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Foreword 
I welcome the opportunity to contribute a foreword to this book both because 

its subject has for so long been my principal concern and because its authors have 
for so long shared the resulting endeavors with me. Our interest in the subject in 
fact dates from the time, long ago, when there was talk of nuclear power being 
so cheap as to render the provision of light switches uneconomic. It may seem a 
monumental understatement to observe that general opinion seems to have changed 
somewhat since. Nevertheless, during this period it has become increasingly ev
ident that without the kind of massive energy resource extension presently offered 
only by nuclear processes, those switches may eventually become really out
dated—for want of anything to turn on. 

Because of the immense outpouring of information accompanying the pro
digious efforts so far expended in the field of nuclear engineering and physics, 
and particularly because of the problems of its assimilation and review, works 
like the present one—aimed at appropriate selection and orderly presentation 
relating to specific reactor types—are welcome, and indeed necessary for the 
effective continuity of effort. 

In the field of safety measures, this separation of reactor types is particularly 
important since their strengths and weaknesses are markedly different—the ig
noring of which leads not only to increased costs, but also obscures the value of 
inherent system merits. 

The present subject—high-temperature gas-cooled reactors (HTGRs)—is one 
that categorizes only a minority of present nuclear power plants, but I firmly 
believe that their place will enjoy enhanced recognition in the future. This view 
stems primarily from properly growing recognition of the dominance of safety-
related considerations in respect to which gas cooling offers features for which 
little or no credit was afforded at the time of its first inception. Compatibility with 
an integral prestressed concrete primary circuit containment and an absence of the 
problems of two-phase flow may indeed turn out to be even more important than 
the more widely proclaimed higher temperatures and efficiencies also offered by 
gas cooling. In the case of the HTGR, this is supplemented by "forgivingly" 
sluggish response to malfunction and the fission product retention ability conferted 
by nonmetallic coated particulate fuel. These features, in combination with a high 
conversion ratio capability and temperature possibilities extending well beyond 
that merely required to restore the norms of present steam plant efficiency, would 
seem to appeal particularly to a future that will require energy for an increasingly 
diverse number of uses and that will face dwindling resources, even of nuclear 
fuel. 

For these reasons, the inclusion of both the HTGR and the prospects of the 
gas-cooled fast breeder reactor and of fusion in any comprehensive study of gas 
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cooling is to be welcomed. Information provided in this book should be of interest 
to engineers wanting to familiarize themselves with gas-cooled reactor systems, 
and also to graduate students learning about various types of reactors. More detailed 
information could be found in the numerous references provided after each chapter. 
Both Dr. Gilbert Melese and Dr. Robert Katz have been personally involved in 
the development of gas-cooled reactors for over 25 years and bring considerable 
expertise to the field of thermal and flow analysis of helium-cooled systems. 

September 1984 Peter Fortescue 
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Preface 
The use of gas as the working fluid in a nuclear reactor was proposed in the 

earliest days when atomic energy was first being considered for electricity pro
duction. A wide variety of gas-cooled reactors has been developed and placed 
into operation since those first days. However, it is the authors' belief that gas-
cooled reactors have not attained their full potential as yet. This book can be 
viewed as a somewhat specialized benchmark in the history of gas-cooled reactor 
development and also suggests the direction in which future developments are 
likely to occur. The flexibility afforded by using gas as the cooling medium leaves 
considerable latitude for future reactor design engineers, and particularly the ex
perts in heat transfer, to apply their imagination and ingenuity to improve the 
present state of the art. 

A major aim of this book is to serve a broad audience—from the expert in 
reactor heat transfer to the person simply desiring to get an overview of the subject. 
To this end, the book treats gas-cooled reactors in a rather generic sense but with 
emphasis on the advanced, high-temperature, helium-cooled thermal reactor. It is 
expected that this book could be of some use to persons in industry and national 
laboratories as well as in universities. 

In a book of this nature, choices had to be made as to the material that could 
be covered. Our choice was to limit the coverage to heat transfer and fluid flow 
design associated with the reactor core. This choice entailed omitting such inter
esting and important reactor power plant heat transfer subjects as thermal insulation 
for the prestressed concrete pressure vessel; primary and secondary heat transfer 
in compact, helically coiled, once-through steam generators; mixing of different 
temperature streams of gas ("hot streaks''); and a host of specialized heat transfer 
problems associated with cooling various reactor structural and operating com
ponents. 

Even by limiting the main heat transfer subject to heat transfer in the reactor 
core, it was impossible to treat that area fully. Therefore, extensive references 
have been included in each chapter to allow the reader to go back to the original 
sources for more in-depth coverage. Consequently, it is hoped that the book can 
serve as a reference source for persons wishing to pursue gas-cooled reactor heat 
transfer and fluid flow. 

Except for the historical perspective of the first chapter, this book is limited 
to helium-cooled nuclear reactors. This is because it is likely that all future 
developments in gas-cooled reactors worldwide will employ helium as the coolant. 

Chapters 1 and 2 introduce and provide a perspective on the early history of 
the first- and second-generation gas-cooled reactors, namely, the C02-cooled re
actors and the high-temperature helium-cooled thermal reactors, respectively. 
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The fundamentals of reactor heat transfer necessary to determine the tem
perature distribution in the core are developed in Chapter 3. Several special topics 
such as gas mixing within fuel elements and hot spot factors are dealt with in 
Chapter 4 and Chapter 5 is an introduction to flow-induced vibrations, acoustics, 
and thermal stress problems. 

The high-temperature gas-cooled reactor (HTGR) system is covered in Chap
ters 6 and 7, including a general discussion of the design basis, overall design 
features, and detailed coverage of heat transfer and flow issues in the reactor core. 
Safety problems are also considered. 

Chapters 8 and 9 discuss the closed-cycle gas turbine power plant designs 
and also the use of the HTGR for producing process heat, respectively. 

The gas-cooled fast reactor (GCFR) is presented in Chapter 10. It parallels 
the coverage of the HTGR, but concentrates on the heat transfer and flow issues 
characteristic of this system. 

The book's concluding chapter, Chapter 11, deals with the potential uses of 
gas cooling for fusion reactor power plants. 

SI units are used extensively throughout, but since many nuclear param
eters have always been expressed in SI units, it should be no trouble for an 
engineer working in the nuclear field to convert between SI and English units. 
Appendix A should be helpful toward this end. 

We are indebted to our many colleagues for providing guidance, acting as 
sounding boards for ideas, and sharing the frustrations that have come with the 
design and development of nuclear power plants. There are so many it would be 
unfair to name only a few, but we do wish to recognize the important contributions 
made to this book by Dr. R. D. Blevins, Dr. D. W. McEachem, Mr. C. F. 
McDonald, Mr. R. N. Quade, Dr. C. B. Baxi, and Drs. K. R. Schultz, G. R. 
Hopkins, and C. P. C. Wong from GA Technologies Inc., who are largely re
sponsible for Chapters 5, 7, 8, 9, 10, and 11, respectively. The contribution of 
their expertise to this book has been invaluable. 

There are a number of people whom we wish to thank. Dr. C. Rickard and 
Dr. A. J. Goodjohn of GA Technologies Inc. provided continual encouragement 
and support, for which we are grateful. Toni Ward, Carol A. Cale, and Bemiece 
R. Cobb typed the many versions of the book, which was done before word 
processors with memory banks were common equipment in offices. Mr. Eugene 
Cramer started us out as the American Nuclear Society (ANS) monitor for the 
book but due to business commitments had to turn the job over to Professor H. 
Fenech who continued to encourage and guide us to the completion of the work. 
We are grateful to the persons unknown to us who performed the peer review of 
the manuscript. Their corrections, comments, and suggestions were incorporated 
where possible. We would like to acknowledge help extended by the Nuclear 
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1 

HISTORY OF FIRST-GENERATION 
GAS-COOLED REACTORS 

In this introductory chapter, the early developments of gas cooling for nuclear 
reactors are described briefly for both the European and U.S. programs. After 
some discussion of the different gas-cooled reactor concepts, experience with the 
COa-cooled Magnox reactors in France and the United Kingdom is related. The 
evolution in the United Kingdom of these reactors into higher performance ad
vanced gas-cooled reactors (AGRs), also CO2 cooled, is explained in Sec. 1-3. 
Finally, early experience with gas cooling in the United States is discussed, with 
emphasis on the first special-purpose helium-cooled reactors, EBOR, EGCR, and 
UHTREX. High-temperature gas-cooled reactors (HTGRs) for electricity produc
tion, helium cooled and graphite moderated, are introduced in Chapter 2. 

1-1 Development of Gas-Cooled Reactors 
I-IA Early History of Gas-Cooled Reactors 

Gas cooling for nuclear reactors had been considered in the United States 
for production reactors and even for early power reactors. Both graphite-moderated 
experimental reactors at Brookhaven National Laboratory and at Oak Ridge Na
tional Laboratory were air cooled. In 1943, water cooling of the Hanford piles 
was chosen rather than helium cooling mainly because of the difficulties anticipated 
in procuring blowers and in preventing helium leakage from large pressure vessels. 
As early as 1945, Farrington Daniels proposed a helium-cooled, BeO- (or graphite)-
moderated, high-temperature power reactor' (Fig. 1-1) that was not pursued since 
it required too much development and also because of the priority given to high 
power density, water-cooled submarine reactors, which led to the development 
of pressurized water reactors (PWRs). But interest in gas cooling was revived in 
the United States in the mid-1950s and a number of gas-cooled reactor projects 
were started both for power generation and for propulsion. Several of these reactors 
were built, as described later. 

Although the development of nuclear power started later in other countries, 
interest in gas cooling led to early gas-cooled reactor construction and operation 
in the United Kingdom and France. Production reactors ("plutonium-producing 
piles") were built in the early 1950s in the United Kingdom with a graphite 
moderator and atmospheric air cooling; this design was chosen in the interest of 
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2 THERIVIAL AND FLOW DESIGN OF HELIUIVI-COOLED REACTORS 

CANNED BLOWER S^CF 
FOR HELIUM 225 psi 

Fig. 1-1. (a) Profile of the 5-MW closed-cycle plant. The reactor, which produces 20 MW of 
heat, has a graphite moderator and uses fuel rods of 10% enriched UC2. The entire 225-psi 
helium circuit for the reactor is gas tight. Heat in the helium is transferred to 400-psi air or 
nitrogen via a gas-tight heat exchanger that separates the two circuits, (b) A flow diagram for 
the 5-MW gas-cooled plant shows a plant efficiency of 25%. Coolant circulation by a canned-
motor blower uses <10% of the plant output. 

safety for the Windscale piles, rather than water cooling, because it was felt to 
be inherently stable and did not require isolation.^ For dual-purpose reactors (i.e., 
production of plutonium with power recovery), which were still graphite moderated 
since only natural uranium was available, pressurized CO2 was chosen as a coolant 
because of its better thermal properties and the potential for higher temperature 
operation than atmospheric air. Helium would have been preferred, but it was not 
indigenous to Europe and its cost at the time was too high. The first gas-cooled 
power reactor started operating at Calder Hall in England in 1956 and produced 



HISTORY OF GAS-COOLED REACTORS 3 

40 MW of electricity, one year before the PWR at Shippingport, Pennsylvania. 
It was followed in 1959 by a similar C02-cooled graphite-moderated reactor at 
Marcoule, France, with a net power of 40 MW(e). The French reasoning was 
similar to that of the English in selecting gas-cooled reactors. The Marcoule reactor 
brought about two innovations to be incorporated into the succeeding French and 
U.K. gas-cooled reactor programs: on-line refueling and the prestressed concrete 
reactor vessel (PCRV). Based on their experience with dual-purpose reactors, 
France and the United Kingdom have built or committed over 20 GW(e) of gas-
cooled power reactors. 

1-lB Basic Characteristics of Gas-Cooled Reactors 

It is well known from nuclear reactor theory that a number of low-Z materials 
can be used as moderators to slow down fission neutrons to thermal energy: 
Graphite is the most common solid moderator and light water is the usual liquid 
moderator; heavy water (D2O) is also used and beryllium (or BeO) has been used 
as the moderator in some experimental reactors. Pressurized D2O within pressure 
tubes is the coolant for most Canadian reactors, but pressurized gas could also be 
used as a coolant, as for instance in the French DzO-moderated C02-cooled 80-
MW(e) EL4 reactor.^ In spite of the excellent neutronic properties'* of BeO, 
graphite is the chosen moderator for all central station gas-cooled power reactors 
because of its low cost, excellent high-temperature properties, and acceptable 
radiation resistance. 

As discussed in detail in Refs. 4 and 5, fuel element designs for gas-cooled 
reactors depend on the choice of type of fuel, moderator, coolant, etc. A description 
of fuel elements is given in the chapters covering the various types of power 
reactors, but a few general characteristics must be noted here. If natural uranium 
must be used, a low neutron absorption cladding is required with metallic uranium 
because of reactivity limitations: The low maximum allowable cladding temper
ature requires extended surfaces in order to obtain an acceptable gas outlet tem
perature with the modest heat transfer coefficients obtainable with gas cooling. 
With enriched uranium, oxide or carbide fuel can be used together with a higher 
temperature cladding material such as stainless steel. Acceptable rates of heat 
transfer from the fuel to the coolant may be obtained by subdividing the fuel into 
small rods or pins and/or by improving surface heat transfer with artificial rough
ening, i.e., smaU transverse fins. Limitations on the fuel element surface tem
perature can be practically eliminated by using all-ceramic materials. The ceramic 
material, such as graphite, serves both as a structural material and as containment 
for the fission products. The fuel, in carbide or oxide form, is dispersed through 
the ceramic material, which leads to high bumup by limiting radiation damage 
and parasitic neutron absorption. These features are common to all HTGRs with 
fuel in the form of coated particles (where coatings serve as pressure vessels for 
fission gases) within a graphite matrix. 

Besides air, which was the obvious choice for the early low-power reactors 



4 THERMAL AND FLOW DESIGN OF HELIUM-COOLED REACTORS 

and for the first production reactors in France and the United Kingdom, carbon 
dioxide is used for the British and French power reactors, primarily because it is 
readily available. Nitrogen has not been used much because of its relatively high 
neutron cross section, nitriding problems at high temperature, and poorer thermal 
performance compared to CO2. Hydrogen, which would give an excellent thermal 
performance, has only been used for special applications such as rocket propulsion 
because of its inferior chemical properties, i.e., reactions with oxygen and fuels, 
and diffusion through structural steel. In the end, helium was chosen as the best 
coolant for high-temperature gas-cooled thermal or fast reactors because of its 
good thermal performance, excellent radiation stability, and inertness. It is now 
readily available in the United States and abroad and its price is only a very small 
fraction of the total power cost. As is discussed in Chapter 10, dissociating gases 
and vapors have also been suggested as reactor coolants. Studies of N2O4 
(2NO2 ?± N2 -I- 2O2) are being pursued in the Soviet Union for possible appli
cations to gas-cooled fast breeder reactors (GCFRs). A detailed discussion of the 
choice of coolant gas for power reactors is given in Chapter 4 of this monograph. 

Power reactors have been developed for several principal purposes: production 
of fissile material (in thermal or fast reactors), electricity generation, propulsion, 
or process heat applications. Both the design of the reactor and the thermodynamic 
cycles are, of course, affected by the purpose of the reactor. The main cycles 
considered for gas-cooled power reactors are: 

1. an indirect cycle with steam generation for electricity production 
2. a direct gas turbine closed-cycle for electricity generation 
3. an indirect cycle with heat generation for industrial applications 
4. a direct gas turbine open cycle for propulsion. 

Since this book is concerned mainly with electric power applications of nuclear 
reactors, the first two cycles are studied in following chapters, with some discussion 
of process heat applications in Chapter 9. 

Before reporting on specific types of gas-cooled power reactors built around 
the world, the design and performance evolution of the existing three main types 
of gas-cooled reactors is briefly discussed: Magnox in France and the United 
Kingdom, the AGR in the United Kingdom, and the HTGR in Europe and the 
United States. The GCFR, which has been studied in Europe and in the United 
States, has been added to Table l-I, which shows the common use of graphite as 
a moderator for thermal reactors, and PCRVs as the containment. It also shows 
the choice of helium for HTGRs and GCFRs and the very significant improvement 
in thermal efficiency with all advanced systems. Finally, both power density and 
bumup are shown to have increased considerably from the C02-cooled reactors 
to helium-cooled thermal reactors and breeders, and the uranium ore requirements 
are very much reduced with HTGRs and, of course, practically eliminated with 
the breeders, which only need depleted uranium feed once the initial plutonium 
load is provided. 



TABLE 1-1 

Design Evolution of Gas-Cooled Power Reactors 

Reactor Type 

Date of operation 

Moderator 

Coolant 

Fuel 

Fuel element 

Fuel cladding 

Refueling 

Pressure vessel 

Coolant Tex,, (°C) 

Coolant pressure (MPa) 

Net steam cycle efficiency 

Core power density [MW(e)/m^] 

Fuel rating [kW(e)/kg-fissile] 

Average bumup (MWd/kg) 

Conversion ratio 

30-yr ore requirement 
[tonnes UjOg/MWCe)] 

1965 

Natura 

Magnox 

1972 

Graphite 

CO2 

uranium (metallic) 

Slugs 

Magnox 

Off-load On-load 

Steel PCRV 

335 to 415 

1 to 4 

20 to 30% 

0 1 to 0 5 

100 to 250 

3 to 4 

- 0 8 

10 

AGR 

1976 

Graphite 

CO2 

Ennched UO2 (1 5 to 2 5%) 

Rod bundles 

Stainless steel 

On-load 

PCRV 

635 to 675 

2 to 4 

-40% 

~1 0 

200 

- 2 0 

- 0 6 

5 

HTGR 

1976 

Graphite 

Helium 

Highly ennched " ' U -1- Th 
(coated particles) 

Pnsmatic block or sphere 

Graphite or ceramic 

Off-load 

PCRV 

725 to 950 

1 to 5 

- 3 9 % 

2 7 to 3 4 

-500 

100 

0 65 to 0 9 

2 7 

GCFR 

Design 

None 

Helium 

Mixed UO2-PUO2 

Rod bundles 

Stainless steel 

Off-load 

PCRV 

530 

- 1 0 

- 3 7 % 

-100 

-350 

70 

1 4 to 1 5 

Depleted uranium 

I 
CO 
H 
O 
3J 
-< 
o 
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1-2 Magnox COi-Cooled Reactors 
The early Magnox reactors developed simultaneously in France and the United 

Kingdom are characterized by CO2 cooling, graphite moderation, metallic natural 
uranium fuel, and magnesium-aluminum (Magnox) fuel cladding. A total of 37 
such reactors began operating between 1956 and 1972: 26 in the United Kingdom, 
8 in France, and one each in Italy, Japan, and Spain7~^ The cumulative output 
for this 9 GW(e) ( 9 x 1 0 ^ kW) of installed Magnox reactor capacity was ~90 GW-yr 
(780 X 10^ kWh) by mid-1983. The cumulative electricity produced by these 
Magnox reactors was more than the production by all civilian light water reactors 
until sometime in 1973. Until 1980, most of the nuclear electricity in France was 
still produced by Magnox reactors. Out of 28.5 billion kWh generated by nuclear 
power in the United Kingdom during the first seven months of 1983, two-thirds 
came from Magnox reactors (and most of the remainder from AGRs). 

1-2A Characteristics of Magnox Reactors 

While the detailed designs of the various Magnox reactors built in France 
and the United Kingdom are somewhat different, they all have a number of 
characteristics in common that have evolved over the years from the early pro
totypes built for the dual purpose of plutonium production and electricity recovery 
(Figs. 1-2 and 1-3) to the later large commercial power stations (Figs. 1-4 and 

Fig. 1 -3. The Marcoule G2 reactor. 
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1-5). Table l-II lists some typical parameters of the reactors showing an evolution 
from the small, low-efficiency, low power density plants to the larger, higher 
efficiency and higher power density stations. 

Magnox reactors have a low power density—0.1 to 0.5 MW(e)/m^—com
pared to —30 MW(e)/m^ for PWRs. This results from using natural uranium as 
fuel and graphite as the moderator, which requires heterogeneous reactor designs 
with a very large carbon-to-^^^U ratio, typically 12 0(X) to 18 000 (compared to 
—3000 in HTGRs). Furthermore, the maximum specific power is limited to 4 to 
5 MW(t)/tonne of uranium (except for Bugey where the hollow fuel element is 
cooled on both sides) because of maximum permissible cladding and fuel tem
peratures and because of limitations on the transfer surface area. In order to increase 
the reactivity of the reactor, low cross-section cladding material must be used. 

