance and integrity 

of the steam generator, information on creep-fatigue interactions is 

presently being developed by GAC, and mechanical property studies in

cluding long-time creep, crack growth dynamics, and stress relaxation 

are being initiated at ORNL. The properties of Incoloy 800 weldments 

will also receive attention in these studies. 
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Although 2-1/4 Cr - 1 Mo steel is also qualified for elevated tem

perature nuclear service, available information on fatigue and creep-

fatigue interactions is limited. GAC is currently sponsoring such 

testing at Battelle Northwest Laboratories. Mechanical property studies 

on 2-1/4 Cr - 1 Mo and its weldments are also in progress at ORNL. 

PRIMARY COOLANT COMPATIBILITY OF PRESSURE BOUNDARY MATERIALS 

Pressure boundary materials (or components) are those which separate 

the helium primary coolant from the PCRV and secondary systems. Liner 

cavities and penetration closures, the steam generator, auxiliary heat 

exchangers, and main and auxiliary helium circulators form such 

boundaries. 

The primary coolant helium of a commercial HTGR could contain, on 

an almost continuous basis, levels of impurities as high as the following: 

Total oxidants (CO, C0„, H„0) 10 ppm 

Hydrogen 80 ppm 

Hydrocarbons (mainly CH,) 2 ppm 

Typical contamination levels, however, are expected to be considerably 

below these limits. 

Helium pressure at full reactor power will be approximately 725 psia 

and temperature will vary from about 650°F at the core inlet to 1470°F 

at the outlet. The high-temperature gas from the core outlet impinges 

upon the Incoloy 800 steam generator reheater tubing. Since the temper

ature of the gas decreases as it passes through the steam generator, the 

materials employed can contain reduced alloy content. The current pro

gression is Incoloy 800 followed by 2-1/4 Cr - 1 Mo and a medium carbon 

steel. 

Relatively extensive testing has been performed beginning in the 

early 1960s to examine the effects of coolant impurities on HTGR struc-
12-22 tural materials. These studies have shown no significant adverse 

interactions. For example, ferritic steels were relatively unaffected 

by CO and E,. up to 1100°F, and austenitic materials carburized only 

slightly at 1100° and 1375°F. Most of these studies were conducted 
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during the period in which it was assumed that equal amounts of CO and 

H^ would be the principal coolant impurities. Recently obtained oper

ating experience from gas-cooled reactors has shown that small but finite 

levels of hydrocarbons, primarily as CHA, may also exist in the coolant. 

CH4, a gas with significant carburizing potential, could be of concern 

in crevices where the removal of oxide films by fretting can occur. 

Finally, some work has indicated that higher levels of impurities, be

yond those expected in normal service, can reduce creep ductility and 

rupture life. 

The above, combined with the long service life (30 to 40 years) for 

which HTGRs are designed, makes an improvement in understanding and con

fidence desirable in all areas related to coolant impurity reactions 

with pressure boundary materials. To this end, carburization studies 
23 (in CH,-H^ mixtures) are in progress at GAC at temperatures to 1400°F. 

Knowledge of the effects of C0-H„ mixtures was expanded by work per-
24 formed for GAC by the Austrian Center for Atomic Energy Studies. 

Additionally, work is being initiated at ORNL to follow the long-time 

creep behavior, crack growth, etc., of pressure boundary materials in 

contaminated helium atmospheres. 

FUTURE WORK AND DEVELOPMENT POSSIBILITIES IN HTGR MATERIALS 

Near-Term Work 

An extensive component development testing program is being under

taken by the CEA in France, which is described in another conference 

paper. Some information will be gathered during component test programs 

on the effects of the secondary coolant within the steam generator system 

sections used for boiling stability tests in France and the behavior of 

materials used in the thermal barrier tests will be noted. 