Fig. 1-4. EDF's St. Laurent 1 reactor. 
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TABLE 1-11 

Typical Parameters of Magnox Reactors 

Country 

First power 
Net power |MW(e)] 
Net design efficiency (%) 
Active core 

length (m) 
diameter (m) 

Power density (MW/m') 
Specific power (kW/kg " 'U) 
Maximum fuel bumup (MWd/kg) 
Number of fuel channels 
Fuel channel diameter (mm) 
Elements per channel 
Fuel element 

diameter (mm) 
length (mm) 

Maximum cladding temperature (°C) 
Coolant 

pressure (MPa) 
temperatures (°C) 

Power per circulator (MW) 
Steam 

pressures (MPa) 
temperatures (°C) 

Pressure vessel type 
thickness (mm) 
length (m) 
diameter (m) 

Calder Hall 

United 
Kingdom 

1956 
35 
19 

6 4 
9 45 
0 5 
190 
2 7 
1696 
54 
6 

29 
1015 
418 

0 8 
140 to 336 

1 4 

1 5/0 4 
314/182 

Steel 
50 8 
21 65 
11 25 

Marcoule G2 

France 

1959 
40 
16 

7 85 
8 45 
0 5 
250 
0 4 
1200 
71 
28 

28 
282 
400 

1 5 
80/150 to 305/354 

1 85 

1/0 2 
330/170 
PCRV 
3000 

27 7 IL" 
14 ( i d ) 

Hinkley Point A 

United 
Kingdom 

1965 
250 
25 

7 6 
14 9 
0 74 
360 
S3 

4500 
96 
8 

28 5 
900 
430 

1 36 
180 to 375 

5 5 

4 7/1 3 
363/350 

Steel 
75 
20 
20 

Chinon 3 

France 

1966 
480 
31 

9 
14 
1 1 
470 

5 
2737 
140 
15 

23 X 43 
560 
445 

3 
240 to 400 

14 

5 3 
400 

PCRV 
4200 to 5500 

20 1 IL 
18 9 ( i d ) 

Oldbury 

United 
Kingdom 

1968 
300 
33 6 

9 6 
13 

0 65 
400 
4 5 

3308 
97 
8 

28 
960 
472 

2 55 
245 to 410 

5 2 

10/5 
400/393 
PCRV 

4600 to 6700 
18 3IL 

23 6 (1 d ) 

Wylfa 

United 
Kingdom 

1971 
590 
31 5 

9 15 
17 35 
0 87 
450 
33 6 
6150 
96 5 

8 

28 
1050 
451 

2 7 
247 to 414 

14 

4 8 
396 

PCRV 
3350 

29 3 IL 
29 3 (1 d ) 

Bugey 1 

France 

1972 
540 
29 1 

9 
12 2 
1 8 
870 
5 

850 
224 
15 

77 X 95 
500 
510 

4 2 
225 to 410 

20 

3 3 
380 

PCRV 
5500 to 7500 

40 1 IL 
17 1 (1 d ) 

"IL = inside length 
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Magnesium alloy Magnox (0.8% aluminum, 0.002 to 0.50% beryllium, 0.008% 
calcium, and 0.006% iron additions) is used in the United Kingdom and a Mg-
Zr alloy in France. Because of CO2 oxidation and melting of the cladding at 
~645°C, the maximum cladding temperature is limited to 500°C or less. Fur
thermore, a phase change in metallic uranium at 665°C (alpha to beta) limits the 
maximum fuel temperature to 600°C or below. A relatively high coolant pressure 
and high pumping power (as a ratio of thermal power), as well as extended surfaces 
on the fuel elements, are required in order to obtain an acceptable exit gas tem
perature of 375 to 415°C. A further coolant temperature limitation of 360 to 365°C 
became necessary after operation of most U.K. Magnox reactors and the French 
Chinon 3 reactor because of oxidation of mild steel in high-temperature CO2. 
This phenomenon led to some derating of these reactors, but only ~10% due to 
reoptimization of the systems. Graphite corrosion by CO2 could be reduced by hydro
gen or methane injection in the coolant."' Finally, the fuel bumup is limited to 
values on the order of 5 to 6 MWd/kg (compared to 30 MWd/kg in PWRs and 100 
MWd/kg in HTGRs) because of deformation of the metallic uranium under ir
radiation, and also because of reactivity limitations with natural uranium fuel. 

One way of improving the neutron economy is frequent refueling, since less 
neutron poisons are required for control. If designed for on-load refueling, good 
plant availability is obtained, although problems did arise with the rather complex 
refueling machinery required for on-load and pressurized operation. Refueling 
machinery failures accounted for 45% of all reactor shutdowns in the United 
Kingdom. All commercial Magnox stations of French and U.K. design utilize this 
concept, which was started on the Marcoule G2 reactor in 1959 (see Fig. 1-3). 

Another new concept introduced by the G2 reactor was the use of a prestressed 
concrete reactor pressure vessel (PCRV) rather than a thick steel vessel. The 
PCRV consists of a carbon steel vessel liner surrounded by concrete in compres
sion, post-tensioned by sets of steel tendons. The liner, anchored to the concrete, 
is the gas barrier and acts as a membrane. This highly redundant structure, where 
the tendons are well protected from thermal and radiation fields, has an extremely 
low probability of catastrophic failure.""'^ The very thick concrete structure also 
acts as biological shielding for the reactor. With steel vessels, the coolant pressure 
and/or the reactor size are limited by the maximum thickness practical for welding 
and also by shipping problems; there is no such limitation with the PCRV, which 
can contain large cavities with high pressure, thus removing limitations on reactor 
power. Only the reactor core was contained in the Marcoule G2 and G3 and 
Chinon 3 nuclear plants, but the PCRV encloses the whole primary system in 
later reactors such as St.-Laurent-des-Eaux 1 and Oldbury (see Figs. 1-4 and 
1-5). Including the two Marcoule reactors, 11 Magnox reactors use PCRVs, 8 of 
them with the entire primary system contained within the vessel. 

Besides core-related components and reactor vessels, a number of major 
components, such as steam generators and coolant circulators, were developed 
for gas-cooled reactors. Operating conditions for these components have been 
uprated continuously from the early reactors operating at low pressure (0.8 MPa 
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or 8 bars) and temperature (336°C maximum) to the latest Magnox reactors (4.3 MPa 
and 410°C). The main gas circulators are driven either by electric motors, or by 
series or parallel steam turbines. The power required by one of the circulators for 
the Chinon 3 or Wylfa reactors is ~15 MW, and even 20 MW at Bugey (Table 
l-II). 

1-2B Experience with Magnox Reactors 

In 1976, nearly 10% of the electricity generated in the United Kingdom was 
produced by Magnox reactors and the cost of nuclear electricity was —70% of 
the cost for coal-fired stations and only 60% of the cost for oil-fueled stations. 
The average lifetime load factor of the French Magnox reactors G2 and G3 at 
Marcoule was as high as 95% for the first 15 years of operation.'"^ The average 
load factor (based on the net output capability) for the seven fully commissioned 
stations of the Central Electricity Generating Board (CEGB) in the United Kingdom 
was 98% during the three winter months of 1974-1975. For the first half of 1983, 
the average capacity factor'^ of U.K. Magnox reactors was close to 70%. 

Continuous improvements have occurred in plant and fuel performance, even 
after commissioning of the reactors; these improvements resulted in a lack of 
standardization of components and fuel elements for successive stations. For 
instance, introduction of a graphite core fuel element instead of a tubular element 
in the French Magnox reactors has allowed an increase in the maximum fuel 
bumup'^ from 5 to 7 MWd/kg. Fuel elements for French commercial Magnox 
reactors are contained in graphite sleeves. Similarly, in the United Kingdom, the 
average bumup'^ has been raised from 3.5 to 4.5 MWd/kg. Very satisfactory fuel 
performance has been obtained, with few element failures, in both French and 
U.K. reactors.'^ For instance, of 1.5 million fuel elements used in the CEGB 
Magnox reactors between 1962 and 1975, only 0.1% have failed in service, and 
only 22 failures necessitated reactor shutdown. Similar results were obtained in 
France with very low fuel failure rates: only five cladding failures for 400 000 
elements. 

The evolution of the finned fuel element in the United Kingdom is shown in 
Fig. 1-6 while Fig. 1-7 represents the advanced French fuel element finned both 
inside and outside.^ Longitudinal fins were used on the early French (G2, EDFl) 
and U.K. (Windscale) gas-cooled reactors' fuel elements to increase the heat flux 
from the cladding to the coolant,'^'^° since minimizing the film drop is desirable 
because of temperature limitations. Transverse fins were used for the cladding of 
the Calder Hall reactor fuel elements^' while polyzonal fuel elements with helical 
fins and helical herringbone-type fins were employed in later Magnox reactors to 
improve gas mixing as well. 

A consequence of the good fuel behavior, failed-fuel detection system, and 
on-load fuel handling is the low contamination level of the gas circuit, which 
makes it relatively accessible during shutdowns with low radiation exposure to 
personnel. The level of radioactive releases to the atmosphere is very low. For 
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Fig 1 -6 UKAEA fuel elements From left to right, Berkeley, Sizewell, Hunterston with sleeve, 
Pippa Mark-ll, and Oldbury 

instance, in 1971 the gaseous releases^^ in all French gas-cooled reactors were 
— 1% of the allowed release, and liquid releases were 0 2% 

Early problems occurred in heat exchangers because of manufactunng defects 
Flow-induced vibrations with CO2 that caused failures through stress fatigue or 
fretting have occurred m a number of components such as cover plates, guide 
vanes, reactor internal casings, boiler tubes, circulator piping, etc Even when 
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Fig. 1-7. Annular fuel element for French natural uranium graphite reactor. 

such large components were tested out-of-pile, problems did occur within the 
reactor because of the complex phenomena occurring in the actual CO2 circuits. 
Defective bellows found in 1979 in the early British Magnox reactors had to be 
repaired or replaced.^^ 

A great deal of experience has been accumulated through the construction 
and operation of Magnox reactor components such as FCRVs, steam generators, 
and circulators. This experience serves as a base for the development of similar 
components for more advanced reactors, AGRs, or HTGRs. 

In general, once early problems were solved, long-term experience has been 
satisfactory '*" : 

1. Eleven FCRVs have been built for Magnox reactors with a total expe
rience of —180 reactor-yr of operation by the end of 1983. 

2. Steam generator experience started in 1956, with about 150 in operation 
as of 1983, all generating superheated steam. 
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3. Since 1956, 150 gas circulators have operated with both electric and 
steam drives up to a rating of 20 MW. Back-pressure steam-driven cir
culators, of 1.85 MW each, have been used in the G2 and G3 reactors 
since 1959-1960. 

Experience with other components such as a graphite moderator, control rods and 
drives, and thermal insulation has also been found to be very valuable for other 
types of gas-cooled reactors. 

1-3 Advanced Gas-Cooled Reactors (AGRs) 
To improve on the Magnox reactors significantly, both higher thermodynamic 

efficiency and better fuel utilization are required. Most limits for the Magnox 
designs derive from the use of metallic natural uranium as fuel. With enrichment, 
uranium oxide may be used (allowing a higher fuel temperature and longer fuel 
irradiation) and a better cladding material may be introduced (allowing a higher 
gas temperature and greater heat flux). Beryllium was first proposed as a low 
neutron absorption cladding but was never adopted because of material problems.^^ 
Instead, stainless steel was chosen, and in 1958 the constmction of the first AGR 
was begun to prove the concept of a C02-cooled, graphite-moderated reactor with 
stainless steel clad oxide fuel. As shown in Table l-III, the aim was to raise the 
coolant outlet temperature, to increase thermodynamic efficiency, and to greatly 
increase the fuel bumup, made possible because UO2 accommodates fission prod
ucts better than metallic uranium, and also because the reactivity is not limited 
with enriched fuel. This type of fuel can be divided into smaller pins and more 
neutron absorption can be tolerated; the resultant higher fuel rating and power 
density lead to more compact reactors and a smaller total fuel requirement. 

Another approach to such improvements over the earlier Magnox reactors 
was the replacement of CO2 by helium in an all-ceramic semi-homogeneous core; 
this is the HTGR concept that was begun about the same time as the first AGR 
was developed and led to prototype HTGRs in the mid-1960s (see Chapter 2). 
Helium was also chosen as coolant for the Experimental Gas-Cooled Reactor at 
Oak Ridge National Laboratory (see Sec. 1-4C). 

1-3A Windscale AGR (WAGR) 

The first AGR prototype, which started up in 1963 at Windscale, has been 
a test bed for fuel elements and for a number of core features for the later 
commercial AGRs (Fig. 1-8, Ref. 29). The main parameters of the WAGR (Table 
l-III) show a considerable increase in CO2 outlet temperature over the CO2 tem
perature in Magnox reactors: 560°C versus 350 to 400°C. The fuel assemblies are 
made up of a bundle of UO2 pellets contained in stainless steel tubes and assembled 
in graphite sleeves (Fig. 1-9). The fuel enrichment is 2.5%; the 10-mm-diam fuel 
is contained in a 0.375-mm-thick stainless steel cladding with small transverse 



TABLE 1-III 

Main Parameters for AGRs 

First power 
Net power [MW(e)] 
Net design efficiency (%) 

Active core 
length (m) 
diameter (m) 

Power density (MW/in') 
Specific power (kW/kg ^''U) 
Average fuel bumup (MWd/kg) 
Fuel enrichment (%) 
Number of fuel channels 
Graphite sleeve i d (mm) 
Elements per channel 
Fuel element 

number of rods 
rod diameter (mm) 
rod length (mm) 

Maximum cladding 
temperature (°C) 

Coolant 
pressure (MPa) 
temperatures (°C) 

Power per circulator (MW) 
Circulator pressure nse (MPa) 
Steam 

pressure (MPa) 
temperature (°C) 

Reheat (MPa/'C) 

Pressure vessel type 
thickness (mm) 
height (m) 
diameter (m) 

WAGR 

1963 
28 to 33 
28 to 31 

4 2 
4 5 

143 
350 

10 to 20 
2 5 
210 
130 
8 

21 
10 2 
510 

650 to 750 

19 
250 to 560 

1 4 
0 1 

4 6 
454 

None 

Steel 
44 5 to H I 1 

16 
6 3 

Hinkley Point B 

1976 
625 
41 5 

8 3 
9 5 

2 55 
-600 
- 2 0 

1 4 to 2 6 
310 
190 
8 

36 
14 5 
1040 

825 

4 2 
290 to 670 

4 3 
0 24 

16 3 
538 

4 4/538 

PCRV 
4900 to 7300 

19 4 inside height 
18 9 ( i d ) 

Dungeness B 

1982 
600 
41 5 

8 2 
9 4 

2 5 
-500 

18 to 20 
1 5 to 2 5 

410 
178 
8 

36 
14 5 
1040 

835 

3 45 
320 to 675 

10 9 
0 32 

16 3 
565 

3 9/565 

PCRV 
3800 to 6400 

17 7 inside height 
20 (I d ) 

Hartlepool 

1983 
625 

41 65 

8 2 
9 3 

2 7 
-600 

18 to 20 
1 4 to 2 6 

324 
190 
8 

36 
14 5 
1040 

825 

4 2 
317 to 648 

4 3 

— 
16 3 
538 

3 8/538 

PCRV multicavity 
5500 to 6400 

18 3 inside height 
13 1 ( i d ) 

Heysham 2/Torness 

1987-1988 
620 
40 

8 3 
9 45 

2 65 
-600 

18 
2 11 to 2 77 

332 
190 
8 

36 
14 5 
1040 

— 

4 35 
335 to 635 

5 3 
0 29 

16 
538 

3 9/538 

PCRV 
5800 

21 9 inside height 
20 2 (1 d ) 
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Fig. 1-9. Cutaway of a 36-pin AGR fuel assembly. 

ribs, 0.15-mm square on a 2.5-mm pitch. This artificial surface roughness improves 
the surface heat transfer, with some penalty in pressure drop. Stainless steel fins 
would not be very useful since the neutron absorption would be too high and the 
fin efficiency would be low because of the relatively poor thermal conductivity 
of stainless steel. Surface roughening is also used in the larger AGRs and is the 
basis for designs of GCFR fuel rods (see Chapter 10). 

Besides providing operating experience on fuel elements, the main functions 
of the WAGR were to provide information on the behavior of the graphite mod
erator at a higher rating, temperature, and coolant pressure than in Magnox re
actors, and to permit investigation of the compatibility of reactor materials and 
other components (i.e., steam generator materials) in CO2 at the higher temper
atures and pressures.^° A number of design features of the WAGR are directly 
applicable to commercial reactors: 

1. single-channel access 
2. fuel channel discharge on-load 
3. the internal neutron shield above the core 
4. the reentrant core. 

In the reentrant core, before flowing over the fuel rods, about half of the coolant 
(at inlet temperature) first passes through the graphite moderator, which is main
tained at a substantially constant temperature, lower than the maximum temper
ature in the Magnox reactors. In spite of the use of replaceable graphite sleeves 
in contact with the hot CO2 and in spite of the low moderator graphite temperature, 
a small quantity of methane must be added to the coolant to slow the reaction 
between graphite and CO2 at the relatively high fuel rating and gas pressure. 

From startup in 1963 until the end of 1976, the WAGR generated close to 
3 X 10^ kWh. During its first ten years of operation, the load factor of the plant 
was 71%, and would have been 85% if allowance had been made for deliberate 
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reductions in power required by the experimental program.^' Many different 
designs of fuel pins have been tested including 4000 fuel pins made of annular 
UO2 pellets in 0.375-mm-thick stainless steel cladding that exhibited very few 
failures under typical operating conditions for commercial AGRs. Special loops 
have been designed for testing fuel performance in the WAGR under power cycling 
conditions, such as changes from 100 to 75% power. Two special high-pressure 
loops were commissioned^^ in the late 1970s to test fuel up to a coolant pressure 
of ~6 MPa. 

Detailed studies have also been performed both in-pile and out-of-pile to 
determine the optimum coolant composition (i.e., small additions of CH4, CO, 
and H2O to CO2) to inhibit corrosion effects of CO2 on graphite while minimizing 
carbon deposition, for instance, on heat transfer surfaces. There is confidence that 
the graphite moderator in the core could last for the 30-yr reactor design life. 

Valuable experience has been gained from WAGR with on-load refueling,^^ 
the reentrant flow sytem, on-load flow control of each fuel channel, and the use 
of encapsulated gas circulators.^'* The laminated dimpled stainless steel insulation, 
necessitated by a maximum CO2 temperature up to 725°C, has been found effective 
and inspection has shown no damage. The gas circulators have proved very 
reliable, but, in common with Magnox reactors, flow-induced vibration problems 
had to be overcome. After 18 years of operation, WAGR was decommissioned 
in 1981, following a series of severe experimental transients. 

1-3B Commercial AGRs 

Seven AGR stations, each with two reactors, for a total of 8.7 GW(e), have 
been ordered in the United Kingdom. Commercial operation started in 1976 at 
Hinkley Point B and at Hunterston B. As shown in Table l-III, the designs of 
the large AGRs are similar, with an ~600-MW(e) design output at a net efficiency 
of 41% with modem steam conditions. The fuel elements consist of a bundle of 
36 X 14-mm enriched UO2 rods, clad in stainless steel, ~l-m long (Fig. 1-9). 
As in WAGR, artificial surface roughening is provided to improve heat transfer 
(single-start helix with square ribs). In all commercial AGRs, the whole primary 
system—core, steam generators, and circulators—is contained within a PCRV. 
For Dungeness B, Hinkley Point B, and Hunterston B, the boilers are located 
around the core within the PCRV, while for Hartlepool and Heysham 1, the boilers 
are located in cavities within the concrete vessel.^^ The new Heysham 2 and 
Tomess stations, due to be commissioned in 1987-1988, have a design similar to 
Hinkley Point B (see Table l-III), with modifications for improved performance 
margins, easier personnel access, and updated safety standards.''^ 

Figure 1-10 shows a section through the reactor of Hinkley Point B with the 
boilers located around the core and the gas circulators in horizontal cavities within 
the PCRV wall at the bottom.^* The design of the first AGR reactor ordered, 
Dungeness B, is similar.^^ As shown in Fig. 1-11, later AGR designs incorporate 
pod boilers in eight smaller cavities around the central cavity containing the reactor 
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Fig. 1-10. Hinkley Point B AGR—section through reactor 

core. ' For the Hartlepool and Hey sham 1 reactors, circumferential prestressing 
of the PCRV is performed by wire winding. Both the reheater and high-pressure 
boiler surfaces are arranged in the form of concentric multi-start helices.''^ These 
once-through boilers are completely removable and replaceable for inspection or 
repair. The centrifugal gas circulators are vertically mounted at the bottom of each 
3-m-diam boiler cavity .""̂  

Delays in the construction of the AGR reactors, ranging from 3 to 13 years, 
have been due both to managerial problems (several drastic changes in the U.K. 
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Fig. 1-11. Hartlepool AGR reactor sections. 

nuclear industry occurred between 1965 and 1975) and to technical problems, 
such as construction and support of large metal sheets for PCRV liners, and of 
the hot box and dome on top of the reactor to separate the hot gas from the concrete 
vessel. Furthermore, circulator-induced vibration problems required redesign of 
thermal barrier cover plates, and modifications to the fuel stringer and orifices.'*'* 
Finally, CO2 oxidation of the 9% chromium steel used in the boilers has required 
the outlet gas temperature to be lowered to ~600°C from the original conditions 
(650 to 675°C), thus leading to an —20% power derating for the first year of 
operation. Problems were also encountered with on-load refueling and modifi
cations were required to allow refueling at a high power level (50%) without 
damage to the fuel stringer. But, with half a million fuel pins irradiated, only two 
stringers had to be discharged prematurely.'* Still, the availability in 1981 of the 
AGR at Hunterston Bl has been 85%. Also, in spite of delays and cost overruns 
of 33%, electricity produced by the two reactors at Hinkley Point B station 
[1200 MW(e)] could be 20 to 40% cheaper than coal.'*'' 

A lesson learned from the commissioning of AGR reactors is that vibrations 
(flow-induced or noise-induced) with CO2 cooling can create severe problems that 
are hard to detect with out-of-pile loops. This is especially true when the primary 
system is integrated within a PCRV. Similar problems could occur with other gas-
cooled reactors, although flow-induced forces with helium are expected to be 
much smaller than with CO2, as is discussed in Chapter 5. While most startup 
problems seem to have been solved with the first AGR stations, there remain three 
areas of concern that are specific to this reactor type: CO2 corrosion of the steel 
components, especially in the boilers; a trade-off between carbon corrosion by 
CO2 and carbon deposition'**; and the possibility of maintenance and repair work 
in the "hot box" area above the core, which is required in this upflow design. 
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The bumup of the fuel could still be increased, from 18 to 21 MWd/kg and 
possibly to 24 MWd/kg (Ref. 46). The thermal performance of the fuel element 
could also be improved by further optimization'* to obtain lower power costs. 

1-4 Early U.S. Gas-Cooled Reactors 
A number of experimental gas-cooled reactors of different designs were built 

in the United States in the late 1950s and early 1960s for special purposes: mobile 
power (MLl), maritime or aerospace propulsion (EBOR, HTRE, Tory, and Kiwi), 
power generation (EGCR), and very high temperature gas operation (UHTREX). 
At the same time, constmction was started on the first high-temperature gas-cooled 
power reactor. Peach Bottom Power Station Unit 1, with a helium-cooled, all-
ceramic core. This first HTGR is described in Chapter 2 in some detail, together 
with other HTGR systems. 

1-4A Mobile Gas-Cooled Reactors 

The U.S. Army built two small nuclear plants using nitrogen-cooled reactors 
with a closed-cycle gas turbine, intending to develop a mobile power plant. 
Nitrogen was used because it is cheaper than helium and less corrosive than CO2 
at elevated temperatures. 

The Gas-Cooled Reactor Experiment (GCRE-1), designed for a thermal out
put of 2.2 MW, started operation^" in 1960 at the National Reactor Testing Station 
(NRTS). The heat removed by 1.2 MPa (12 atm) nifi-ogen (with 0.5% O2) was 
transferred to a secondary circuit and dumped to the atmosphere. Core inlet and 
outlet temperatures were 425 and 650°C, respectively. The reactor was water 
moderated with 73 pressure tubes, 47.5 mm in diameter, containing fuel elements 
and the coolant flow. The 56 fuel elements of the first core were in the form of 
curved plates of U02-stainless steel with stainless steel cladding; the second core 
contained 56 fuel elements, each having 19 Hastelloy-X tubes filled with highly 
enriched UO2 pellets. The core was 560 mm in diameter and 710 m long. 

The Mobile Low-Power Reactor (MLl), similar in design to GCRE-1, had 
a closed-cycle gas turbine and represented a real operational prototype.^' With 
3.3 MW of thermal power, the net electrical output was 330 kW. The reactor 
went critical in 1961 at the NRTS in Idaho and achieved power in 1962-1963. 
The 61 fuel elements were made up of 19 rod clusters of UO2 pellets within 
Hastelloy-X tubes. The fuel rod diameter was 6.3 mm, with 93% enriched fuel; 
the outer fuel elements contained U02-BeO pellets. The nitrogen coolant entered 
the reactor at 425°C and 2 MPa (20 atm), and entered the gas turbine at 650°C. 
The spacing of the stainless steel pressure tubes was varied to flatten the radial 
power distribution, while the fuel loadings of the rods within the bundle were 
varied to equalize the maximum cladding temperature. A 1-mm-diam Hastelloy-X 
wire separated the pins from each other and from the inner liner, itself insulated 
from the pressure tube. 
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1-4B Propulsion Gas-Cooled Reactors 

Nuclear reactors have been developed for both maritime propulsion (nuclear 
submarines and surface ships) and for aerospace propulsion (airplanes and rockets). 
Pressurized water reactors were developed for naval and maritime propulsion: the 
Nautilus PWR began operation in May 1953, while the merchant ship Savannah 
started operation in late 1961. A Maritime Gas-Cooled Reactor (MGCR) was 
designed in 1960 by General Atomic and Electric Boat, divisions of General 
Dynamics, with a 20 000-hp helium closed-cycle gas turbine propulsion 
plant.^^"^'' It was not taken beyond the design stage, although a prototype (EBOR) 
reactor was developed. 

The Experimental Beryllium Oxide Reactor (EBOR) was designed and built 
as a prototype for the MGCR to test the high-temperature behavior of BeO as a 
reactor moderator, together with helium cooling. The selection of the EBOR fuel 
element was based, in part, on its inherent simplicity, readily predictable thermal 
performance, and satisfactory behavior in case of a loss-of-coolant accident. The 
main reactor characteristics are shown in Table 1-IV (Ref. 55). Helium at 7.6 MPa 
enters the reactor at 400°C and leaves at 690°C in 36 channels each containing 
18 fuel rods. The fuel rods contain a mixture of 62.5% enriched UO2 with BeO 
within a 0.5-mm-thick Hastelloy cladding (Fig. 1-12). These 8.5-mm-diam, 2550-
mm-long rods, spaced by helical wires, operate at a maximum surface (hot spot) 
temperature of 860°C, equalized in each fuel element by proper orificing. Con
stmction of this lO-MW(t) reactor was begun at the NRTS in 1964, but because 
of budget restrictions, it was mothballed in 1967 just before completion. Several 
designs for BeO-moderated helium-cooled power reactors with the ^^^U-Th cycle 
have been proposed because of the excellent nuclear properties of BeO, but were 
never developed in view of uncertainties in the irradiation behavior^^ of BeO and 
a lack of specific mission requirements. 

Under the U.S. aircraft nuclear propulsion program, a direct-cycle air-cooled 
reactor was designed that led to the operation of Heat Transfer Reactor Experiments 
(HTRE-1, -2, and -3) at the NRTS in Idaho between 1955 and 1958 (Refs. 57 
and 58). The HTRE-1 and -2 were air-cooled water-moderated reactors coupled 
to a single J-47 turbojet engine with a 17.5-MW(t) output. Air at 0.3 MPa (3 atm) 
was heated in the reactor from 180 to 725°C with a maximum fuel temperature 
of ~1000°C. The 37 fuel elements, which were 86 mm in diameter and 740 mm 
long, were contained inside 100-mm pressure tubes. They were made of an 
80 wt% Ni-20 wt% Cr alloy containing highly enriched UO2. Successful oper
ation of the first two reactors was followed by operation of HTRE-3 between 1958 
and 1961 at NRTS. The 32.4-MW(t) air-cooled zirconium-hydride-moderated 
reactor was coupled with two J-47 turbojet engines and generated a total of 
—5000 MWh. By radial power flattening, the maximum fuel temperature was 
limited to — 1040°C for a maximum air temperature of 900°C. 

Two air-cooled reactors with a BeO moderator were operated at the Nevada 
Test Site in 1960 and 1963 as part of the Pluto Program for ramjet propulsion. 
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TABLE 1-IV 
Thermal Characteristics of Some Early U.S. Helium-Cooled Reactors 

Power 
tfiermal [MW(t)] 
electncal [MW(e)] 

Core 
active diameter (m) 

active length (m) 
power density (MW/m^) 

Power conversion 

Heat flux (maximum) 
W/cm^ 
W/cm 

Maximum temperature 
surface (°C) 
fuel (°C) 

Coolant gas 
total mass flow (kg/s) 
mlet temperamre (°C) 
outlet temperature (°C) 
pressure (MPa) 
coolant void fraction (%) 
reactor pumping power 

thermal power 
Moderator 
Number of channels 
Fuel 

ennchment (%) 
cladding matenal 

cladding thickness (cm) 
fuel region i d /o d (cm) 
fuel element length (cm) 

EGCR 

85 
25 

3 6 

4 4 
1 87 

482°C steam 
8 7 MPa 

55 
330 

816 
1650 

Helium 
53 5 
266 
566 
22 
6 2 

2 

Graphite 
234 
UO2 

2 46 
Type 304 

stainless steel 
0 05 

0 82 X 18'' 
6 X 73 6 

EBOR 

10 
None 

0 59 side 

1 93 
13 7 
None 

84 
250 

860 
1040 

Helium 
6 6 
400 
690 
7 6 
11 

1 4 

BeO 
36 

UOa-BeO 

62 5 
Hastelloy-X 

0 05 
0 0 X 0 85'̂  

255 

UHTREX 

3 
None 

0 585 1 d 
1 7 8 o d 

1 0 
1 3 

None 

35 
140 

1593 
1610 

Helium 
1 29 
870 
1320 
3 4 
— 

0 07 

Graphite 
312'' 

UC2 coated 
particles in graphite 

93 5 
None 

— 
1 27 X 2 54 

4 X 14 

"Thirteen levels of 24 radial channels 
""An element contains seven pins 
'An element consists of an annular nng of 18 rods around a BeO spine 

The Tory II-A1 was operated at 40 MW(t) at temperatures exceeding 1100°C. Air 
supplied at 25 MPa (250 atm), preheated to 570°C, entered the reactor at -2 .5 MPa 
(25 atm). The core contained —100 000 hexagonal BeO-U02 fuel elements, 100 mm 
long and 7.5 mm across flats with a 5-mm-diam central hole for air cooling. The 
Tory II-C reactor, operated in 1963, was designed for short-term operation at 
150 MW(t). 

Six rocket propulsion reactors with hydrogen cooling were tested^^ in Nevada 
by the Los Alamos Scientific Laboratory between 1959 and 1962. All of the Kiwi 
reactors were graphite moderated and designed for an outiet temperature of 1650°C. 
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Typical conditions for a nuclear rocket would be 2 to 15 min of operation at 
2500°C with a 10 OOO-MW(t) output. The fuel elements of the Kiwi-A series 
consisted of plates of graphite impregnated with uranium, with graphite as a 
stmctural material and reflector also. Hydrogen gas was used in the first tests, 
and liquid hydrogen in later tests with a modified core geometry. The aerospace 
reactor propulsion program was discontinued in the mid-1960s because of the 
treaty limiting the atmospheric testing of nuclear fission. 

1-4C The Experimental Gas-Cooled Reactor (EGCR) 

The main parameters of the helium-cooled graphite-moderated EGCR are 
given in Table 1-IV (Refs. 60, 61, and 62). It is basically an AGR-type reactor 
with a helium coolant. The gas entering the core at 266°C and 2.2 MPa (22 atm) 
is heated to 566°C before entering the steam generators. A thermal power of 
85 MW would lead to a net electricity production of 25 MW with 482°C steam 
at 8.7 MPa (87 atm). The fuel assembly consisted of seven-rod clusters of stainless 
steel tubes filled with 18-mm cored UO2 pellets, each cluster supported within a 
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25-mm-thick graphite sleeve with a 75-mm i.d. There were six stacked fuel as
semblies in each coolant channel for a total height of 4420 mm; they were located 
in 236 channels with an overall core diameter of 4877 mm (Fig. 1-13). The steel 
pressure vessel, 6 m in diameter and 14 m high, had a wall thickness of 70 mm. 
The fuel enrichment was 2.5% and the average specific power 7.55 kW/kg U. 
Extensive analyses as well as flow and heat transfer tests of the fuel assemblies 
have been performed.^^ The reactor was constructed at Oak Ridge National Lab
oratory beginning in 1964, but was never completed because of budget restrictions. 

CONTROL ROD AND FLUX SCANNING NOZZLES 

^̂  

B S D AND THERMO- * 
COUPLE NOZZLE (3) 

9%-ir-DtA EXPERIMENTAL ' 
LOOP 

CORE GRID STRUCTURE 

CORE BOTTOM P L A T E -

THERMOCOUPLE NOZZLE (4) 

BIOLOGICAL SHIELD * ^ ^ 

GAS INLET 

FUEL CHARGE NOZZLES 

•̂  • . < * *» * » . » . « » ^\* * . ^ » i * ..* . ' 

Fig. 1-13. EGCR cross section. 



HISTORY OF GAS-COOLED REACTORS 27 

1-4D Ultra-High-Temperature Reactor Experiment (UHTREX) 

The 3-MW(t) UHTREX was built by the Los Alamos Scientific Laboratory 
and operated there between 1966 and 1970 (Refs. 64 and 65). The purpose of 
this experimental reactor was to provide very high temperature helium (1300°C) 
at 3.4 MPa (34 atm) and to test various ceramic fuels in a graphite-moderated 
core. The main reactor characteristics are given in Table 1-IV, and a reactor 
cutaway is shown in Fig. 1-14. The fuel elements consisted of extruded hollow 

Fig. 1-14. UHTREX cutaway. 
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cylinders made of a mixture of graphite and 93% enriched PyC-coated (Tnplex) 
UC2 particles ^ 

The reactor was designed with unique features 

1 an annular core that is rotatable to facilitate on-line refueling 
2 articulated control rods that can always be inserted directly into the core 
3 the possibility of operation with a contaminated circuit and on-line cool

ant cleanup 

Helium enters the core at its axis at a temperature of 870°C, flows through 
the fuel channels, and leaves at 1320°C before entering a recuperator from which 
It emerges at 760°C to go through a helium heat exchanger where it is cooled to 
315°C It IS then pumped back to the recuperator by a gas-beanng 65-hp centnfugal 
blower The secondary helium loop operating at a maximum temperature of 540°C 
dumps the heat through an air-cooled heat exchanger 

This reactor expenment has shown the feasibility of producing 1300°C he
lium, which IS a much hotter temperature than the temperatures required for steam 
cycle HTGRs (700 to 800°C), gas turbine HTGRs (800 to 900°C), and even for 
high-temperature process heat reactors (900 to 1000°C) 
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HIGH-TEMPERATURE GAS-COOLED 
REACTOR DEVELOPMENTS 

In parallel with the development of the advanced gas-cooled reactor (AGR), 
in the United Kingdom in the mid-1950s the idea for an all-ceramic helium-cooled 
graphite-moderated reactor using the thorium fuel cycle was proposed. A High-
Temperature Gas-Cooled Reactor Project Group' was set up at the Atomic Energy 
Research Establishment at Harwell, England, in 1956. The proposed reactor could 
operate at high temperature because of the absence of metal in the core and the 
inertness of the helium coolant; it was called the "HTR" in England and, later 
on, the "HTGR" in the United States. The fuel was to be a semi-homogeneous 
mixture of thorium and uranium carbides (or oxides) within a graphite moderator, 
leading to high bumup because of fuel dilution and the good irradiation properties 
of graphite, and a high conversion ratio because of the absence of neutron poisons 
and of the excellent neutronic properties of the new fissile material, ^^'u bred in 
^̂ •̂ Th (Ref. 2). These features define the HTGR. In addition, the primary system 
is integrated within a prestressed concrete reactor vessel (PCRV) for large plants, 
as with all large C02-cooled reactors, Magnox, and AGRs. The common char
acteristics of HTGRs lead to the following advantages: 

1. High-temperature operation improves thermodynamic efficiency, re
duces steam generator surface area, and permits use of conventional 
turbogenerating equipment; it also reduces the amount of cooling water 
required to reject waste heat. The high helium outlet temperature also 
allows advanced applications, such as closed-cycle gas turbine or high-
temperature process heat for industry (refer to Chapters 8 and 9). 

2. The combination of graphite core structure and ceramic fuel, inert helium 
coolant, and a PCRV greatly increases the inherent safety of the system 
since sudden catastrophic vessel failure is not credible and the core has 
a very large thermal inertia. Furthermore, the level of radioactive re
leases—solid, liquid, and gaseous—is very low. 

3. With ^̂ ^U as the best fissile material in a thermal neutron flux, and 
lacking parasitic neutron absorbers in a cladding, the HTGR has the 
potential of having a high conversion ratio (Chapter 6). The use of 
thorium in an HTGR with •̂'•'U recycle could significantly reduce the 
consumption of uranium ores by adding the vast deposits of thorium to 

32 



HTGR DEVELOPMENTS 33 

the reserves of nuclear fuels. As is seen later, it also produces the 
possibility of an effective symbiotic relationship with high-gain breeders, 
which can efficiently convert Th into U, the preferred fissile ma
terial for HTGRs, which could themselves become quasi-breeders with 
the 2^^U-Th cycle. 

In the following sections, the first HTGR prototypes started in the mid-1960s 
are described in some detail—Dragon in the United Kingdom, Peach Bottom 
Unit 1 in the United States, and AVR in West Germany. This is followed by the 
description of two demonstration plants, the Thorium High-Temperature Reactor 
(THTR) in West Germany, which went critical in 1983, and the Fort St. Vrain 
HTGR, which has operated in Colorado since 1976. Some designs for steam-cycle 
HTGRs for electricity and steam production in the United States and abroad are 
discussed. Finally, a summary of experience with gas-cooled reactors is presented. 

2-1 The Dragon HTR 
In 1958, two years after studies began at Harwell on a high-temperature gas-

cooled reactor experiment, it was proposed that this HTGR project become the 
subject of a collaborative program with the Organization for European Economic 
Cooperation (OEEC), later to become the Organization for Economic Cooperation 
and Development (OECD). The agreement to set up a joint OEEC project, called 
"Dragon," at the United Kingdom Atomic Energy Authority (UKAEA) Estab
lishment at Winfrith, Dorset, became effective on April 1, 1959. The Dragon 
project agreement was signed by the UKAEA, Euratom (Belgium, France, West 
Germany, Italy, Luxembourg, and the Netherlands), Austria, Denmark, Norway, 
Sweden, and Switzerland. These countries initially agreed to the construction of 
a 20-MW(t) reactor experiment and a five-year program of associated research 
and development. In effect, this European project was extended five times up to 
its completion on March 31, 1976. An exchange of information was started with 
the U.S. Atomic Energy Commission (AEC) in 1960, thus making it a truly 
international project. 

2-lA Reactor Description 

Dragon is a 20-MW(t) helium-cooled reactor operating at an inlet coolant 
temperature of 350°C and a mixed outlet temperature of 750°C with heat rejection 
to the atmosphere by air-blast coolers in a tertiary circuit. The helium temperature 
out of the hottest channel is 926°C. The reactor is fueled with a mixture of 93% 
enriched uranium and thorium carbides in sintered compacts contained in graphite, 
which acts as both cladding and moderator. Double containment is provided, the 
region between the reactor vessel and the inner shell of the secondary containment 
being filled with nitrogen at atmospheric pressure. Figure 2-1 shows the general 
arrangement of the reactor whose main characteristics'*' are given in Table 2-1. 

The reactor vessel, which has a rather complex shape, is kept at coolant inlet 
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Fig. 2-1. General arrangement of the Dragon reactor plant. 
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TABLE 2-1 
Mam Characteristics of HTGR Prototypes 

Reactor 
Country 
Thermal power (MW) 
Net electncal power (MW) 
First power operaUon 
Helium pressure (MPa) [atm] 
Helium temperatures (°C) 
Active core 

diameter (m) 
height (m) 

Core power density (MW/m^) 
Fuel element 

design 
number 
diameter (mm) 
length (mm) 

Maximum fuel bumup (MWd/kg) 
Steam conditions (MPa/°C) [psi/°F] 
Net cycle efficiency (%) 

Dragon 
United Kingdom 

20 
— 

1965 
2 [20] 

350/750 

1 07 
1 6 
14 

Hexagonal rods 
37 X 7 

72 
2540 

3= 100 
— 
— 

Peach Bottom 
United States 

115 
40 

1967 
2 25 [22 5] 

345/725 

2 8 
2 3 
8 3 

Long cylinders 
804 
89 

3660 
- 7 5 

10/538 [1450/1000] 
35 

AVR 

West Germany 
49 
15 

1968 
2 25 [22 5] 

200/850 

3 0 
3 5 
2 3 

Sphencal pebbles 
100 000 

60 
— 
160 

7 2/504 [1050/940] 
30 

temperature while the hot gas leaving the top of the core flows out of the vessel 
in the inner ducts of the six concentric coolant pipes Each of the six loops has 
Its own gas-beanng circulator and heat exchanger Heat is transferred from the 
helium to a water/steam mixture in the heat exchangers at a pressure lower than 
the gas pressure, and then transferred from the secondary loops to water in tertiary 
loops Heat is finally rejected by air-blast coolers Shutdown heat is normally 
removed by the helium circulators, but sufficient cooling can be provided by 
natural circulation All pnmary and secondary loops are located inside the con
tainment shell as seen in Fig 2-1 

The active portion of the core consists of 37 hexagonal fuel-moderator as
semblies surrounded by movable and fixed reflector blocks The 10 central ele
ments contain ThCa-UCz fuels, while the other 27 contain diluted, highly ennched 
UC2 fuel As shown in Fig 2-2, each fuel assembly is made of seven rods, each 
consisting of a graphite box containing six carbide fuel nngs inserted on a graphite 
spine The hexagonal external profiles of the fuel rods have nbs forming trefoil 
channels between fuel rods for the passage of helium Each fuel assembly is 
removed off-load with the help of an upper fitting, while it is positioned in the 
lower gnd plate by a lower fitting, which contains the outlet purge tubes for the 
removal of fission gases A very small fraction of the coolant drawn through a 
small hole at the top of each fuel rod flows inside the impermeable graphite fuel 
boxes to the purge tubes at the bottom of the rod This fission product removal 
system sends the gases through charcoal delay beds and then to a punfication 
plant Although retentive coated particle fuels^ have been used m the Dragon 

"Small fuel particles are coated with pyrolitic carbon (PyC) and/or SiC to retain fission products (see 
Chapter 6) 



36 THERMAL AND FLOW DESIGN OF HELIUM-COOLED REACTORS 

MHAL LOCATING PIN 

METAL MOUNTING CONE 

Fig. 2-2. Dragon fuel element. 
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reactor, the purged fuel element design was kept for irradiating fuels at elevated 
temperatures, in case of fission product leakage. 

The 24 control rods located at the circumference of the core are made up of 
concentric stainless steel tubes packed with B4C. They are driven vertically by 
motors located above the reactor with the motor-drive mechanisms housed in gas-
tight enclosures. 

2-lB Operational Experience 

The Dragon reactor achieved criticality in August 1964, operated at low 
power [2 MW(t)] with all systems functioning in June 1965 and started operation 
at 10 MW(t) for 50 days commencing in November 1965. It reached its full design 
power of 20 MW(t) in April 1966. There were many interruptions of the exper
imental program in 1967 and 1968 due to heat exchanger damage caused by 
waterside flow instability and corrosion/erosion. New heat exchangers were or
dered and replacement of those units in 1969-1970 was done without personnel 
contamination; the estimated average dose per man was ~0.3 rem. The levels of 
radioactivity on the heat exchanger and circulator surfaces were found to be very 
low (~I/3 Ci of cesium activity on each heat exchanger after 30 000 h of oper
ation) , in spite of the inferior quality of some of the early fuels. No special shielding 
was required for their removal. The inner reflector blocks distorted by fast neutron 
irradiation were replaced in 1973, with a measured surface activity^"* of only 
200 mr/h. The Dragon operating record shows very good reactor availability— 
i.e., 89% for the fourth charge, comprising four different core loadings for ex
perimental purposes.' During its life, the Dragon reactor accumulated the equiv
alent of over 2000 days at nominal full power. Dragon operation has shown that 
the primary circuit could run with an extremely low concentration of impurities, 
~1 part per million by volume, and a very low level of activity and fission gas 
concentration (<10 Ci total, even with experimental fuel). Activated products of 
corrosion and erosion were virtually nonexistent in the circuit. The strength of 
the graphite structures has been demonstrated from both the mechanical standpoint 
and from the thermal and irradiation behavior standpoint. Low helium leak rates 
were observed, <0.1% per day, and high reliability for the gas-bearing helium 
circulators was obtained. Because of its strong negative coefficient of reactivity, 
the reactor has proven to be very stable against nuclear transients, and also against 
loss-of-coolant accidents because of the high thermal capacity of the graphite in 
the core. 