Long-Term Work 

It is of interest, in order to chart the materials development 

programs of the future related to gas-cooled reactors, to consider the 

utilization of elements, especially those in the high-temperature alloys 
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in the nuclear steam supply system. Table 4 lists the approximate quan

tities of each element utilized in the fabrication of an 1160-MW(e) nu

clear steam supply system. By computing the amount used per megawatt 

electrical and taking estimated market figures, it is possible to esti

mate the cumulative amount consumed in this product alone by the year 

2000. These values are then compared with U.S. Bureau of Mines figures 

(Ref, 25) on estimated cumulative U.S. total consumption by the year 

2000, A percentage of the total consumption can then be assigned for 

each element utilized in the HTGR, It is of particular interest to note 

that the elements with the highest consumption percentages are nickel, 

molybdenum, and chromium. Although nickel is only 0.6% of the total 

U.S. consumption, it must be recognized that this is only a fraction of 

the total power station market consumption. If this number is multiplied 

by at least a factor of A or 5, it is readily appreciated that approxi

mately 3% of the nation^s consumption between now and the year 2000 would, 

in fact, go toward power plant construction. The amount is even higher 

if the balance-of-plant is considered. This consumption would be in com

petition with many other uses of nickel, such as the chemical industry, 

possible developments in ocean mining, and other areas requiring high-

temperature or corrosion-resistant behavior. However, since nickel is 

moderately accessible to the U.S., most of it coming from our neighbor 

Canada, one should look at the strategic locations of the elements re

quired for construction of HTGRs. 

It would appear that chromium may be the most critical of the ele

ments which are now in use. There are no economically viable native 

deposits of chromium within the North American continent, and our supply 

must come from areas of the world of possible limited accessibility. 

It is interesting to postulate what elements might be substituted 

for chromium, and possibly nickel since nickel may be subject to a great 

deal of competition for its supply. Three elements that come to mind 

are vanadium, aluminum, and manganese. Already there are many manganese 

stainless steels that are becoming competitive with nickel-chrome versions, 

and some iron-aluminum alloys have shown interesting high-temperature 

properties. Vanadium is interesting because the iron-chromium and 



Table 4. Material Resource Utilization in the Nuclear Steam Supply System 
Structural Portion of Gas-Cooled Reactors 

Cumulative U.S, 
Total Quantity in Amount Used Cumulative Amount Consumption by 
1160-MW(e) Plant Per MW(e) by Year 2000^ Year 2000^ 

Element (lb) (lb) (short tons) (short tons) 

Percent of U.S. 
Consumption by 

Gas-Cooled Reactors 

Fe 

Ni 

Cr 

Mo 

Co 

W 

12,770,060 

446,570 

323,660 

30,760 

2,700 

1,080 

11 ,009 

402 

279 

27 

2. 

0. 

3 

9 

1,761,440 

64,320 

44,640 

4,320 

368 

144 

Not available 
in reference 

10.115,500 

24,924,000 

1,854,000 

397,000 

594,500 

-

0.64 

0.18 

0.23 

0.09 

0.024 

CJl 

Assumes a total gas-cooled reactor (HTGR, GCFR) market of 320,000 MW(e) by the year 2000. 

U.S. Bureau of Mines data used in Ref. 25. 
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iron-vanadium binary phase diagrams are similar. It is also subject to 

sigma phase formation, and this could pose long-term metallurgical sta

bility concerns. 

In Table 5 it is assumed that approximately equal amounts of vana

dium, aluminum, and manganese would be required to substitute for nickel 

and chromium. Further, the mean value of consumption between nickel and 

chromium is utilized. Based on these assumptions, vanadium use in HTGRs 

would be of considerable impact, being as high as 12.5% of the estimated 

market consumption by the year 2000. However, it should be pointed out 

that vanadium is more readily accessible than chromium for the U.S. con

sumer, particularly since it happens to be a byproduct of uranium mining. 

The consumption of aluminum as a substitute element is shown to be very 

small. Manganese use would likewise consume a relatively small amount 

of the anticipated demand. Although the U.S. imports approximately 90% 

of its manganese, ongoing developments in undersea mining of manganese 

modules could readily develop into a favorable supply situation for the 

U.S. 

Table 6 summarizes facts relating to U.S. accessibility to key 

elements. This analysis of element utilization is undertaken with the 

principal objective of pointing out areas of interest for the develop

ment of high-temperature and corrosion-resistant alloys that might be 

used in the gas-cooled reactor. It is recognized that considering the 

amount of work required to characterize high-temperature alloys suffi

ciently to meet the new and constantly improving design rules for high-

temperature structures, a total of some 5 to 10 years may well be 

required to obtain all the necessary high-temperature data on new alloys. 