One of the primary tasks of the Dragon experiment was irradiation of test 
HTGR elements of various designs, fueled with oxides or carbides of uranium 
and/or thorium. The early Dragon core consisted of 27 driver fuel elements, 93% 
enriched, surrounding 10 fuel elements containing fertile material, initially thorium 
and later uranium for the low-enrichment uranium fuel cycle design. Multi-hole 
graphite fuel blocks were built for testing various fuel pins; both integral block 
fuel elements (multi-hole graphite block of U.S. design) and "block and 
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pin"-type elements of U K design have been tested '" The coated particle fuel 
used was predominantly of the "TRISO" type,'' i e , a SiC layer between two 
PyC layers For the majonty of expenmental fuels tested, the particle kernels were 
of the oxide type, rather than carbide, with either ^̂ ^Th or ^̂ *U as the fertile 
matenal In 1975, the Dragon core contained fuel elements of eight different basic 
designs, with <4% of the fuel being purged Fuel uradiation at an elevated 
temperature (up to 1800°C) has shown an exponential increase in release as a 
function of irradiation time, thus showing that there would be a slow buildup of 
activity in the case of unexpected fuel failure, which would indicate the need for 
locating and removing damaged fuel Fuel designed to operate at 1250°C (the 
normal peak operating fuel temperature in a power HTGR should be ~1200°C) 
was deliberately run at I800°C in Dragon As expected, it only failed progressively 
over the expenmental penod of 80 days, with the release-to-birth ratio of '^^Xe 
increasing steadily from lO"'* to 10"^ Satisfactory expenence has been obtained 
with a vanety of coated fissile and/or fertile particles at bumups, fast neutron 
doses, and temperatures required for power reactors 

The Dragon reactor has also been extremely helpful in demonstrating the 
behavior of graphites under fast neutron irradiation over a wide range of temper
atures (400 to 1200°C) Graphite shnnkage is observed to increase with accu
mulated fast neutron dose, the rate of shnnkage being greater at higher tem
peratures, for many commercial graphite products, this behavior is anisotropic 
Fast neutron irradiation of graphite induces creep, which relieves mechanical-, 
thermal-, or irradiation-induced stresses In-pile expenments have been found 
useful to test new HTGR fuel element designs, including AVR pebbles Thus 
the Dragon reactor has proved to be an extremely valuable tool dunng its ten 
years of power operation at Winfnth ' ' ' 

2-2 Peach Bottom Atomic Power Station Unit 1 
Following initial studies performed by General Atomic m San Diego in 1957, 

Philadelphia Electnc Company and 52 other U S utilities forming the High-
Temperature Reactor Development Associates (HTRDA) group made a proposal 
to the U S Atomic Energy Commission (AEC) in 1958 to build an HTGR power 
reactor demonstration plant ' A contract was signed in 1959 between the AEC, 
General Atomic, and Philadelphia Electnc, and a construction permit for the 
40-MW(e) plant was issued in 1962 The goal of this prototype plant was to 
demonstrate production of 538°C (1000°F) steam from a reactor with good neutron 
economy and high fuel bumup, utilizing the U-Th fuel cycle ''' The 35% net 
thermal efficiency of Peach Bottom 1 remained the highest efficiency of any 
operating nuclear power plant in the world until its scheduled shutdown in 1974 
when the Phenix liquid-metal fast breeder reactor demonstration plant was operated 
m France at 40% efficiency 

''Refer to Chapter 6 for a detailed descnption 
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2-2A Reactor Description 

The active core is a cylinder, 2.8 m high, containing 804 fuel elements, 36 
control rods, and 19 shutdown rods (see Table 2-1 and Fig. 2-3). The fuel elements, 
89 mm in diameter, are vertically oriented in a closely packed triangular array 
with helium flowing up between elements. The bottom and top graphite reflector 
sections are an integral part of the fuel element, which has a total height of 3.66 m 
including fuel element end fittings (Fig. 2-4). The side reflector, —60 cm thick, 
consists of an inner ring of hexagonal graphite elements surrounded by a segmented 
graphite ring, with a 4-m o.d. Helium coolant at 345°C enters the reactor vessel 
from the outer annuli in the concentric ducts in each of the two loops. It cools 
the vessel walls and the reflector before flowing up through the core and leaving 
through the inner concentric ducts at 725°C. The steel reactor pressure vessel, 
4.2 m in diameter and 11 m high, is designed for 385°C and 3.1 MPa (31 atm), 
the actual helium pressure being 2.4 MPa. 

Fig. 2-3. Isometric view of the Peach Bottom reactor. 
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Fig. 2-4. Peach Bottom fuel element. 

As shown in Fig. 2-4, the fuel elements are solid and semi-homogeneous 
with graphite serving as the moderator, cladding, fuel matrix, and structure.'^ 
They consist of an upper reflector section, a fuel-bearing section, an internal 
fission product trap, and a bottom reflector. A low permeability graphite sleeve, 
~3 m long, is joined to the upper reflector at one end and to a bottom connector 
fitting at the other end. It contains the fuel bodies consisting of annular fuel 
compacts, 44 x 69 mm and 76 mm long, stacked on a graphite spine. Uranium 
and thorium carbide particles, coated with PyC, are uniformly dispersed in the 
fuel compacts. The total fuel loading is 236 kg of 93.5% eiu-iched uranium and 
1450 kg of thorium. A small fraction of the helium coolant enters the fuel element 
through a porous plug in the upper reflector piece and flows downward between 
the fuel compacts and the graphite sleeve. After sweeping fission product gases 
from the active core zone, the purge gas flows through the internal traps and then 
through a purge line to external traps. The fuel elements are designed to stay in 
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Fig. 2 -5 . Simplified process flow d iagram for the main coolant system of Peach Bottom. 

the reactor for three years and are batch-loaded with the reactor shut down, 
consistent with U.S. light water reactor conditions. 

The schematic flow diagram of Fig. 2-5 shows that helium leaving the reactor 
flows through the two steam generators (one per loop) before being returned to 
the reactor by horizontal single-stage 3200-rpm electrically driven centrifugal 
compressors (1.85 MW each). Vertical shell-and-tube, forced recirculation steam 
generators are used, each section of which is constructed of a bank of U-tubes. 
Each steam generator shell, —2.4 m in diameter by 9 m high, is cooled by cold 
helium leaving the economizer. The secondary reactor containment is a vertical, 
cylindrical-shaped steel shell, 30.5 m in diameter and 49.5 m high, designed for 
an internal overpressure of 0.055 MPa (0.55 atm) at 65°C. 

2-2B Operating Experience 

Criticality was achieved in March 1966, the first electricity was fed to the 
system in January 1967, and full power was reached in May 1967. The reactor 
had to be shut down between October 1969 and July 1970 to replace the first 
core, which had only operated for 450 equivalent full-power days. The second 
core operated for its full 900-day design life until the scheduled plant shutdown 
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at the end of October 1974 (Ref. 16). Out of 804 elements of the first Peach 
Bottom core, 90 elements developed cracked sleeves caused by radial expansion 
of the fuel compacts because the single-layer PyC "primitive" coating of the fuel 
particles had cracked. The activity level in the primary system, designed for 
4225 Ci, had reached a level of 270 Ci when the first core was discharged and 
replaced by a core containing "BISO" fuel particles coated with a double layer 
of PyC; the inner one of low density, the outer one of high density. No cracked 
elements occurred with the second core; at the end of its life, the gaseous activity 
in the primary system remained < I Ci and the total activity of all fuel element 
purge streams during operation was <1.5 Ci/kg of helium, compared to a design 
value of 4540 Ci/kg. 

After final plant shutdown, the radiation level in the general area around the 
steam generators was only ~100 mr/h and 40 to 300 mr/h in contact with the 
coolant piping. These low radiation levels resulted in minimal radiation exposure 
to the plant personnel and very small release of activity to the environment. With 
the second core, the overall plant availability was —66% and the nuclear steam 
supply (NSS) availability was 69%. The NSS availability would be 85% if outage 
time for the research and development programs (removal and insertion of ex
perimental fuel elements) were taken into account. The lifetime gross plant capacity 
factor has been 74%, excluding scheduled shutdowns for demonstration or ex
perimental purposes and a forced shutdown for replacement of the first core. 

During plant construction, the stainless steel superheater tubes developed 
cracks from chloride stress corrosion; they were replaced with Incoloy-800 tubes, 
which were in excellent condition after eight years of operation. There were no 
water-to-helium leaks, and no external helium leaks. Both main helium circulators, 
including the seal system, motors, and hydraulic couplings, were trouble-free. 
The helium purification and chemical cleanup systems maintained low fission 
product and chemical impurity levels in the primary coolant system. No bindings 
or delays were experienced in the movement of the 36 hydraulically driven 
control rods. 

The changes in coolant outlet temperature resulting from sudden changes in 
power, coolant inlet temperature, or coolant flow rate were quite slow in com
parison with other reactor systems because of the large heat capacity of the fuel 
elements, which were designed for a maximum surface temperature of 1050°C 
and a maximum fuel temperature of 1330°C. The limiting condition during tran
sients was usually the helium outlet temperature that the ducts and steam generators 
could withstand. The structural graphite parts of the ceramic fuel elements could 
withstand high temperatures without damage to the structural integrity of the 
element. In Peach Bottom, emergency cooling would have been provided by 
cooling the pressure vessel, to which the afterheat of the fuel elements would be 
transported by conduction, natural convection, and radiation. During its lifetime, 
the plant had successfully experienced many temperature transients and had always 
returned to normal power without incident. The plant control and safety system 
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bothperformed very well. ' The plant was operated in a load-following manner 
during most of its lifetime. 

The Peach Bottom reactor was used extensively for irradiation of fuel elements 
for HTGRs. A total of 33 test elements were irradiated including Fort St. Vrain-
type fuel rods, candidate materials for large HTGRs, fuel rods for recycle process 
demonstration tests at Oak Ridge National Laboratory (ORNL), advanced coated 
particle fuels such as plutonium fuel, molded fuel bodies from West Germany 
(HOBEG/KFA) and fuel pins from the UKAEA.'^ All of these test elements 
performed in a satisfactory manner. More than 1500 test fuel rods were successfully 
irradiated. 

Following the permanent shutdown of the plant, an extensive end-of-life 
research program was started in early 1975 with equal financial support from the 
Electric Power Research Institute and the Energy Research and Development 
Administration. The four tasks of the program consisted of gamma scans of the 
fuel element and primary circuit, specimen removal and steam generator macro-
examination, examination and testing of removed specimens, and design methods 
verification. Results have shown the reactor system to be in good condition with 
very low activity levels. No evidence has been found of deterioration of metal 
components, which would limit the lifetime of structural materials.^' Examination 
of the fuel elements has confirmed the acceptable performance of BISO-coated 
mixed carbide fuel particles. The nuclides, such as cesium, which had migrated 
from the hot fuel (1200°C) to cooler parts of the fuel elements, have been strongly 
held by graphite. 

2-3 The AVR Pebble Bed Reactor 
While prototype HTGRs with prismatic (hexagonal) or cylindrical fuel ele

ments were designed and built in the United Kingdom and the United States, 
pebble bed reactors were also considered in Europe and the United States. The 
idea of a reactor core composed of spherical fuel pebbles intermittently loaded 
on top and discharged at the bottom seems attractive. The manufacture of fuel 
would possibly be less expensive than regular fuel elements, and neutronic prop
erties of the core could, in principle, be excellent with ceramic pebbles, since 
gross control of the reactivity could be achieved simply by addition of fueled, 
boronated, or graphite spheres. Since the coolant flows through the void space 
between the pebbles, the pressure drop must be kept low enough to avoid lifting 
the core with upflow. In view of the random location of the pebbles and of cross-
flow, the thermal hydraulics of a pebble bed reactor are quite different from those 
for cylindrical channels, as discussed in Chapter 4. Also, the flow of pebbles of 
different kinds—fueled, graphite, and control spheres—must be known and con
trolled. Detailed experiments are required for each new geometry. Fast insertion 
of control rods would be a difficult problem in large reactors where they cannot 
be located in the radial reflector, as they can be in the AVR. 
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2-3A Description of the AVR Plant 

The AVR is a small pebble bed HTGR built at Jiilich, West Germany, by 
Hochtemperatur Reaktorbau gmbH (HRB) (previously Brown Boveri/Krupp) for 
a group of utilities named Arbeitsgemeinschaft Versuchsreaktor gmbH (AVR 
gmbH). During the construction period, much research work for the spherical fuel 
elements, including irradiation testing, was performed at ORNL. The initial load
ing of 30 000 fueled pebbles was fabricated in the United States by Union Carbide. 

As seen in Fig. 2-6, the reactor core, the steam generator, and the two helium 
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Fig. 2-6. Vertical cross section of the AVR reactor. 
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circulators are contained in a double-walled pressure vessel. The intermediate 
space is intended as a barrier against leakage of radioactive gases. The first 
biological shield located in the space between the two reactor vessels is sufficient 
to allow personnel to stay inside the secondary containment during reactor shut
down. The steam generator located above the core uses ferritic materials and 
consists of four loops connected in parallel, each with its own regulating and 
shutoff devices. Helium at ~1 MPa (10 atm) flows up through the core, enters 
the steam generator at 850°C, and leaves it at 200°C to cool the thermal shield 
and reactor sleeve (at 300°C) before reaching the two variable-speed electric motor-
driven circulators at the bottom of the vessel which pump helium back into 
the core. 

The core of the pebble bed, ~3 m in diameter and 3.5 m high (see Table 
2-1), is enclosed by graphite reflector blocks, themselves surrounded by structural 
carbon blocks. Four reflector walls, arranged symmetrically, protrude radially into 
the core to serve as guide channels for the four shutdown rods. Two structural 
carbon layers on top of the graphite top reflector protect the steam generator from 
neutrons coming from the core. The ceramic hot gas duct between the core and 
the steam generator allows for a very high outlet helium temperature, up to 950°C 
(Ref. 23). The pebble bed is made up of 100 000 six-cm-diam spheres, initially 
with only 30 000 spheres that each contained 6.8 g of ^̂ ^U in the form of (ThU)C2 
coated particles filling a 4-cm-i.d., 6-cm-o.d. graphite shell (Fig. 2-7). Initially 
there were also 70 000 unfueled graphite spheres including a number of boronated 
graphite spheres for reactivity control. They are all introduced at the top of the 
core and removed from the bottom through the pebble discharge tube while the 
reactor is operating. The pebbles are inspected at the unloading point to determine 

THORIUM-URANIUM CARBIDE 

Fig. 2-7, Spherical AVR fuel element. 
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Fig. 2-8. Schematic diagram of the AVR charging equipment. 

the bumup and decide whether to remove or reinsert them (Fig. 2-8). Experiments 
were performed to ensure an even flow of pebbles through the core without damage 
to the graphite spheres or to the reflector. Later on, nearly all pebbles were fueled. 

Control of the plant is accomplished by variation of the coolant flow. Load 
following relies on the large negative temperature coefficient of reactivity of the 
nearly homogeneous core. In all HTGRs, since water in the steam generator is at 
a higher pressure than the coolant, boiler tube failure could result in water entering 
the reactor with the consequence of a water/graphite chemical reaction at the high 
operating temperature. If a sufficient amount of water entered the core, it could 
be vaporized and give rise to a large pressure increase. Usually, moisture monitors 
are used to shut down the plant when a preset level of humidity is reached. In 
the AVR, these problems are taken care of by dividing the steam generator into 
four separate units, by providing a reactor safety valve and special valves for each 
steam generator unit, and by adding a spray-cooled vessel to receive the steam/ 
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gas mixture in case of excessive pressure. Radioactive helium is prevented from 
entering the steam circuit in case of boiler tube leaks by valves that would close 
if the boiler pressure were to fall below the gas pressure. 

2-3B Operating Experience 

The AVR went critical in August 1966, electricity production occurred in 
December 1967, and full power was reached in February 1968. The AVR was 
first operated at a gas outlet temperature of 750°C, which was raised to the design 
value of 850°C in 1972. In early 1974, the helium outlet temperature was increased 
to 950°C, with a core inlet temperature of 270°C. To reach that high temperature 
without exceeding the permissible maximum fuel temperature, the pebble bed 
core was rearranged into two zones with different fuel loadings. •* The maximum 
temperature of the hot gas is 1033°C at a mean outlet temperature of 950°C, with 
maximum fuel element surface and fuel temperatures of 1081 and 1154°C, re
spectively. These temperatures are lower than the corresponding temperatures with 
the 850°C mean outiet gas temperature of the initial core (1120 and 1225°C, 
respectively). 

A number of initial difficulties were encountered in starting the plant, such 
as insufficient shutdown worth of the rods, considerable degassing of the carbon 
bricks, and problems with large diaphragm compressors in the helium purification 
circuits.^^ But plant availability improved considerably, to an overall value of 
78% by the end of 1976 when AVR had produced 850 x 10^ kWh(e). Helium 
loss of —0.1% per day corresponds to the design value, and chemical impurities 
in the primary system are quite low. ^ Safety tests have been performed with 
AVR; for instance, simulation of simultaneous failure of the cooling system and 
of the shutdown rods. The reactor became subcritical after —5 s, and after 90 s, 
the average moderator temperature reached a maximum only 25°C above its op
erating value.^^ After —20 h, the reactor became critical again. The decay heat 
was conducted to the reactor vessel by natural convection and from there to the 
containment. 

By 1976, more than 2 million fuel pebbles had been circulated in the reactor 
during operation without mechanical difficulties, and six different types of fuel 
pebbles had been tested. The number of damaged spheres is —8 per 100 000 
spheres circulated. One group of fuel pebbles attained a bumup of 160 MWd/kg 
at a maximum temperature of 1250°C without significant damage. [Some AVR 
pebbles have even reached a bumup of 200 MWd/kg (Ref. 28)]. No serious 
problems have occurred in the core due to conosion or mechanical damage of the 
pebbles. The majority of the fuel elements now being tested are the molded 
elements in which the fuel particles are molded with graphite and binder material 
into a matrix and enclosed by an additional fuel-free graphite shell. Each pebble 
contains 1 g of 93% enriched uranium. The activity of the helium coolant in AVR 
has decreased to a low value of 50 Ci for the overall circuit. The release of activity 
to the environment is also very low; —30 Ci/yr, far below the permissible value. 
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The activity comes from tritium in the primary circuit passing through the steam 
generator walls into the secondary circuit. Investigation of the deposition behavior 
of fission products on (cold) primary circuit surfaces is being done through op
eration of the V AMPYR loops. Tests of fuel elements for future pebble bed reactors 
are proceeding with top helium temperatures of 950°C. With the low radioactive 
contamination, primary circuit components such as the fuel handling system could 
be maintained without special precautions. 

Not a single leak had been observed in the AVR steam generator in the first 
seven years of operating experience (until the late 1970s; see below). The steam 
generator tubes have operated very satisfactorily with a gas outlet temperature of 
950°C for several years. Because of a higher temperature rise in the core at the 
950°C exit temperature, the helium mass flow is decreased and the circulator speed 
is reduced from 3800 to 3200 rpm; the two circulators have operated without 
service or breakdown. The only problems encountered with high-temperature 
operation were failure of thermocouples in the hot gas regions. In 1978, leakage 
in a steam generator led to a large ingress of water in the core. This incident did 
not create any safety problems, but the plant had to be shut down for 15 months 
before resuming full-power operation. 

2-4 The THTR Pebble Bed Reactor 
After studies by Euratom, KFA-Jiilich, and Brown Boveri/Krupp, the German 

utility HKG issued a letter of intent in 1970 to a consortium consisting of BBC, 
Brown Boveri/Krupp (now HRB), and Nukem for construction of a 300-MW(e) 
pebble bed HTGR demonstration plant in Schmehausen, West Germany.^^ For 
the first time in a nuclear plant, heat rejection is provided by a natural-draft dry 
cooling tower.^° Like all large gas-cooled reactors, the whole primary system is 
contained within a PCRV (Fig. 2-9). Construction was started in 1971 with com
mercial operation scheduled for 1984. The reactor went critical in September 1983. 

The reactor core consists of a loose bed of —675 000 spherical fuel elements 
contained in a graphite cylinder 5.6 m in diameter and —6m high (see Table 
2-II). The bottom reflector, conically shaped with an inclination of 30 deg, ends 
in an 800-mm-diam pebble withdrawal tube. The fuel element circulating facility 
(Fig. 2-10) permits continuous refueling with fresh fuel elements, continuous 
circulation of the pebbles, and removal of the used fuel elements. A 100-W solid 
moderator reactor developed by the Atomic Energy Establishment in Winfrith 
serves as the bumup measuring device, a sphere passing through it every 7 s. The 
mean cycling time of a sphere is —6 months and it will probably pass through 
the core six times during its lifetime. The pebbles have a 60-mm o.d. like those 
in AVR. They contain (ThU)02 fuel particles with a 400-p,m kernel coated with 
two layers of PyC. Initially, every fuel element will contain — 1 g of ^'^U and 
10 g of thorium dispersed in —33 000 coated particles embedded in a graphite 
matrix inside the fuel-free graphite shell of the sphere, which is at least 5 mm 
thick.^^ The fuel pebbles are designed to withstand a minimum of 50 drops from 
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Fig. 2-9. Sectional view of tlie THTR pressure vessel. 

a height of 4 m on a densely packed graphite pebble bed without damage. A 
considerable amount of fuel testing^' for THTR has been performed in AVR. 

Reactivity control is achieved in the THTR by 36 absorber rods freely moving 
in bore holes of the graphite reflector near the core. They are used for normal 
shutdown, as well as for load-following control between 40 and 100% load. For 
long-term shutdown, 42 in-core rods are used: They are slowly inserted directly 
into the pebble bed with pneumatic drives. Extensive full-size experiments have 
been performed at KFA-Julich to demonstrate satisfactory operation of these in-
core control rods. 
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Fig. 2-10. Diagram of the THTR fuel element circulating facility. 

The PCRV is prestressed by horizontal circumferential tendons and also by 
vertical tendons.^^'^^ The top and bottom slabs of the PCRV as well as the 
cylindrical wall contain numerous small and large penetrations (Fig. 2-9). They 
are equipped with steel liners and designed with double steel closures. A 20- to 
30-mm-thick vessel liner ensures leak tightness, with 70-mm-thick multilayer steel 
foil insulation on its inner surface. A cooling system welded to the outer surface 
of the liner further protects the concrete against excessive temperatures and tem
perature gradients. A one-fifth-scale model of the vessel was tested by Krupp in 
1972 at 2.1 times the normal working pressure of 4 MPa (maximum load) and 
exhibited an elastic behavior after cyclic loadings. Tests performed with temper
ature gradients and pressure increases corresponding to accident conditions have 
demonstrated the large safety margins of such PCRVs. In view of the safety 
features of the PCRV, no secondary containment was deemed necessary; but 
evolving criteria by German licensing authorities have led to design modifications, 
cost overruns, and significant construction delays.̂ "* There are six independent 
primary loops that can remove the reactor afterheat. 

Helium flows downward through the core—contrary to helium upflow in 
AVR—to avoid lifting the pebble bed with the higher pressure drop. Helium then 
flows upward through the six steam generators located around the core within the 
PCRV and goes to the six helium circulators, which pump it back down the 
annular space between the PCRV and the thermal shields to cool the PCRV liner 
and internals. Finally, helium flows upward through the gaps between thermal 
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TABLE 2-11 
Main Parameters for HTGR Demonstration Plants 

Country 
First electncity production 
Power thermal/electnc (MW) 
Net electnc efficiency (%) 

number of loops 
Steam conditions 

superheat (MPa/°C) [psi/°F] 
reheat (MPa/°C)[psi/°F] 
turbine condenser pressure (mm-Hg) 
feedwater temperature (°C) 

Helium pressure/pressure drop (MPa) 
Hehum temperatures (°C) 
Number of blowers x unit power (MW) 
Active core 

diameter (m) 
height (m) 

Overall core 
diameter (m) 
height (m) 

Control rods/matenal 
Average core power density (MW/m^) 
Average specific power 
[MW(t)/kg fissile] 
Fuel element 

design 
diameter (equivalent) (mm) 
length (equivalent) (mm) 
maximum fiiel temperature (°C) 

Fuel life (80% load factor) (yr) 
Average bumup (MWd/kg) 
Average/maximum, heat flux (MW/m^) 
Fuel loading 
Pressure vessel 

internal diameter (m) 
internal height (m) 
concrete wall thickness (m) 

Fort St Vrain 

United States 
1976 

842/330 
39 
2 

16 5/538 [2400/1000] 
3 9/538 [600/1000] 

63 
206 

4 8/0 1 
405/775 
4 x 4 5 

5 9 
4 75 

8 75 
7 1 

37 pairs/B4C 
6 3 

1 1 (equil) 

1482 pnsms 
355 
787 
1260 

6 
100 

0 14/0 44 
Off-load 

Integrated PCRV 
9 5 
23 

2 75 to 4 6 

THTR 

West Germany 
1984 

750/300 
40 
6 

18/550 [2600/1020] 
5/535 [700/995] 
23 (air cooling) 

180 
4/0 11 

250/750 
6 x 2 

5 6 
6 

7 6 
6 

(36/42)/B4C 
6 

~1 2 

675 000 pebbles 
60 
— 

1250 
4 

109 
~0 1/0 3 
On-load 

Integrated PCRV 
15 9 
15 3 

4 45 to 5 10 

shields and side reflectors before returning to the top of the core. The electnc 
motor-driven circulators are located and connected (but not anchored) radially to 
the steam generators in penetrations within the cylindncal wall of the PCRV. The 
single-stage radial circulator rotor, drive motor, and valves are integrated in a 
single removable unit. Mass flow is controlled by varying the electnc motor speed 
from 3(X)0 to 5600 rpm. The motor operates in a helium atmosphere at reactor 
pressure, and the rotor shaft bearings are oil lubncated. A helium buffer system 
separates the oil from the primary coolant gas. The steam generators are designed 
to permit replacement and are characterized by downward evaporation and helical 
coils. Comprehensive investigations have shown that this configuration ensures 
stable operation in the overall power range. The high helium temperature permits 
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the use of conventional steam conditions, 18.5 MPa, 550°C live steam, with 
5 MPa/535°C gas reheat, leading to 40% net electrical efficiency. 

2-5 Fort St. Vrain HTGR 
Following extensive research and development programs after the Peach 

Bottom HTGR, General Atomic entered into a contract with Public Service Com
pany of Colorado in 1965 for a 330-MW(e) HTGR nuclear generating station to 
be located at Fort St. Vrain. This plant, which is part of the U.S. AEC Power 
Reactor Demonstration Program, was issued a constmction permit by the U.S. 
AEC in September 1968 and constmction started immediately. 

Novel features included in this HTGR plant compared with the Peach Bottom 
station are: a PCRV enclosing the whole primary system, once-through modular 
steam generators with integral superheaters and reheaters, steam-driven axial flow 
helium circulators, and hexagonal graphite fuel elements incorporating improved 
coated fuel particles. Also, no secondary reactor containment is provided, and the 
plant produces conventional steam conditions. 

2-5A Plant Description 

The reactor arrangement is shown in Fig. 2-11. The helium coolant at —4.8 MPa 
and 405°C (see Table 2-II) flows downward through the reactor core where it is 
heated to an average temperature of 775°C (Refs. 36-41). It is then directed to 
the steam generators located below the core support floor to produce first reheated 
steam (3.9 MPa/538°C) and then superheated steam (16.5 MPa/538°C). Helium, 
now at 405°C, then goes through the circulators, which discharge into a common 
plenum below the core support floor. All of the flow passes upward around the 
core support floor and the banel to the core inlet plenum above the reactor before 
retuming to the core. The coolant flow out of the reactor divides equally into two 
loops, each consisting of a six-module steam generator and of two helium cir
culators. 

As seen in Fig. 2-11, the primary circuit is wholly contained within the 
PCRV: core and reflector in the top cavity, and steam generators and circulators 
in the lower cavity. The PCRV acts as both pressure vessel and biological shield. 
The intemal dimensions are 9.5 m in diameter and 23 m high, while the exterior 
surface is approximately an hexagonal prism, 15 m across flats and 42 m high. 
The top head of the vessel has 37 refueling penetrations that also house the control 
rod drives. The bottom head has 12 penetrations for the steam generator modules 
plus a large central opening for access. All PCRV penetrations are provided with 
two independent closures: The PCRV inner cavity and the primary closures act 
as primary containment for the reactor; the PCRV itself and the secondary closures 
act as the secondary containment. A 19-mm-thick carbon steel liner anchored to 
the concrete provides a helium-tight membrane. Two independent systems of 
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Fig. 2-11. The Fort St. Vrain nuclear steam supply system. 
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water-cooled tubes welded to the concrete side of the liner and a thermal barrier 
on the reactor side of the liner act to control the temperatures in both liner and 
concrete and to limit heat losses. Sets of horizontal and vertical tendons located 
in steel tubes in the concrete are used to place the concrete stmcture in compression. 
These redundant tension members removed from both radiation and temperature 
fields can be monitored and even replaced if ever needed. 

The Fort St. Vrain reactor core is composed of 247 columns made up of six 
hexagonal graphite fuel elements, each grouped in 37 refueling regions. The 
coolant flow in each region is controlled by an orifice valve at the top of the core. 
About one-sixth of the regions are refueled each year during shutdown through 
PCRV penetrations centrally located over each region. One pair of B4C control 
rods operated by electric drives and cable dmms is provided for each refueling 
region; also, as reserve shutdown, B4C spheres can fall by gravity into the reactor 
core. The active core, 5.9 m in diameter and 4.75 m high, is surrounded by a 
graphite reflector, 1.2 m thick with one row of replaceable hexagonal graphite 
blocks. The top graphite reflector is ~0.8 m thick, and the bottom reflector is 
1.2 m thick. The core is divided into three radial and two axial zones with different 
loadings of fissile (̂ ^^U) and fertile (̂ ^^Th) material to minimize the peak fuel 
temperature. Each hexagonal fuel element is made up of a graphite prism, 360 mm 
across flats and 793 mm high with 108 coolant channels, 15.9 mm in diameter, 
and 210 fuel channels, 12.7 mm in diameter, and a central hole for handling 
(Fig. 2-12). Six fuel elements are stacked on top of each other and aligned with 
three graphite dowels each. The control fuel element of each refueling region has 
three larger holes, two are 102 mm in diameter for control rod insertion and one 
is 95 mm in diameter and is used for reserve shutdown (Fig. 2-13). The fuel holes 
are filled with rods made of coated fuel particles bonded together by a graphite 
matrix. Two types of coated particles are used: 400-p,m-diam ThC2 kernels and 
200-p,m-diam (ThU)C2 kernels. Both have ~120-p,m TRISO coatings, consisting 
of a first buffer layer of low-density PyC, an inner high-density isotropic PyC 
layer, an intermediate SiC barrier, and an outer isotropic PyC layer.'^ These 
coatings are designed to retain fission products and withstand the effects of ir
radiation and of fuel bumup up to 20% fissions per initial heavy metal atom in 
the fissile particles. The maximum fuel temperature is 1260°C, maximum bumup 
is 200 MWd/kg, and the maximum fast fluence [E > 0.18 MeV) is 8 x 10^' 
n/cm^. The initial fuel loading consists of 770 kg of ^'^U (in the fonn of 93.15% 
enriched uranium), and 16 000 kg of thorium. Approximately 75% of the fissions 
in the fuel at end of life will take place in ^̂ ^U bred from ^^^Th. Uranium-235 
and thorium atoms constitute only —1% of the total atoms in the fuel, and this 
dilution ensures both stmctural integrity of the graphite elements and a high degree 
of safety because of the large heat capacity of the graphite. 

Figure 2-14 shows the flow diagram for the Fort St. Vrain power plant. 
Feedwater at 206°C is transformed into superheated steam at 538°C in the once-
through steam generator and flows to the high-pressure turbine. Cold reheat steam 
then flows to the helium circulator turbines before being reheated in the reheater 



HTGR DEVELOPMENTS 55 

SECTION A-A ^ \ DOWEL 
SOCKET 

ALL DIMENSIONS IN MILLIMETERS (3) 

Fig. 2-12. HTGR standard fuel element. 

section of the steam generator where it emerges at 538°C to return to the inter
mediate pressure turbine. The turbine generator is a conventional 3600-rpm two-
casing condensing turbine driving a synchronous generator. The rated exhaust 
pressure from the steam turbine is 63 mm-Hg and the condenser water is cooled 
in an induced-draft wet cooling tower. The steam generators are designed to operate 
continuously at full load or part load (down to 25%) and also to remove decay 
heat during reactor shutdown.'* Hot helium from the reactor enters the top of the 
steam generator module and flows downward through the reheater, superheater, 
and evaporator-economizer helically coiled tube bundles in succession. The su-
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Fig. 2-13. Control fuel element. 

perheater is designed for cocurrent flow of steam and helium, while the reheater 
is designed for countercurrent flow. All tubes are drainable and all water and 
steam piping go through bottom penetrations in the PCRV. 

Each of the four helium circulators consists of a single-stage axial flow 
compressor, a single-stage steam turbine main drive, and a single-stage water 
turbine auxiliary drive—all mounted on a single vertical shaft, with water lubri
cation.'*^ The steam turbine drives are normally supplied with cold reheat steam 
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Fig. 2-14. Simplified Fort St. Vrain flow diagram. 

from the main turbine at 5.8 MPa and 389°C (see Fig. 2-14), although auxiliary 
steam could also be used. High-pressure water can be provided in emergencies 
to the auxiliary Pelton wheel drive. The normal speed of the circulator is 9550 rpm 
at a helium flow rate of 110 kg/s with a pressure rise of 0.1 MPa conesponding 
to a power of ~4.5 MW. A helium purification system maintains a low impurity 
level in the primary loop and provides purified helium to various subsystems, such 
as the helium circulator seals. 

2-5B Construction, Startup, Operation, and Research and 
Development Experience 

Site constmction was started in September 1968 and prestressing of the PCRV 
by tendons was completed in May 1970. The PCRV pressure tests and leak tests 
were performed on schedule in mid-1971 when major plant constmction was 
completed. Preliminary operating tests were started and hot functional tests'*̂ ""'*̂  
began in mid-1972. They were intermpted because of cavitation damage to tem
porary circulator Pelton wheels and resumed in the first half of 1973. Fuel loading 
in late 1973 led to initial criticality in January 1974, followed by zero-power 
physics tests, and hot physics tests at 2% power later in 1974. Accidental insertion 
of water in the reactor cavity led to several shutdowns, and overheating of the 
PCRV liner near some control rod drive penetrations had to be corrected by design 
modifications. Rerouting of essential electrical cables due to new U.S. Nuclear 
Regulatory Commission (NRC) safety requirements and modifications to the fire 
protection systems caused a one-year delay in plant startup. Rise to power was 
resumed in mid-1976 and the first electricity, at 28% power, was generated by 
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the end of 1976. The rise in power testing program through 40% power was 
completed in September 1977. 

Hot functional tests included operation of the four helium circulators under 
various steam conditions, which also allowed determination of the effectiveness 
of the PCRV thermal barrier insulation, and provided a means of testing PCRV 
intemal components at ~400°C and of evaluating their acoustic responses. Test 
results showed that acoustically induced stresses in the PCRV components and 
intemal stmctures were within design criteria and that no flow-induced vibration 
of any significance occurred. Measurements also showed that each of the two 
independent water cooling loops of the PCRV is capable of removing 100% of 
the design heat load with forced circulation. These tests are especially important 
to demonstrate the reactor safety features since these cooling systems must ulti
mately remove the core afterheat in the unlikely event of complete loss of forced 
helium circulation. 

A great deal of experience was gained in the fabrication of the first core for 
Fort St. Vrain, and in performing fuel research and development.'^''*^''^° More 
than 800 kg of highly enriched ^̂ ^U and 15 000 kg of thorium have been processed 
for the first core and an additional 2700 kg of heavy elements have been used in 
the fabrication of the initial fuel reload. The uncertainty in initial reactivity was 
found to be only 0.3%, compared to an estimate of 1.8%. The very low fission 
gas release from fuel rods [̂ "̂"Kr release/birth ratio (R/B) at 1100°C of only 
10~'] is more than a factor of 2 below predicted values.^' Actual reactor testing 
of the normal fuel handling equipment was performed successfully. Detailed 
measurements of installed core geometry showed acceptable tolerances. 

Extensive physics tests performed both at low power (2%) and at a higher 
power (—30%) and elevated temperature have shown good agreement between 
measured and calculated values. For instance, predictions of control rod worth, 
axial flux distributions, and temperature reactivity coefficient are very close to 
actual measurements."* Measurements of fission gas release at low power give a 
sensitive evaluation of uranium contamination of fuel elements: Calculations in
dicate the fission product release during full-power operation will be well below 
design value, in spite of exposure of fuel elements to moisture during incidents 
of water ingress into the core. Helium impurities can be kept at a very low level 
during power operation: For instance, only 3 ppm of oxidants were measured at 
30% power in late 1976. 

In late 1977, core outiet temperature fluctuations^^ occurred during the plant's 
rise to power above 50%. These temperature changes were apparently due to small 
movements of fuel and reflector columns induced by a combination of nonuniform 
fuel column temperatures and pressure differences in the gaps between blocks and 
columns. The reactor power was subsequentiy limited to 70% by the U.S. Nuclear 
Regulatory Commission. In October 1979, region constraint devices were installed 
on the top of the core; they were shown the following year to prevent temperature 
fluctuations. Testing above 70% power was performed in the spring of 1981 and 
100% power was reached in November 1981 without fluctuations and with per-
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formance close to design values (i.e., 38.5% net thermal efficiency). Commercial 
operation (at 70% of full power) has occurred since the summer of 1979, with 
acceptance of the plant by Public Service of Colorado. The majority of the prob
lems at Fort St. Vrain has been associated with mechanical hardware; the PCRV, 
the steam generators, and the nuclear reactor core (except for the fluctuations) 
have performed quite well.^^ The radiological consequences^^ for Fort St. Vrain 
operation have been exceptionally low, on the order of 1 person-rem/yr. Detailed 
discussion of the performance of various components is given in Ref. 54. 

2-6 HTGR Designs and Programs 
In the early 1970s, following the successful operation of the prototype HTGRs, 

Dragon, Peach Bottom, and AVR, and the start of constmction of HTGR dem
onstration plants. Fort St. Vrain and THTR, manufacturers in West Germany, the 
United Kingdom, and the United States prepared proposals for utilities for com
mercial HTGRs designed for electricity production. Two HTGR stations in the 
United States had reached the constmction permit stage before they were cancelled 
in 1975 for financial reasons and reduced utility requirements: the two four-loop 
units, 770 MW(e) each, of Delmarva Power & Light's Summit, Delaware, station 
and the two six-loop units, 1160 MW(e) each, of Philadelphia Electric's Fulton, 
Pennsylvania, station. 

Much research and development has been performed for both components 
and fuel, as well as the safety research and analysis required for preliminary safety 
analysis reports. A standard safety analysis report for HTGRs has also been 
prepared.^^ Research and development programs for large HTGRs have also been 
going on in France, Germany, Japan, and the United Kingdom (see Sec. 2-6A 
for more details). Designs have been prepared in West Germany for lOOO-MW(e) 
HTGR stations with spherical fuels, as an extrapolation of the 300-MW(e) THTR, 
and in the United Kingdom for a 1350-MW(e) HTGR with prismatic fuel elements 
using the low-enriched uranium cycle, as contrasted to the U/Th cycle of the 
German and U.S. designs. Table 2-III gives basic design data for three designs— 
the 3000-MW(t) U.S. HTGR (Ref. 57), the 2700-MW(t) Gennan pebble bed 
reactor, and the 3430-MW(t) low-enriched HTR of the United Kingdom. A great 
deal of similarity can be seen in helium conditions (temperature and pressure), 
type of fuel particles and bumup (coated oxide kemels with 85 to 100 MWd/kg 
bumup), power density (~8 MW/m^), cycle efficiency (37 to 39%), and also 
PCRV design and multicavity vessels with wire-winding and ceramic-type thermal 
insulation. 

2-6A Worldwide HTGR Programs 

HTGR development programs in the early 1980s are under way in the Federal 
Republic of Germany (FRG), Switzerland, the Soviet Union, Japan, and the United 



TABLE 2-11! 

Basic Data of Pebble Bed and Prismatic Fuel HTGR Designs* 

Overall Plant Charactenstics 

Country 
Thermal power (MW) 
Net electncal power (MW) 
Fuel cycle 
Steam reheating 

Pnmary Circuit Data 

Core 
diameter (m) 
height (m) 

Fuel element 
number of spheres/blocks 
diameter (mm) 
length (mm) 

Mean power density (MW/m') 
Helium flow rate (kg/s) 
Helium temperature 

outlet steam generator (°C) 
inlet steam generator (°C) 

Mean operating pressure of helium (MPa) 
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 
Shutdown and control system 

HTGR-1160 

United States 
3000 
1150 
U/Th 

Gas to steam 

8 47 
6 34 

3944 
360 
793 
8 4 
1473 

320 
723 
5 

146 
6 
3 

73 
Off-load, mechanical 

Possible 
Electncal/gravity 

THTR-1000 

West Germany 
2700 
1000 
U/Th 

Gas to steam 

8 9 
5 4 

1 8 X lO*" 
60 (sphere) 

— 
8 

1065 

275 
750 

5 
120 
6 
3 

24 + 3 
On-load gravity 

None 
Electncal 

Low-Enriched HTR 

United Kingdom 
3430 

1350 (sea cooling) 
Low-ennched 

Steam to steam 

9 8 
6 

3768 
420 
750 
~8 

1460 

273 
724 
4 93 

141/47 
4 
4 
54 

Off-load, mechanical 
Possible 

Electncal/gravity 



TABLE 2-11! (continued) 

Basic Data of Pebble Bed and Prismatic Fuel HTGR Designs* 

PCRV 

Design 
Tendons 
Outside diameter (m) 
Outside height (m) 
Test pressure (MPa) 
Insulation 

Fuel Element and Physics 

Fuel lifetime (full-power years) 
Maximum fuel temperature (peak systematic) (°C) 
Axial shuffling 
Mean fuel bumup (MWd/kg) 
Maximum fast neutron dose in nonreplaceable 

reflector (E > 0 1 MeV) (cm"^) 
Fuel particles 
Fuel coatings 
Maximum fast neutron dose (>0 1 MeV) in fuel 

(cm-^) 

HTGR-1160 

Pod-type 
Wire-winding 

30 6 
27 8 
6 17 

Ceramic 

3 2 
1350 
None 

98 

4 X 10^" 
U02 + Th02 

PyC/SiC 

9 X 10 '̂ 

THTR-1000 

Pod-type 
Wire-winding 

27 3 
26 

~5 5 
Ceramic 

2 3 
1120 

OTTO' 
83 

2 0 X 10̂ ^ 
U02 + Th02 

PyC 

5 X 10 '̂ 

Low-Enriched HTR 

Pod-type 
Wire-winding 

34 5 
31 
— 

Ceramic 

2 25 
1150 
None 

85 

— 
UO2 
SiC 

~4 X 10^' 

*From Ref 56 
^Once Through Then Out 
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States. Several intemational cooperative agreements have been arranged between 
the FRG, Switzeriand, and the United States." 

Most of the present European activities are concentrated in the FRG where 
the prototype pebble bed reactor AVR has been in operation since 1966 and the 
demonstration plant THTR became critical in September 1983. The long-term 
goal of the West German HTGR development program is the introduction into 
the market of the THTR system for process heat and for electricity production. 
Design studies for an upgraded [500-MW(e)] THTR are being performed for the 
utilities; also, smaller modular reactors [—200 MW(t)], with attractive safety 
characteristics, are being considered for use in multiple units.^^ Advanced design 
projects in the FRG include both the direct-cycle helium gas turbine (HHT), and 
process heat generation for the production of synthetic natural gas (PNP) (see 
Chapters 8 and 9). Major test facilities include: a gas-fired helium turbine plant, 
EVO at Oberhausen, started in 1975, with an electric rating of 50 MW(e) and 
53 MW of district heating output; a helium circuit test facility, HHV, with 200 
kg/s mass flow of helium at 5 MPa and 850°C, tested in 1981; and EVA/ADAM, 
a demonstration facility of the "thermochemical pipeline" (see Chapter 9) with 
a helium-heated steam reformer installation (EVA) and a methanarion plant (ADAM) 
in closed circuit. The EVA/ADAM 5.8-MW installation is designed for 950°C 
operation; a component test facility, KVK, for operation with 4.6 MPa, 950°C 
helium with rates of temperature changes up to 200°C/min. 

The HTGR program in the Soviet Union is based on low-enrichment pebble 
bed fuel.^^'^ Since 1978, a high-temperature loop has been in operation for tests 
of fuel and stmctural elements up to 900°C in 10-MPa helium. Two reactor designs 
have been presented: a 136-MW(t) [50-MW(e)] prototype, the VGR-50, for pro
duction of electricity and gamma irradiations and a 1060-MW(t) [300-MW(e)] 
demonstration plant, the VC-400, for production of electricity at 750°C and also 
eventually for H2 production at 950°C, utilizing a multicavity PCRV. 

The present Japanese HTGR program envisages operation of a very high 
temperature reactor, VHTR, 50-MW(t) experiment with 1000°C helium for high-
temperature process heat applications by the end of the 1980s. Possible applications 
are nuclear steelmaking, as well as coal gasification and liquefaction. Tests of 
fuels and materials in high-temperature helium are performed in an in-pile gas 
loop in the Japanese Materials Testing Reactor. The Helium Engineering Dem
onstration Loop (Hendel) is a large-scale (11-MW) model testing facility for high-
temperature components, such as intermediate heat exchangers, up to 1000°C. 