It is conceivable that in the future alloys which are now being used in 

the HTGR design may either be in short supply or have very high market 

prices. With the requirement for such a long lead time, alloy studies 

should begin now with a view to proceeding beyond the laboratory stage 

into the pilot plant/mill stage, which requires several years of devel

opment before commercial heats can even be evaluated. Lead times on the 

order of 10 years would therefore not be unexpected. 



Table 5. Effect on Resource Utilization of Assuming Substitution of Vanadium, Aluminum, or 
Manganese for Chromium or Nickel (Assume 50,000 Short Tons for Each Element) 

Cumulative U.S. 
Total Quantity in Amount Used Cumulative Amount Consumption by Percent of U.S. 
1160-MW(e) Plant Per MW(e) by Year 2000^ Year 2000^ Consumption by 

Element (lb) (lb) (short tons) (short tons) Gas-Cooled Reactors 

V 362,500 312.5 50,000 398,425 12.5 

Al 362,500 312.5 50,000 337,970,000 0.015 

Mn 362,500 312.5 50,000 50,964,000 0.10 

^Assumes a total gas-cooled reactor (HTGR, GCFR) market of 320,000 MW(e) by the year 2000. 

U.S, Bureau of Mines data used in Ref. 25. 

en 
CJl 



Table 6. U.S. Accessibility to Alloying Elements 

Resource 
Known Global 
Reserves 

Countries or Areas 
with Highest Reserves 
(% of world total) 

Prime Producers 
i% of world total) 

Prime Con- U.S. Consump- Probable 
suiners (X of tlon (% of Accessibility 
world total) world total) to U.S. 

Iron 1 X 1 0 ^ tons U.S.S.R. (33) 
S. America (18) 
Canada (14) 

Nickel 147 x 10^ lb Cuba (25) 
New Caledonia (22) 
U.S.S.R. (14) 
Canada (14) 

U.S.S.R. (25) 
U.S. (14) 

Canada (42) 
New Caledonia(28) 
U.S.S.R. (16) 

U.S. (28) 
U.S.S.R. (24) 
W. Germany (7) 

28 

38 

Good 

Fair to good 

Chromium 7.75 x 10 tons Rep. of S. Africa (75) 

Molybdenum 10.8 x 10 lb U.S. (58) 
U.S.S.R. (20) 

Cobalt 4.8 x 10^ lb Rep. of Congo (31) 
Zambia (16) 

U.S.S.R. (30) 
Turkey (10) 

U.S. (64) 
Canada (14) 

Rep. of Congo (51) 

19 

40 

32 

Doubtful 

Excellent 

Doubtful 

Tungsten 2.9 X 10 lb China (73) China (25) 
U.S.S.R. (19) 
U.S. (14) 

22 Doubtful 

Vanadium No data available in reference. 
Usually associated with uranium deposits, 

9 
Aluminum 1.17 x 10 tons Australia (33) 

Guinea (20) 
Jamaica (10) 

HaiTganese 8 x 10 t o n s Rep. of S. Africa 
U.S.S.R. (25) 

(38) 

Jamaica (19) 
Surinam (12) 

U.S.S.R. (34) 
Brazil (13) 
Rep. of S. Africa (13) 

U.S. (42) 
U.S.S.R. (12) 

42 

14 

Probably quite good 

Fair to good. 
Much better if U.S. 
kaolinite clay re
duction is econom
ically attractive. 

Doubtful, but whole 
picture could 
change if ocean 
mining in Pacific 
is economically 
attractive. 

Based on Table 4 In Ref. 26 which was derived from U.S. Bureau of Mines data. 
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There are, of course, many other areas of HTGR material utilization 

that could be explored. For example, inasmuch as considerable high-

temperature thermal insulation Is utilized, the more commonly occurring 

silicate minerals might be employed as a much less expensive refractory 

material. 

CONCLUSION 

The rationale underlying the choice of major materials of construc

tion of the HTGR nuclear steam supply system has been explored. The 

areas of further work in the near-term have been noted, and a long-term 

view has been taken of the likely materials needed as gas-cooled reactor 

sales develop. Suggestions have been made for work on new alloys. 

These thoughts are left as a conclusion of this paper which has, hope

fully, summarized the present, near-term future, and long-term future of 

the materials in the gas-cooled reactor. 
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