2-6B U.S. HTGR Programs 

Based on experience obtained from Peach Bottom, Fort St. Vrain, and in
temational programs, the effort in the United States in 1983 was concentrated on 
the design of a 2240-MW(t) four-loop HTGR steam cycle/variable cogeneration 
(SC/C) system. It would have a maximum electrical output of 820 MW, in the 
all-electric mode, or a minimum of 231 MW(e) while providing 631 kg/s of high-
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quality steam (5 9 MPa/538°C) These conditions, obtained with a maximum 
helium temperature of 690°C, would lead to 38 5% net efficiency in the all-electnc 
version *'"^^ A schematic flow diagram for the HTGR SC/C is shown in Fig 
2-15, while the pnmary system is shown in Fig 2-16 Such use of a topping 
steam cycle for electncity production and of reduced pressure steam for process 
heat apphcations has the dual advantage of resource conservation and of savings 
in electncity and/or steam costs There is a large market potential for steam m 
the United States, the main problems appear to be institutional A number of 
modifications have been included in the design of the 2240-MW(t) HTGR com
pared to the Fort St Vrain system, a multicavity PCRV rather than a single cavity, 
a non-reheat steam cycle instead of nuclear reheat, electnc motor-dnven circulators 
compared to steam dnves, a core auxiliary heat removal system, a reactor secondary 
containment building, a reduced outlet helium temperature (690 versus 775°C), 
and a flexible fuel cycle, i e , 20 to 93% uranium ennchment Those changes are 
expected to improve plant performance and reliability, to simplify plant operation 
and maintenance, and to satisfy projected licensing and regulatory requirements 
Participants m the U S Department of Energy-funded program include utilities 
(Gas-Cooled Reactor Associates), a national laboratory (ORNL), and industry 
(GA Technologies and General Electnc) with, as main subcontractors, Bechtel 
Power, Combustion Engineenng, and United Engineers and Constmctors 

Research and development is also being performed on advanced HTGR sys
tems, such as process heat or steam reforming applications (see Chapter 9), or 
direct-cycle design for cogeneration applications (see Chapter 8) Renewed interest 
has ansen in the United States as well as m other countnes, like the FRG or Japan, 

2240 MW(t) 
HTGR 

16 65 P/S38 T/92S W 4 65 P/357 T/607 W 

BFP - FEED PUMP 
DEA - DEAERATOR 
HPT - HIGH PRESSURE TURBINE 
IPT - INTERMEDIATE PRESSURE TURBINE 
LPT - LOW PRESSURE TURBINE 

FLOW (kg/s) 
PRESSURE (MPa) 
TEMPERATURE (°C) 

Fig 2 -15 Flow d iagram for H T G R - S C / C 
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Fig. 2-16. HTGR-SC/C primary system. 

in small or modular HTGR systems (see Table 2-IV). ~ To obtain acceptable 
economics compared to fossil-fired plants, the goals of small HTGR power plant 
designs are: simplification of the overall system; reduction of constmction time; 
standardized design; and maximum inherent safety with passive systems. Modular 
systems could be built on a phased basis, thus relieving the initial investment risk. 
Improved reliability with multiple units should facilitate applications to process 
heat. Modular designs with prismatic fuel elements are being considered in the 
United States with a thermal rating of 250 MW(t) and a net plant efficiency of 
~37% with 4 MPa helium at a top temperature of 690°C. The small upflow, low-
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TABLE 2-IV 
Salient Features of a Small HTGR Steam Cycle Plant* 

Ratmg and Performance 
Thermal rating [MW(t)] 
Thermodynamic cycle 
Outlet temperature (°C) [°F] 
Maximum system pressure (MPa) 

[psia] 
Heat losses [MW(t)] 
Net plant output [MW(e)] 
Overall plant efficiency (%) 

Reactor Core 

Type 
Fuel element 
Helium flow configuration 
Power density (MW/m^) 
Fuel cycle 
Refueling interval and type 
Conttol rods 
Decay heat removal 

Plant Design Features 
Reactor vessel type 
Nuclear heat source configuration 
Steam generator type 
Circulator type 

Control rod dnves 
Refueling concept 
Overall plant arrangement 

250 
Rankine steam cycle power conversion system 
688 [1270] 

4 14 [600] 
5 0 
93 0 
37 2 

HTGR 
Pnsmatic element 
Upflow 
4 1 
Low-ennched U/Th 
4-yr biennial 
In-core and reflector 
Passive, natural circulation system 

PCRV or steel 
In-line single-vessel approach 
Helical bundle with upflow boiling 
Honzontal machine, electnc motor-dnven axial 

compressor 
Bottom-mounted 
Side arrangement 
Single module unit, but adaptable to a plant with a 

multiplicity of modules 

*From Ref 64 

power density (4 versus 6 MW/m in Fort St. Vrain) reactor core could be cooled 
by natural circulation of pressurized helium for decay heat removal. Designs have 
been proposed with both PCRV or steel pressure vessels.^'^^ In both cases, the 
decay heat is transferred by passive means (even with the reactor depressurized) 
by conduction, radiation, and natural convection to the reactor cavity cooling 
system. Acceptable maximum temperatures are calculated under severe accident 
conditions, ~1600°C in the core of a pebble bed reactor, for instance.^^ 

Two typical preliminary designs are shown in Figs. 2-17 and 2-18 for a 
prismatic core within a PCRV or a steel vessel, respectively,^ and in Fig. 2-19 
for a pebble bed with a steel vessel.^^ If economic calculations of competitiveness 
of a four-module [800-MW(t)] plant with a fossil fuel plant^* are confirmed, 
modular HTGR systems could have a useful role for electricity and for process 
heat generation. This role would be enhanced in U.S. locations that cannot ac
commodate a large-scale system because of modest demand, and also in many 
foreign countries. 
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VERTICAL 
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COOLING 
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SHROUD 
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CORE 

CIRCULATOR 

CIRCUMFERENTIAL 
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-^ NORMAL OPERATION 

— EMERGENCY OPERATION 

Fig. 2-17. PCRV design concept for a small HTGR steam cycle plant. 
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CIRCULATOR 

MAIN STEAM UNE W/ 
EXPANSION LOOP 

FEEDWATER INLET 

CONCRETE 
CONTAINMENT/ 
BIOLOGICAL SHIELD 

COOUNG COILS (TYPICAL) 

FUEL TRANSFER CHUTE 

Fig. 2-18. Small HTGR steam cycle plant concept with a steel reactor vessel. 

2-7 Summary of Gas-Cooled Reactor Experience 
By the end of 1983, there were over 40 gas-cooled power reactors (Magnox 

and AGR) in operation, mostiy in Europe, for a total installed capacity of ~ 16 GW(e). 
The cumulative amount of electric power generated by these reactors up to mid-
1983 amounted to -100 GW-yr (8.7 x lO'^ kWh). Three more AGRs with a 
total capacity of ~2 GW(e) are scheduled to be in commercial operation by 1984 
and two more AGR stations [2.6 GW(e)] are on order in the United Kingdom. 
Approximately two-thirds of the total amount of nuclear energy generated in 
Western Europe up to the end of 1976 was produced by gas-cooled reactors. More 
than 700 reactor-yr of experience with such reactors had been gained by the end 
of 1983. Furthermore, in the past 25 years, a number of experimental gas-cooled 
power reactors have been built and operated in France, the United Kingdom, and 
the United States, some of them helium cooled. Three HTGR prototypes have 
operated in West Germany, the United Kingdom, and the United States for a total 
of over 30 reactor-yr; a 330-MW(e) HTGR demonsfi-ation plant has been operating 



THERMAL AND FLOW DESIGN OF HELIUM-COOLED REACTORS 

34 m 

1 ROD DRIVE ^ ̂  " 9 SIDE REFLECTOR 
2 STEAM GENERATOR 10 CARBON STRUCTURAL JACKET 
3 STEEL PRESSURE VESSEL 11 THERMAL SHIELD 
4 CORE VESSEL 12 INSUUTION 
5 TOP REFLECTOR 13 BOHOM REFLECTOR 
6 KUK-SYSTEM 14 SPHERE DISCHARGE TUBE 
7 SHUT-DOWN ROD 15 CIRCULATOR 
a PEBBLE BED CORE 

Fig. 2-19. The AVR 250 reactor concept 
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in the United States since 1976 and another 300-MW(e) HTGR reached criticality 
in West Germany in late 1983. 

Most present-day experience with gas cooling (to the end of 1983) has been 
with Magnox reactors, with only —50 reactor-yr of AGR experience, but valuable 
experience has been gained with helium systems already (—40 reactor-yr). A great 
deal of construction and operating experience with C02-cooled systems is trans
ferable to helium-cooled reactors. Several of the problems experienced in Magnox 
and AGR reactors are caused by CO2 and are not expected to occur in HTGRs. 
Component failures caused by acoustic vibrations should not occur with helium, 
which has a lower density and higher sonic speed than CO2. Corrosion problems 
with CO2 have required derating of most Magnox stations, resulting in an —10% 
loss in capacity. Similarly, commercial AGR stations were first limited to 80% 
of their design capacity before enough experience became available on the behavior 
of steam generators. In spite of these problems, since the plants have been fully 
commissioned, their load factors have been satisfactory.The weighted-average 
load factor achieved by all nuclear power plants with gas-cooled reactors from 
their commercial startup until the end of 1981 was 66.7%, compared to an average 
of 61.9% for all nuclear plants.^^ Twenty PCRVs have been built, with a total of 
—200 yr of satisfactory operating experience for the CO2 reactors; over 100 scale 
models have been tested for various PCRV configurations. Most of this expe
rience is applicable to HTGRs, including all aspects of construction and operation 
of the PCRV and of its components such as the thermal barrier, liner, and cooling 
system. Although graphite operates at lower temperatures in C02-cooled reactors 
than in helium systems, good experience is available on graphite fabrication, 
machining, and irradiation behavior. Similarly, —750 reactor-yr of experience has 
been accumulated from —300 steam generators for gas-cooled reactors,^*' some 
of them having operated for over 25 yr. Steam generator availability for CO2 
systems is found to be higher than for pressurized water reactors, with tube failure 
occurring mainly during the first two years because of manufacturing flaws.^' 
Experience with steam generator design and construction is available for HTGRs, 
which, furthermore, will not suffer from specific problems caused by CO2 such 
as shell-side corrosion and acoustic vibrations. Once-through steam generators 
with helical tubes have been chosen for HTGR power plants such as Fort St. 
Vrain, THTR, or other large systems. A similar design was chosen for the steam 
generators of the four AGR reactors with multicavity PCRVs (Hartlepool and 
Heysham stations), and has been successfully tested in the French C02-cooled 
D20-moderated reactor EL4. Gas circulator experience is based on —200 operating 
CO2 circulators of all types, centrifugal or axial, horizontal or vertical, with electric 
motor or steam drives, with unit power from 1 to 20 MW, pressure from 1 to 
4 MPa, and pressure rise up to 0.3 MPa. After initial problems with CO2 circu
lators—such as vibrational oscillations of the circulator or flow and acoustic 
resonance-induced vibrations of guide vanes, diffusers, and casings—their avail
ability has been quite good.^^ 
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Operating expenence with the three prototype HTGRs—Dragon, Peach Bot
tom, and AVR—has shown high reactor availability (85 to 90% between scheduled 
shutdowns), low pnmary system contamination (both coolant activity and plate-
out radiation level), low helium leakage (—0 1% per day), and very good behavior 
of both graphite (up to 1200°C) and coated particle fuels (up to 200 MWd/kg and 
1400°C) The steam generators in Peach Bottom and AVR have produced high-
temperature high-pressure steam without any major tube failure (except for AVR 
in 1978), helium circulators of vanous designs have been shown to be very reliable 
dunng 7 to 15 yr of operation Other reactor components, such as control rods 
and dnves and helium punfication systems, have operated without problems The 
Fort St Vrain HTGR demonstration plant has been through an extensive testing 
program and has been shown to be safe and able to operate at high thermal 
efficiencies (—39%) The radiological consequences of plant operation have been 
extremely low, with a total combined exposure of all personnel for 1980 and 1981 
at 1 3 and 0 5 person-rems, respectively ^̂  It has generated electncity at 70% full 
power since 1978 (3 8 x lO' kWh by the end of 1983) and has been successfully 
tested at 100% power The mam problems encountered were of a mechanical 
nature, and most of the basic components such as coated panicle fuel, PCRVs, 
and steam generators have performed very well Coolant temperature fluctuations 
due to small motion m the fuel element columns were rectified in 1979 

The large amount of information ^ available on the design, construction, and 
operating expenence with gas-cooled reactors since 1956 should benefit future 
developments of HTGR technology and apphcations 
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3 

REACTOR CORE HEAT TRANSFER: 
FUNDAMENTALS 

Heat transfer as an engineering discipline plays a major role in reactor design 
both in establishing performance capabilities and in determining the temperature 
distribution throughout the reactor. It is not the intention to present a complete 
exposition of gas-cooled reactor heat transfer in this book. Rather the approach 
is to survey the main topics of heat transfer with particular emphasis on the reactor 
core. This chapter develops the fundamentals of heat transfer analysis in gas-
cooled reactors in a general way for a reactor operating at the steady-state design 
power point. Chapter 4 continues the general treatment but will deal with spe
cialized topics relating to fuel element design and gas coolant properties. Dis
cussion of heat transfer in specific gas-cooled reactors is taken up in Chapter 7 
for the high-temperature gas-cooled reactor (HTGR), and in Chapter 10 for the 
gas-cooled fast breeder reactor (GCFR). 

The aim of this chapter is to present the fundamentals of gas-cooled reactor 
heat transfer to the reader who is unfamiliar with the subject. The material is 
developed in a logical sequence that parallels the method used to determine the 
temperature distribution in a reactor core at its steady state. That is, after defining 
the core and fuel element geometry and describing the core power distribution, 
equations are derived to calculate, in sequence, the temperature distribution of 
the: coolant, fuel element surface, fuel cladding, fuel surface, and fuel maximum 
temperature point. Section 3-5 is concerned with core pressure drop and coolant 
flow distribution—subjects intimately associated with the determination of the 
reactor temperature distribution. 

Since this chapter is not intended to be exhaustive, the reader may wish to 
consult standard textbooks''^ to obtain further depth in heat transfer as well as 
other books on the subject of reactor heat transfer.̂ '"* The experienced heat transfer 
engineer may wish only to skim this chapter, then proceed to subsequent chapters. 

3-1 Reactor Core Power Distribution 
It is advantageous to make certain idealizations in defining the geometrical 

form of the core and in defining the power distribution in order to arrive expe
ditiously at the equations governing the temperature distribution. Assume the core 
is a homogeneous cylinder of radius R and length L and is penetrated with Â  

75 



76 THERMAL AND FLOW DESIGN OF HELIUM-COOLED REACTORS 

N COOLANT HOLES 

o o o 
o o o l o o o ^ o o o o o o o o o p o o o o o o o 
o o o o o 

Fig. 3-1. Simplified core model. 

identical and uniformly spaced coolant holes as depicted in Fig. 3-1. The detailed 
shape of the coolant hole need not be specified at this time. 

The core will be assumed to produce total power Q and will be cooled by 
helium entering the core with uniform temperature Ti and with total mass flow 
rate M (see Nomenclature on p. 121). 

A nuclear reactor may be thought of as a heat exchanger with prescribed 
heat generation. The distribution of heat production is determined by the nuclear 
design and is a function of the fuel, moderator and absorber loading, composition, 
and distribution. In the following sections, it is assumed that the heat generation 
distribution is specified by the nuclear performance at the steady-state design 
power point. 

Since the reactor power is limited by the maximum structural or fuel tem
perature, attention is focused on the so-called "hot channel." The hot channel 
passes through that part of the core generating the maximum power. A unit cell 
is defined about the hot channel such that all the heat generated in the cell and 
no other cell is removed by the coolant flowing in the hot channel. That is, the 
unit cell has adiabatic boundaries. Let the power produced in the cell be expressed 
by 

q'(z) = ^({)(z) (3.1) 

where q'iz) is the power generation per unit length and q is the total power 
produced in the unit cell. The term <J)(z) represents the axial variation of power 
generation along the hot channel. The distribution ^{z) is normalized such that 

r 
Jo 

(f) dz 1 (3.2) 
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The power generation in the core may be expressed in several alternate forms: 

^'(z) = I q"{z.p)dp= 11 q"'iz.a)da , (3.3) 

where q" is the heat flux and q"' is the volumetric heat generation rate. In Eq. 
(3.3), P andi4/r are the heated perimeter and fuel cross-sectional area, respectively. 

It is convenient at this time to introduce a simple analytical form of the axial 
power variation called the "chopped-cosine distribution." The chopped-cosine 
axial flux shape is derived'* for a uniformly loaded cylindrical core without re
flectors. The expression is 

TTL (Z I \ 
dXz) = B. c o s - - - - . (3.4) 

The parameter ZA is the maximum-to-average value of the flux, sometimes referred 
to as the nuclear hot channel factor,^ and L' is the core extrapolated length. 
Introducing the dimensionless quantities gives 

<j)(0 = SA cos\(2^ - 1) , (3.5) 

with 

and 

i = I (3.6) 

TtL 
X = ^ . (3.7) 

It can also easily be shown that e^ and X are related by 

EA = ^ . (3.8) 
sm\ 

By limiting attention in this chapter to the core hot channel, the radial dis
tribution of power need not be specified. In actual practice, core physics analysis 
precedes a detailed thermal analysis and the complete power distribution is, there
fore, known before core temperatures are calculated. For preliminary design anal
ysis, it is usually sufficient to assume that the axial power distribution can be 
represented by the chopped-cosine distribution using a preliminary estimate of the 
maximum-to-average power generation parameter, e^. Likewise, an estimate of 
the core radial maximum-to-average power generation, ê ;, is also used in prelim
inary analysis to determine the total amount of power produced in the hot channel 
compared to the average power in the core. 

The temperature of the fuel and fuel cladding can be influenced by localized 
perturbations in core heat generation. These affects are discussed in Sec. 3-4. 
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Fig 3-2 Hot channel model 

3-2 Coolant Temperature Distribution 

The coolant temperature through the core under steady-state conditions can 
be found by considenng a heat balance on an element of length, dz, of the fuel 
element depicted in Fig 3-2 Let rn be the coolant mass flow rate The heat balance 
on the element yields the differential equation 

dT 
mCp — = q'iz) (3 9) 

az 

Because the discussion is limited to helium-cooled reactors and helium can be 
considered a caloncally perfect gas, the specific heat capacity at constant pressure, 
Cp, is independent of temperature and pressure Therefore, Eq (3 9) can be 
integrated to find the coolant temperature distnbution 

Tiz) = Ti + - ^ I (})(z) dz (3 10) 
mCpL Jo 

As indicated in Fig 3-2, Ti is the coolant inlet temperature Carrying out the 
integration over the length of the core results in 

7(1) - Tl = - ^ (3 11) 
mCp 

for the hot channel 
A similar equation may be found by taking a heat balance over the whole 

core 

7-2 - Tl = - ^ , (3 12) 
MCp 

with T2 being the mixed mean outlet temperature, M the total core flow, and Q 
the total core power Note that the mixed mean outlet temperature for the core, 
T2, IS not necessanly equal to the coolant outlet temperature from the hot channel, 
r ( l ) , as given by Eq (3 II) 

Using the chopped-cosine axial power distnbution defined in the previous 
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section and described by Eq. (3.5), the axial distribution of the coolant temperature 
can be found. Substituting Eq. (3.5) into Eq. (3.10) and using the nondimensional 
length l = zIL gives 

ni) = Tl + 
q^A 

ihCc 
cos\(2C - 1) d^ 

and carrying out the integration. 

no = Ti + ^ 
mC, p L 

I sinM2̂  - 1) + ^ 

(3.13) 

(3.14) 

The quantity in brackets is zero at ^ = 0 and unity at ^ = 1 corresponding to 
the core inlet and exit, respectively. The shape of the coolant distribution is the 
sine function as shown in Fig. 3-3. An important point to be noted is that the 
coolant temperature is always a monotonically increasing function regardless of 
the form of the power distribution. 

It is desirable in some situations to design the core to achieve a uniform 
coolant outlet temperature. An alternate choice is to design to achieve the same 
maximum fuel surface or fuel centerline temperature in each unit cell of the core. 
There are competing factors that influence the designers choice. If the objective 

T, 

/ 

1 1 1 1 

^ ^ ^ C O O L A N T TEMPERATURE, 
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l l l l 

T(1) 

m) 

\ 

Fig. 3-3. Coolant temperature distribution. 
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is to achieve the same maximum fuel surface or centerline temperature in all unit 
cells, then the core fuel will be worked as hard as possible within material limits. 
On the other hand, designing for a uniform coolant outlet temperature may be 
necessary to protect the structural integrity of other reactor components down
stream of the core. Steam generators, thermal insulation, and core support struc
tures fall into the category of components whose performance or structural integrity 
are adversely affected by large variations in the coolant temperature. Variations 
in the core coolant outlet temperature are sometimes called "hot streaks." 

The practical approach to reactor design usually is to provide a uniform 
coolant outlet temperature from the core. When the axial power distribution is 
relatively flat, the fuel will all be operating at nearly the same temperature when 
the core is orificed for a uniform coolant outlet temperature. In addition, it is 
possible to measure the coolant outlet temperature from every fuel assembly and 
use these measurements to adjust and control reactor operation. It is extremely 
difficult to measure fuel or fuel surface temperatures in a nuclear reactor. 

For uniform coolant outlet temperatures, T(l) in Eq. (3.11) equals T2 and 
Eqs. (3.11) and (3.12) may be combined to give 

'- = t . (3.15) 
Q M 

This equation states that the mass flow to individual coolant channels must be in 
direct proportion to the power generated if the coolant outlet temperature is to be 
uniform. A uniform coolant outlet temperature can be obtained by a combination 
of radial power shaping and controlling coolant flow distribution. 

If the reactor core is to be designed for equal coolant temperatures exiting 
each channel, Eq. (3.10) may be written 

T(z) = Tx +^^ ~ ^^ [ ^dz . (3.16) 

Thus far, only steady-state conditions have been considered and the law of 
conservation of energy simplified to a heat balance. The temperature effects 
arising from fluid shear stresses are completely negligible compared to the effects 
of nuclear heat addition and no work is being done by the fluid so the heat balance 
approach is perfectly justified. In gas-cooled reactors it is also usual in transient 
analyses to neglect the storage term in the energy equation for the fluid compared 
to the convection term. This is justifiable if the time scale of the transient problem 
under consideration is large compared to the characteristic or residence time of 
the fluid in the core. For a typical core length of 6 m and a fluid velocity of 60 
m/s, the residence time is 0.1 s, which is very small compared to the time scale 
of most HTGR reactor power transients. 
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3-3 Fuel Element Surface Temperature 
Having determined the coolant temperature distnbution in the core, the next 

step in core thermal analysis is to determine the surface temperature distribution 
The first part of this section is devoted to calculating the surface temperature, 
assuming the coefficient of heat transfer is known The second part of the section 
deals with the task of evaluating the heat transfer coefficient 

3-3A Axial Surface Temperature Variation 

Newton's equation for convective heat transfer at a surface may be written 

q" = h{T, - T) , (3 17) 

where q" is the surface heat flux, 7"̂  is the surface temperature, T is the fluid 
temperature, and h is the heat transfer coefficient The temperature difference 
Ts — T IS refened to as the film temperature rise This equation is actually the 
definition of h. the surface coefficient of heat transfer The surface coefficient of 
heat transfer is an empirical factor and one of the major research activities in the 
development of reactors has been the determination of this parameter for specific 
fuel elements 

Equation (3 17) is wntten with the heat flux, q", being positive when there 
is heat flow out of the fuel element and into the coolant since the surface tem
perature, Ts, IS greater than the coolant temperature, T The heat transfer coefficient 
IS always a positive quantity 

The heat flux can be eliminated from Newton's equation by using the dif
ferential equation obtained from a heat balance on the coolant [Eq (3 9)] Equation 
(3 3) relating the heat flux, q", and the linear heat rating, q', is also used to give 

mC„ dT 
Ts = T + -^— (3 18) 

hP dz 

As before, it is convenient to introduce nondimensional terms The Stanton 
number, defined by 

h 
St = - — , (3 19) 

^1C„ 

arises naturally in convective heat transfer The term A is the coolant channel 
cross-sectional flow area Also, the length is made dimensionless by 

i = l (3 20) 

The dimensionless parameter, a, is defined by 
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a = S t ( ^ ) • (3-21) 

It is to be noted that CT is directly proportional to the heat transfer coefficient, h, 
the heated surface, PL, and inversely proportional to the coolant mass flow rate 

m. 
Substituting Eqs .(3.19) through (3.21) into (3.18) gives the simplified expres

sion 

1 dT 
Ts = T + -— . (3.22) 

a dL, 

Now the coolant temperature can be eliminated from this equation by using the 
previously derived expressions for the coolant temperature, Eqs. (3.9) and (3.10). 
This results in: 

lj»^,m,niiUi ^ (3.23, 
Tj - T[ CT Jo 

By making the observation that ^(l) is a function that may increase, then 
decrease, along the channel length while the integral of <t)(̂ ) increases monoton
ically, it may be reasoned that the surface temperature, Ts(Q, may have a maximum 
within the core rather than at the exit plane of the core where the coolant tem
perature is a maximum. The maximum value of Ts may be found in the usual 

dTs 
way by differentiating Eq. (3.23) with respect to ^ and setting -— = 0. Doing 

this gives 

dS 
— -h a<}) = 0 . (3.24) 
di ^ 

This expression may be solved for the coordinate point at which the maximum 
occurs. Let I be the point where Ts is a maximum. Substituting I into Eq. (3.23) 
gives 

Tl 6 (0 (^ 
- ^^^^ ' ' (J)(C) di . (3.25) Tl CT Jo 

Equations (3.24) and (3.25) are general expressions for determining the 
maximum surface temperature once the axial power distribution is known. If the 
chopped-cosine power distribution defined by Eq. (3.5) is assumed, the following 
results can be derived: 

i ^ l 
1 _i / a 

1̂ ^̂ " U (3.26) 

and 
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J ^ = ^ COSM2C - 1) + :?7 sin\(2C - I) + ^ (3 27) 
T2 - T] or 2 \ 2 

The vanation in the dimensionless maximum surface temperature, 

Ts - Tl 
, and the point at which the maximum occurs, ^, as a function of the 

7*2 - T l 

heat transfer parameter, CT, IS shown in Figs 3-4 and 3-5 The axial maximum-to-
average power factor, BA, IS a parameter in these figures The value of EA = 1 
indicates a flat power distnbution and is a limiting value that would be approached 
as the core becomes infinitely large A value of E^ = 1 2 is a relatively low axial 
peaking factor and e = 1 4 is a moderate axial peaking factor 

It IS seen from Fig 3-4 that the maximum surface temperature always occurs 
at the core exit, I = 1, for a flat power distnbution The point at which the max
imum surface temperature occurs moves increasingly toward the exit as the heat 
transfer parameter, cr, increases and as the axial maximum-to-average power fac
tor, EA, decreases—implying a flatter axial power distnbution For the case where 
EA = 1 2, the maximum surface temperature occurs at the exit for o > 3 5 

The maximum surface temperature, 7"̂ , is seen from Fig 3-5 to decrease 
rapidly as the heat transfer parameter, a, increases, regardless of the value of the 
axial power peaking factor Recalling from Eq (3 21) that the heat transfer pa-
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Fig 3-4 Point of maximum surface temperature 
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Fig. 3-6. Coolant and surface temperature distributions for a chopped-cosine power distri
bution. 
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rameter is directly proportional to the heat transfer surface, the maximum surface 
temperature can be reduced by increasing the available heat transfer surface. 
Increasing the heat transfer surface may be accomplished by subdividing the fueled 
part of the core, which is the rationale for the many fuel element designs composed 
of bundles of fuel rods. Another means of increasing heat transfer surface is by 
the use of fins, and many intricate fuel element designs have been developed 
based on either transverse or longitudinal fin designs or both. Finally, another 
means of reducing the maximum surface temperature is by increasing the heat 
transfer coefficient. These topics are taken up in Sec. 4-3. 

The surface temperature distribution for a chopped-cosine power distribution 
is depicted in Fig. 3-6. Also shown in this figure are the coolant temperature and 
power input distributions. It is typical that the difference between the maximum 
surface temperature and the surface temperature at the core exit, Ts — Ts{l), is 
small as shown in this figure. Therefore, the statement made in Sec. 3-2 that 
orificing the core for constant coolant outlet temperature results in nearly the same 
maximum fuel element surface temperature is seen to be justified. 

The heat transfer characteristics—heat transfer surface and heat transfer coef
ficient—necessary to achieve a prescribed maximum surface temperature in the 
core can be found by eliminating I between Eqs. (3.26) and (3.27). After some 
algebraic manipulation (e.g., see Ref. 3), it is found that 

Given the core thermodynamic requirements in terms of the core inlet and outlet 
temperatures, Ti and T2, respectively, and the core axial maximum-to-average 
power factor for a chopped-cosine flux distribution, it is possible to evaluate the 
heat transfer parameter, a. The heat transfer parameter combines the heat transfer 
surface and heat transfer coefficient into a single parameter. To give some idea 
of the magnitude of the heat transfer parameter, it is found that 1 < a < 2 is 
representative of the GCFR and 5 < CT < 6 is representative of the HTGR. In 
broad generalities, a low value of CT applies to a small, high power density reactor 
and a large value of CT is representative of a large, low power density reactor. 

3-3B Convective Heat Transfer Correlations 

In the preceding section, the discussion was concerned with the calculation 
of the surface temperature distribution and the determination of the heat transfer 
parameter, CT. This section discusses the estimation of the convective heat transfer 
coefficient, which is included in CT. 

The heat transfer coefficient, h, for turbulent flow is correlated by the Stanton 
number, St, or equivalently, by the Nusselt number, Nu. The Stanton and Nusselt 
parameters are related by 

St = Nu • Re • Pr (3.29) 
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where Re is the Reynolds number and Pr is the Prandtl number Many correlations 
for the Stanton number or Nusselt number may be found in standard heat transfer 
sources'^^ for vanous arrangements of the heat transfer surface For the present 
purposes, only flow through round holes and flow longitudinal to rod bundles is 
considered 

It can be shown from dimensional analysis that the Stanton number for gas-
cooled reactors has the functional form 

St = St (Re, Pr, M, TsIT, z/D, 0, geometry) (3 30) 

The Stanton number dependence on the Reynolds and Prandtl numbers is always 
present since the heat transfer coefficient is a strong function of the flow conditions 
and fluid properties The Stanton number dependence on Mach number, M, is 
included for completeness in Eq (3 30) but is entirely negligible for gas-cooled 
power reactors, particularly helium-cooled reactors, and will be dropped from 
further discussion When there is a large difference between the fuel element 
surface temperature and the mean coolant temperature, the coolant properties vary 
through the boundary layer and this effect on the Stanton number is represented 
functionally by the term Ts/T The term zld refers to the coolant channel length-
to-diameter at which the Stanton number is to be evaluated and accounts for the 
effect of the boundary layer development along the channel The term 6 refers to 
the circumferential position of the heated surface and is intended to illustrate that 
the local Stanton number is a function of the flow field about the heated surface 
The last term in Eq (3 30) states the obvious fact that the Stanton number is a 
function of the geometry of the heated surface A discussion follows on the 
dependence of the Stanton number on all of these terms 

In pnnciple, the Stanton number can be calculated for laminar flow, although 
the mathematical problems may be formidable Also, when suitable approxima
tions are made, the Stanton number in turbulent flow may be denved analytically 
However, the state-of-the-art of heat transfer for nuclear reactors is such that it 
IS necessary to determine the Stanton number expenmentally for the particular 
fuel element design under consideration Data must be obtained over the complete 
flow range of reactor operation, which means the laminar, transition, and turbulent 
flow regimes The Stanton number in the laminar and transition regimes is needed 
mainly for reactor thermal analysis dunng decay heat removal and for the analysis 
of vanous postulated accident cases It is normal and prudent practice for the 
design point of the reactor to conespond to completely turbulent flow 

For fully developed flow in round holes, the well-known Dittus-Boelter equa
tion," ^ 

Nu = 0 023 Re° ^ Pr° •* , (3 31) 

correlates extensive expenmental data in the range of the Reynolds number from 
-~-10 000 to 100 000 and has been widely used for gases and liquids The Prandtl 
number for helium is about two-thirds, and for all gases ranges from ~0 66 to 
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0.73. If an average value of the Prandtl number were chosen to represent gases, 
the Prandtl number could be eliminated from the Dittus-Boelter equation and the 
coefficient changed to 0.020 and the equation would conelate experimental data 
for all gases well within experimental enor. In this monograph, the Prandtl number 
is retained in the conelations for completeness. 

The Dittus-Boelter equation also correlates the heat transfer characteristics 
of a variety of flow channel shapes such as annuli, triangular, rectangular, and 
longitudinal flow over rod bundles as long as the characteristic length in the 
Reynolds number and Nusselt number is the equivalent hydraulic diameter defined 
by 

4A 
De = — , (3.32) 

where P/is the friction, or wetted, perimeter. How accurately Eq. (3.31) conelates 
heat transfer measurements in noncircular ducts depends on how far the duct shape 
deviates from a round hole. For example, the Dittus-Boelter equation based on 
the equivalent hydraulic diameter is good for an isosceles triangle but is no longer 
usable for a triangular duct with an acute angle of ~15 deg or smaller. Laminar 
and secondary flow in the comer of the acute angle invalidates the use of the 
hydraulic diameter. Similarly, if the channel shape had a high degree of asym
metry, it would be anticipated that the hydraulic diameter would not be applicable. 

Another point to be considered when using the equivalent hydraulic diameter 
occurs when the friction perimeter, Pf, is not equal to the heated perimeter, P, 
as in reactor fuel elements using the common shrouded fuel bundle design concept. 
The shroud sunounds the bundle of fuel rods to define the coolant passage and 
provides structural support but is not heated. Therefore, from the flow and thermal 
point of view, the shroud is a parasitic surface. When the parasitic surface is small 
compared to the total surface, the equivalent hydraulic diameter is still usable for 
estimating the mean heat transfer coefficient. 

It has been found experimentally that the Dittus-Boelter equation based on 
the equivalent hydraulic diameter predicts heat transfer for longitudinal flow along 
arrays of rods, except the numerical coefficient varies with the spacing between 
rods and the rod diameter. Since many nuclear reactors employ fuel elements 
composed of an array of rods, there has been a great deal of work done on 
determining the flow and heat transfer characteristics of these geometries. Regular 
anays of rods in triangular and square patterns have been investigated and ex
perimental data have been correlated by the pitch-to-diameter ratio, p/d. Figure 
3-7 is a sketch of a triangular (sometimes called a "delta") array and a square 
anay of fuel rods showing the pitch and diameter dimensions. 

It has been found to be convenient when dealing with rod bundle anays to 
express the Nusselt number as 

Nu = G • Nuo , (3.33) 

where Nuo is the Nusselt number for a circular pipe, Eq. (3.31), and G is a 
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Fig. 3-7. Triangular and square fuel rod arrays. 

conection factor to account for the spacing between rods; G is sometimes called 
the "packing factor." The value of the packing factor for rod bundles can be 
found from the review of experimental data by Sutherland^ and by Kays in Ref. 7. 
Markoczy' has conelated the available data and gives for the packing factor: 

2.0043 exp(-B)] , (3.34) G = I + 0.912 Re" PrO"* [1 

where 

B = 
De 

and for an infinite anay of rods, 

De 2V3 (PY 
— = l - I — 1 (triangular anay) 
d -IT \d/ 

(3.35) 

(3.36a) 

and 

De 
d 

1 (square anay) (3.36b) 

Figure 3-8 shows how the packing factor varies with the rod pitch-to-diameter 
ratio for the case of a triangular anay with Re = 10 and Pr = 0.67. It can be 
observed that the conection to the Dittus-Boelter equation is < 1 for tightly packed 
rods and >1 for an open array of rods. In this particular case, G = 1 when p/d 
= 1.24. That is, the mean heat transfer coefficient in a triangular anay of rods 
with p/d = 1.24 is the same as in a circular pipe having the same equivalent 
hydraulic diameter. 

The effect of local variations in the heat transfer coefficient represented by 
6 in Eq. (3.30) is now considered. Rods ananged in a triangular or square anay 
would be expected to experience a variation in the heat transfer coefficient about 
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Fig 3-8. Packing factor variation with pitch-to-diameter ratio. 

the periphery of each rod due to the nonuniform flow field about each rod. It has 
been found experimentally for large arrays that there is no significant circum
ferential variation for p/d > 1.1. For this reason, if for no other, there is a great 
incentive to design fuel elements with a pitch-to-diameter ratio > 1.1. With closely 
packed rods, the circumferential variation in heat transfer can be large,'° as 
illustrated in Fig. 3-9 for an infinite triangular anay with p/d = 1.015. If the 
minimum spacing is less than normal, large circumferential variations in the heat 
transfer coefficient may also occur about those rods located at the outer boundary 
of the cluster next to the shroud or wall of the element. This effect can be seen 
from experimental results from the seven-rod EGCR fuel element" of Fig. 3-10, 
and the twelve-rod telephone-dial-type EBOR fuel element'^ of Fig. 3-11, where 
the rod-to-wall spacing differs from the rod-to-rod spacing. The effect of a rod 
offset on the circumferential variation is also illustrated in Fig. 3-11. 

The Dittus-Boelter heat transfer conelation of Eq. (3.31) is valid for fully 
developed flow. That is, the conelation is valid when the hydrodynamic and 
thermal boundary layers have reached a state where further changes in the heat 
transfer coefficient are no longer measurable. In round holes, fully developed 
conditions may be attained within 10 to 20 length-to-diameter's (L/D's) for certain 
inlet geometries (see Fig. 3-12). As an example, the HTGR coolant hole diameter 
is ~16 mm, so fully developed conditions would be reached in ~300 mm, which 
is <5% of the total core length. 

The effect of inlet length has been taken into account by various experimental 
investigations, the most usual being 

St (z\-'' 
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Fig. 3-9. Heat transfer coefficient peripheral variation for a triangular rod array (adapted from 
Ref. 10). 
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which is valid for z/D ^ 5. With this relation, the Stanton number decreases more 
slowly to an equilibrium value than indicated in Fig. 3-12 for the straight inlets. 
For example, Eq. (3.37) predicts the Stanton number will be within 10% of the 
fully developed flow Stanton number when z/D = 27 while Fig. 3-12 indicates 
this condition to occur in about half that length. 
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Fig. 3-11. Effect of fuel rod offset on the local heat transfer coefficient (Ref. 12). 
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The thermal entry problem has been treated analytically mainly for two 
idealized boundary conditions constant surface temperature and constant heat 
flux It has been shown. Fig 3-13, that the difference between the two heat transfer 
coefficients for fully developed conditions is of the order of 1% for gases, Pr = 
0 7, at Re = 10̂  In reality, thermal equilibnum is never attained in a nuclear 
reactor core since the heat flux vanes continuously along the length, as, for 
example, with the chopped-cosine power distnbution introduced in Sec 3-1 The 
effect of a varying heat flux on the local heat transfer coefficient has been con
sidered by several authors,'^ ^'^ but for gas-cooled reactors with Pr = 0 7, the 
effect of varying heat flux is not significant ^ 

The thermal entry length is not always limited to the physical entrance of a 
coolant channel Spacers inserted to support fuel rods disrupt the coolant flow to 
such a degree that in effect a new thermal entry length is created The creation 
of a new thermal entry length is beneficial since the heat transfer coefficient is 
increased over the fully developed value—but, of course, the increase in heat 
transfer occurs at the expense of an increase in pressure loss or, equivalently, 
pumping power Spacers may also be designed with turbulence promoters that 
locally increase heat transfer In the EGCR reactor, the core was loaded with 
seven short fuel bundles to make up the full length and fully developed thermal 
conditions were never attained in these short segments because of end grids and 
a spacer m the middle of each segment 

Before leaving the subject of entry conditions, it is important to note that 
the influence of a nonuniform velocity distnbution because of a poorly designed 
inlet can persist for a considerable length '̂  Careful attention to the inlet design 
IS absolutely necessary 

A conection to the Dittus-Boelter conelation is required when the fluid 
properties change through the thermal boundary layer This condition may arise 

V 
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Fig 3-13 Constant heat flux versus constant surface temperature heat transfer coefficient 
(adapted from Ref 2) 
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in high power density gas-cooled reactors since a large temperature gradient will 
occur across the thermal boundary layer. Many conection factors have been 
proposed through the years such as evaluating the fluid properties at the film 
temperature,^ 7/, with 

or the reference temperature 

7> = - (T -f Ts) 

16 

To4 = T + 0.4 (Ts - T) 

(3.38) 

(3.39) 
17 or the surface temperature. 

Other conections to the Dittus-Boelter conelation take the form of evaluating 
fluid properties at the bulk coolant temperature and multiplying by a temperature 
ratio, {TslT)~", where the exponent n ranges from 0.1 to 0.8. Whenever the 
temperature ratio occurs in a heat transfer conelation, the temperatures must be 
interpreted as being on the absolute scale, e.g., degrees Kelvin. An extensive 
review'^ of convective heat transfer conelations showed fair agreement among 
the conelations tested. The conelation of McEligot et al.'^ for large temperature 
gradients is representative of the conections useful for helium-cooled reactors: 

Nu = 0.021 Re^^Pr^M-^ 
- 0 5 

' " I 5 
- 0 7 

(3.40) 

which is valid for helium and z/D > 5; for 15 000 < Re < 600 000; and for 
I <(Ts/T) < 2.4. 

It is seen from Eq. (3.40) that the effect of a large temperature gradient 
across the thermal boundary layer is to decrease the heat transfer coefficient. For 
example, at a point in the reactor where the coolant temperature is, say 720°C 
and the surface temperature 820°C, the local heat transfer coefficient is reduced 
—5% by the temperature ratio term. 

Normally, when applying a convective heat transfer conelation of the form 
of Eq. (3.40) it is necessary to perform an iterative calculation since the unknown 
surface temperature Ts appears in the conelation itself. However, Eq. (3.40) with 
the exponent of the temperature conection of —0.5 allows a direct solution. 
Combining Eqs. (3.17) and (3.19) gives 

Ts - T 1 

m 

(3.41) 

C„St 

Writing Eq. (3.40) in the form of a Stanton number gives 

St = 0 .021Re-°2pr-0 6 ( i i 
•1/2 

1 -t-
D 

-07-

(3.42) 
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Combining these two equations yields a quadratic equation in {TJTf^: 

Ts (TsV" 
-^ - 2i|i (^-^j - 1 = 0 , (3.43) 

where the parameter ili is 

^ = — . : _07- • ^^-"^^ 

2 ij] CpT(0.02l Re"°^ Pr""^) 1 + 

The solution to the quadratic equation is 

^ = l^\> + (lli' + 1)" ' ] ' , (3.45) 

where the only physically real solution requires that the positive root of the 
quadratic equation solution be used. No iteration is needed to solve for T, since 
all factors on the right side of Eq. (3.45) can be computed for the known coolant 
temperature. 

For completeness, the effect of surface roughness on the heat transfer coef
ficient should be considered. However, a discussion of the influence of roughness 
is postponed until Sec. 4-3. 

Thus far, only the convective mode of heat transfer has been considered. 
Radiation and conduction also occur but these modes of heat transfer are usually 
negligible during power operation but may become predominant during postulated 
accident situations. Accounting for radiation and conduction along with convection 
necessitates numerical calculations since the heat transfer problem becomes two-
or possibly three-dimensional and strongly nonlinear due to radiation being pro
portional to 7^. Neglecting these two modes of heat transfer results in a conserv
ative design since including radiation and conduction will cause surface temper
atures to be reduced from the one-dimensional approach that considers only con
vection heat transfer. 

The discussion in this section is intended to summarize the factors influencing 
the determination of the heat transfer coefficient. The correlations given by Eq. (3.31) 
or Eq. (3.40) along with the conection factors given by Eqs. (3.32) and (3.34) 
may be used with confidence for rod bundle fuel element designs or fuel element 
designs employing simple channel shapes. The conelations may also be used for 
preliminary design estimates on new fuel element designs but experimental ver
ification would be necessary before final design analysis. 

3-4 Fuel Temperature 
The most efficient thermal design of a reactor core calls for the fuel and 

structural materials to operate at their respective maximum temperatures. The 
maximum fuel temperature may be limited by the melting temperature, by a phase 
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change that is accompanied by sizable volumetric change, or by fuel redistribution 
caused by diffusion or migration. Detailed calculations are needed to verify that 
the fuel temperature is safely below the maximum limit. In addition, a knowledge 
of the fuel temperature distribution is necessary for neutronic calculations and as 
a starting point for safety analyses when forced coolant flow is assumed lost. 

Whereas the coolant temperature distribution throughout the core is inde
pendent of the specific fuel element design, and the surface temperature of the 
fuel element is not strongly dependent on the specific design, the fuel temperature 
distribution is completely dependent on the fuel geometry. The evolution of gas-
cooled reactors has resulted in two main types of designs: the rod bundle where 
the fuel is in the form of cylindrical pellets contained in a metallic cladding and 
the all-ceramic packed-bed fuel element. These two general fuel element designs 
are discussed separately. 

3-4A Fuel Rod Temperature Distribution 

Figure 3-14 depicts the temperature distribution in a metal-clad fuel rod. The 
maximum fuel temperature occurs at the center of the fueled region and the greatest 
temperature difference occurs across the fuel. At the fuel/cladding interface, there 
is a temperature difference shown with a dotted line to indicate that the heat 
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Fig. 3-14. Typical fuel/cladding temperature distribution ( f l i = 3 mm; R2 = 3.5 m m ; and 
q' = 4 0 0 W/cm). 
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TABLE 3-1 
Average Heat Transfer Conductances and Temperature Differences 

Coolant boundary layer 
Cladding 
Fuel/cladding interface 
Fuel (oxide type) 

Thermal 
Conductance 
(W/cm2-°C) 

1. 
18. 

1. 
0.11 

Temperature 
Difference 

(°C) 

180 
10 

180 
1640 

transfer process is a complex one occuning over an extremely short distance. The 
temperature difference across the fuel cladding is quite small compared to the 
other temperature differences. 

Finally, the temperature difference through the coolant boundary layer is 
roughly indicated by the curve in Fig. 3-14. As an example, the average heat 
transfer conductances and temperature differences for a gas-cooled reactor with 
4' = 1 8 0 W/cm^ are shown in Table 3-1 as approximate values. The effective 
thermal conductance figures are based on the heat flux at the outside surface of 
the fuel rod and illustrate the relative magnitude of the conductances. Clearly, the 
cladding offers little resistance to heat flow while the fuel offers the greatest. The 
coolant conductance and the conductance at the fuel/cladding interface have nearly 
the same value for gas-cooled reactors at the point of maximum fuel temperature. 

The fuel surface temperature has, in principle, been found by applying the 
analysis of the previous section. The temperature distribution through the cladding 
and fuel region can be found by solving the heat conduction equation with the 
appropriate boundary conditions, material properties, and power generation dis
tribution. The governing differential equation in vector notation is 

pc V-/tVr = 4" , (3.46) 
ht 

where p, c, and k are the density, specific heat capacity, and thermal conductivity 
of the material, respectively. All of these properties may be functions of the 
material temperature and 4" may also be a function of temperature and position. 

For steady-state conditions, the first term of Eq. (3.46) is dropped. The 
assumption is made that heat conduction in the axial direction may be neglected. 
It can be verified that axial conduction is usually negligible compared to radial 
and azimuthal conduction components and in any case the assumption is con
servative in regard to evaluating the maximum fuel temperature. 

3-4B Cladding Temperature 

For the present, assume that the heat generation in the fueled region and that 
the heat transfer on the coolant side of the cladding are both axisymmetric. Since 
the power generation in the cladding is entirely negligible compared with the heat 
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flux from the fueled region, and the cladding thermal conductivity is nearly con
stant, the conduction equation in cylindrical coordinates for the cladding becomes 

1 d dT 
- j r — = 0 . (3.47) 
r dr dr 

The boundary conditions are a known surface temperature, Ts, on the coolant side 
and a given heat flux on the fuel side: 

T = Ts at r = R2 (3.48a) 

and 

, dT q' 
-k— = -r— at r = Ri , (3.48b) 

dr 2-iTr 

where q' is the linear heat rating and Ri and R2 are the inner and outer cladding 
radii, respectively. 

The solution to the differential equation and boundary conditions is found in 
a straightforward way to be 

with the temperature difference across the cladding given by 

A T . « = ^ l n ( | ; ) . (3.50) 

The cladding thermal conductance may be determined from Eq. (3.50): 

k 
"cladding = " ^ (3.51) 

When /?2 - ^1 = A/? is small, the cladding conductance may be approximated 
by 

k 
'Jcladding "" T^ ' (3.52) 

3-4C Fuel/Cladding Gap Conductance 

When fuel rods are fabricated, a radial gap is allowed between the fuel pellets 
and metal cladding in order to allow assembly. This gap amounts to —0.05 mm 
for cladding with an inside diameter of 6 mm. Assuming the fuel rod is back
filled with helium, a common practice, the thermal conductance amounts to 
—0.6 W/cm^-°C. Thermal radiation only accounts for —1% of the thermal con-
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ductance. Referring to Table 3-1, it is seen that this is not an insignificant thermal 
resistance. 

The initial gap between the fuel and the cladding is decreased once the fuel 
is in the reactor environment. Thermal expansion of the fuel, which is at a much 
higher average temperature than the cladding, tends to close the gap. However, 
with inadiation, gaseous fission products, krypton and xenon, mix with the initial 
helium inventory unless the fuel rod is vented or purged. These two factors oppose 
one another, the former causing an increase in the thermal conductance, the latter 
a decrease since the thermal conductivities of krypton and xenon are considerably 
less than helium in the helium-to-krypton-to-xenon ratio of 22:1.6:1. 

As the fuel/cladding gap decreases such that the gap approaches the mean 
free path of the gas, continuum theory must be modified. There is no firm rule 
for the breakdown of continuum theory, but an accepted condition is Kn ^ 0.01 
where Kn is the Knudsen number defined by Kn = X.// and \ and / are the gas 
mean free path and a characteristic length, respectively. Clearly, the characteristic 
length in this case is the fuel/cladding gap. Applying this condition shows that 
when the helium-filled gap closes to <0.02 mm, "slip" conditions must be taken 
into account. In effect, the helium atoms at the surface are no longer in thermal 
equilibrium with the surface and a "temperature jump" condition occurs. The 
magnitude of the temperature jump is evaluated by means of accommodation 
coefficients.^ The data on accommodation factors are meager. The accommodation 
coefficients are found to be functions of the surface materials and the gas under 
consideration and are greatly affected by surface roughness, surface contamina
tions, and average temperatures. The net result of the slip regime on heat flow is 
to reduce the effective thermal conductivity of the gas. 

After the fuel/cladding gap closes sufficiently, contact between the two sur
faces occurs at points conesponding to roughness peaks. Further closing causes 
more surface to come into contact. Conduction through these contact points in
creases the thermal conductance, finally overshadowing conduction through the 
interspace gas. Experiments have shown '̂̂  that the contact conductance can be 
expressed by 

/tgap = aP + ^k , (3.53) 

illustrating the dependence of the contact conductance on both the contact pressure, 
P, and the conductivity, k, of the gas in the gap. The terms a and p are exper
imentally determined coefficients. Other investigations^'"^'' have shown a more 
complex relationship between the parameters. Reference 21 is recommended for 
reactor applications. 

For preliminary design, a fuel/cladding gap conductance of 

V P = 1 W/cm^-°C (3.54) 

is a good average value. Some of the newer computer programs developed to 
analyze the fuel and cladding as an integrated system incorporate one or the other 
of the complex formulations of contact conductance while the less sophisticated 
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programs use Eq. (3.53) with the empirical constants adjusted for the particular 
fuel rod materials. 

3-4D Fuel Pellet Temperature Distribution 

The steady-state temperature distribution in the fuel is determined from the 
differential equation. 

V•KVT = (3.55) 

First consider the case where the fuel conductivity is constant and the power 
generation in the cylindrical fuel pellet is axisymmetric. The differential equation 
becomes 

]_d_ d£ 

r dr dr K 
(3.56) 

and the boundary conditions are 

and 

- - = 0 at 
dr 

T = TFS at r = /?, (3.57) 

where Tps is the fuel surface temperature known from a solution of Eq. (3.50) 
when the total pellet power is given. 

For the case of constant power generation, the solution to Eq. (3.56) with 
the boundary conditions of Eq. (3.57) takes the simple form: 

T = TFS + 
q Al 

AK ' - ' S (3.58) 

Another equivalent form of this result using the fuel linear heat rating, q', instead 
of the volumetric power generation rate is 

T = TFS + 
ATTK 

1 - (3.59) 

The effective thermal conductance for the maximum fuel temperature, which is 
at the fuel pellet centerline, is 

IK 

Rx • 
hiuel (3.60) 

Equations (3.58) and (3.59) are applicable to a fast reactor type fuel rod 
when the power rating is low enough that the fuel conductivity may be assumed 
constant. In a thermal reactor, it may be adequate to assume a constant mean 



100 THERMAL AND FLOW DESIGN OF HELIUM-COOLED REACTORS 

value of the thermal conductivity, but the power generation will not be uniform 
due to the self-shielding effect. In a thermal reactor, the power generation in the 
fuel pellet is 4" ^ h(.x-r) where /o is the zeroth-order modified Bessel function of 
the first kind and K is related to the neutron thermal diffusion length and is, 
therefore, a neutronic property of the fuel materials. Let 

4" = q'" E//o(Kr) , (3.61) 

with 4" being the average power density and e/ the minimum-to-average power 
factor, also called the "flux depression" factor. It can be shown that 

2/ I (K/?I ) 

where /i is the first-order modified Bessel function. The set of Eqs. (3.56) and 
(3.57) still determines the fuel pellet temperature distribution but the power gen
eration is given by Eq. (3.61). The temperature distribution in the fuel pellet with 
a flux depression is 

e/q 
T = TFS + -^-^ 

TTK 

IOJKRI) - loJKr) 

(KJ?I)' 
(3.63) 

Letting AT^f be the temperature difference across the fuel pellet with a flux depres
sion and ATo the temperature difference when the power density is constant, the 
ratio is 

"/O(K/?I) - 1 ATê  

ATo (K/?I)/,(K7?I) 
(3.64) 

As an example, for a relatively large flux depression of 20%, E/ = 0.8, the 
temperature ratio ATe/ATo — 0.9. That is, a flux depression of 20% causes a 
10% decrease in the temperature difference based on a uniform power distribution. 
This temperature difference amounts to a decrease in the maximum fuel temper
ature of — 30°C for a linear heat rating of 90 W/cm and a fuel conductivity of 
0.025 W/cm-°C. The temperature decrease is ~15°C for a flux depression of 10% 
with these same fuel parameters. The rather small decrease in maximum fuel 
temperature that occurs with thermal reactor power ratings suggests that the flux 
depression effect may be neglected in thermal analyses. Neglecting a flux depres
sion results in an overestimate and, therefore, conservatively calculated maximum 
fuel temperature. 

3-4E Fuel Pellet Power Tilt 

The overall reactor radial flux distribution is perturbed in the vicinity of 
neutron absorbers or reflectors causing a power tilt in fuel rods. The temperature 
distribution in a fuel rod having a power tilt may be determined readily for the 
case of constant fuel conductivity. In addition to the radial temperature gradient. 
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there will be a circumferential gradient and the fuel and cladding should be treated 
as a single system. As a first approximation, the power tilt may be assumed to 
be linear, with the power density given by 

<lo 1 + er cos6 (3.65) 

The power tilt is depicted in Fig. 3-15 where the factor er is the magnitude of 
the power tilt. 

The temperature distribution in the fuel and cladding can be found by 
suming that the temperature distribution in each component is composed of 
parts: 

as-
two 

Tir) = To(r) 4- r(r)e7-cosG (3.66) 

The first term. To, is the temperature distribution for uniform power distribution 
while the second term, T', gives the effect of the power tilt. Both terms satisfy 
the differential Eq. (3.55). The boundary conditions are: 

1. The temperature at the center of the fuel region is finite. 
2. The temperature across the interface between the fuel and cladding is 

equal to the gap temperature difference. 
3. The heat flux across the fuel/cladding interface is continuous. 

The temperature distribution term T' is found in a straightforward manner to be 
a function of the fuel and cladding radii, the thermal conductivities of the two 
regions, the gap conductance, and the heat transfer coefficient at the cladding/ 
coolant surface. The actual solution is not given since it is found that the effect 
of a fuel pellet power tilt only causes a small increase in the fuel and cladding 
temperatures. For example, for conditions typical of a GCFR and for a rather 
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Fig. 3-15. Fuel rod power tilt. 
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large power tilt of 20%, the maximum fuel temperature is only ~I°C greater and 
the fuel cladding only — 3°C greater than for the uniform power generation case. 

3-4F Circumferential Variation in Convective Heat Transfer 

In Sec. 3-3B, the variation in convective heat transfer caused by close packing 
of fuel rods was discussed. It was indicated that the heat transfer coefficient is 
constant for loosely packed fuel element anays but can have a large variation 
when the fuel rods are close together. The most usual situation for metal-clad fuel 
rod anays is to have no variation in the heat transfer coefficient circumferentially 
or, at most, a small variation. 

An estimate of the effect of a circumferential variation in the heat transfer 
coefficient can be made by assuming the heat transfer coefficient to be given by 

^(6) = /io(l -I- Zc cos«e) , (3.67) 

where ho is the mean heat transfer coefficient, EC is the circumferential variation 
magnitude, and n is the number of variations around the circumference. For 
example, using the data of the central fuel rod from Fig. 3-10, it is seen that 
n = 6 and EC = O.IO for the data labeled 1:4. 

The temperature distribution in the fuel and cladding due to the circumferential 
variation in the heat transfer coefficient can be found by means of a perturbation 
analysis. Let the temperature in each component be expanded in the perturbation 
series: 

r = To + EcT' -I- EcT" + . . . , (3.68) 

where EC is the perturbation parameter and is taken to be a small quantity; the 
method of analysis is similar to that described in the previous section for the 
power tilt. As in the case of the solution for the power tilt, the result for T' is a 
complicated expression which is a function of the material conductivities, the fuel/ 
cladding interface conductance, and the mean heat transfer coefficient at the 
cladding/coolant surface. The expression is not given since it is found that the 
effect of a circumferential variation in heat transfer coefficient on the fuel and 
cladding temperatures is very small. For the example cited above where « = 6 
and Ec = 0.10 and for typical GCFR conditions, the fuel and cladding perturbations 
are calculated to be —O.TC; that is, the effect is negligible and can be considered 
to be part of the overall uncertainty in evaluating the fuel and cladding temper
atures. 

Analyses have also been performed^'' to determine the effects of fuel pellet 
eccentricity and a cracked fuel pellet. As in the case of the variation in the 
circumferential heat transfer, the effects on fuel and cladding temperature were 
found to be small. 
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3-4G Variable Fuel Conductivity 

The assumption of constant fuel thermal conductivity thus far is acceptable 
for the relatively low power density thermal reactors as long as a conservatively 
low value is used in analyses. However, for the higher power density fast reactor 
that uses oxide fuels, the thermal conductivity varies considerably with temper
ature, as much as a factor of ~2 ; the analysis of fuel temperatures must take this 
into account. 

The governing differential equation for the fuel temperature when considering 
a thermal conductivity that is a function of temperature is 

- T ' - ^ T = -^" ' • (3.69) 
r dr dr 

This equation may be integrated twice to give 

JTFS 4 / : 
1 -

2-
r (3.70) 

where TFS is the fuel surface temperature when r = R. 
By introducing the fuel linear heat rating, q', and letting the upper limit of 

the integral be To (the fuel center temperature when r = 0), Eq. (3.70) becomes 

kdT = — . (3.71) 
TFS 4TT I 

The left side is the conductivity integral and this equation expresses the important 
result that the linear fuel heat rating is only a function of temperature and is 
independent of the diameter for a solid cylindrical fuel rod. 

The main utility of the conductivity integral expression is to set the thermal 
power limit of a particular fuel material. If fuel melting is accepted as the limiting 
condition for the fuel, then a series of in-pile experiments can be performed to 
evaluate the heat rating at which the fuel experiences melting at the center. The 
heat rating may be determined readily by calorimetry while the fuel temperature 
may be determined from post-test inspection and analysis. 

Since the fuel surface temperature, TFS, can vary considerably while the fuel 
melting temperature at the center of the rod. To, is a property of the material, the 
conductivity integral is usually written in terms of a reference temperature. Let 
the reference temperature be TR; the conductivity integral is 

J
f-To rTo rTFS 

kdT = \ kdT - \ k dT . (3.72) 
TFS JTR JTR 

Typical maximum values of the linear heat ratings, in watts per centimeter, are: 
for the HTGR, q' = 200; for the GCFR, 4 = 500; and for the LWR, 4 = 600. 

The conductivity integrals based on a reference temperature of 500°C for 
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UO2 or mixed oxide fuel (U,Pu)02 are estimated at 60 and 90 W/cm for 90 and 
100% theoretical density fuel, respectively. The conductivity integral for (U,Pu)C 
fuel is estimated to be >210 W/cm. 

3-4H Fuel Restructuring 

In the mixed oxide fuels of fast reactors, temperatures are higher than in 
thermal reactors and gross changes occur in the fuel structure with bumup. Initially, 
fuel pellets are formed by sintering to —85% theoretical density, since relatively 
porous fuel tends to contain gaseous fission products within the crystalline struc
ture. After the fuel is inadiated at high linear heat ratings, the fuel pellet cross 
section will appear as depicted in Fig. 3-16. The original pellet, which was solid 
and composed of uniform grains, has been changed into a structure having bands 
of equiaxed grains and large columnar grains, and a central void region has 
developed. The reasons for the changes are complex but basically involve a 
redistribution of pores to the hotter center and grain growth. The interested reader 
will find the survey chapter of Ref. 25 useful in gaining an appreciation of the 
complex phenomena and there is extensive information in Ref. 26. 

Various simplified methods for determining fuel structuring have been 
proposed^^—all dependent on the fact that the equiaxed and columnar grain struc
tures have well-defined densities and occur at well-defined temperatures. The 
simplified methods have given way to sophisticated numerical methods in which 
the fuel and cladding are treated as a single system taking into account the neu
tronic, physical, thermal, and structural behavior. In the early 1970s in the United 
States, a national effort was sponsored by the U.S. Department of Energy, with 
the major nuclear laboratories and companies cooperating, to develop a computing 
tool for fast reactor fuel performance. The LIFE code^^~^° is the result of that 
effort. 

The LIFE code accounts for fuel restructuring, fuel cracking and healing, 
hot pressing, fuel migration, fission gas release, fuel swelling due to fission gas 
release, and cladding swelling due to void nucleation and growth. The program 
predicts fuel/cladding interaction based on thermoelastic effects, creep, and swell
ing deformation. These effects are calculated as a function of the fuel operating 
history including steady-state and transient operation. 

To illustrate the degree of fuel restructuring that can occur, calculations were 
performed using a simplified model. For a linear rating of 400 W/cm and a surface 
temperature of 800°C, a fuel with an 85% theoretical density would have a center-
line temperature of —2800°C, or nearly the melting temperature of oxide fuel, 
assuming no restructuring. After restructuring, the maximum temperature would 
be 2260°C and a central void region of 25% of the outside radius would be formed. 
To avoid fuel melting in this particular case, it would be necessary to operate 
below 400 W/cm initially until restructuring occurs, then the linear heat rating 
could be increased to the design point. 

Instead of starting with porous fuel (that is, had the initial fuel density been 
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AS-FABRICATED 

Fig. 3-16 Representation of restructured fast reactor fuel (adapted from Ref. 26). 

very close to the theoretical density), restructuring would not occur but there 
would be a significant swelling caused by grain growth and bubble migration. To 
counter the swelling and to avoid fracturing the cladding by overstraining, the 
cladding would have to be quite thick, which is undesirable. 

3-41 Packed-Bed Fuel Elements 

The fuel element for the HTGR shown in Fig. 7-5 of Chapter 7 belongs to 
a special class of fuel elements refened to as the "packed-bed" type. The fuel, 
in the form of small coated spheres, is sintered together into cylinders called 
"sticks," which are loaded into holes (or "beds") in the hexagonal moderator 
block and then plugged. The hexagonal moderator block also contains through-
holes for coolant flow. Evaluation of the temperature distribution in the moderator 
and fuel regions gives rise to a degree of geometrical complexity not encountered 
in the previous sections where the fuel had a simple cylindrical form. In the 
analysis of the temperature distribution in the HTGR fuel element, it is appropriate 
to assume constant values for the conductivity of the fuel and cladding and a 
constant value for a contact conductance between the fuel and cladding—these 
are significant simplifying assumptions. The difficulty in the thermal analysis 
comes about because the shape of the fuel element does not conform to any 
orthogonal coordinate system such as rectangular, cylindrical, spherical, etc. How 
ever, one major simplification is possible in that a typical section (unit cell) out 
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of the fuel block may be isolated for analysis. Such a section is shown in Fig. 
7-18 of Chapter 7. 

The circumferentially averaged coolant hole surface temperature, Ts, can be 
found at any axial position along the coolant hole as discussed in Sec. 3-3. Then 
the maximum fuel temperature can be expressed by the equation: 

TF = fs + y- . (3.73) 
hp 

The maximum fuel temperature, Tp, coolant hole mean surface temperature, 
Ts, and the heat flux at the coolant hole, q", are all functions of axial position, 
z. The term hp is an equivalent heat conductance from the coolant surface to the 
point where the maximum fuel temperature occurs. 

The equivalent heat conductance, hp, must be found by solving the coupled 
equations of heat conduction in the moderator and fuel regions of the unit cell. 
Various methods can be used to determine the equivalent heat conductance, in
cluding analytical and numerical techniques. 

The equivalent heat conductance for the HTGR was determined by an ana
lytical method," which may be called the "method of singularities." This method 
of singularities has been used for determining the temperature distribution in other 
complicated geometiical shapes '̂̂ '̂ '' and is analogous to the method of singularities 
used for solving problems in fluid mechanics. The solution for the HTGR fuel 
element is expressed in the form of a series solution but it is found that the series 
is very rapidly convergent and only a few terms need be retained. 

3-5 Coolant Pressure Drop 
An evaluation of the core pressure drop, and also the pressure drop throughout 

the entire primary circuit, is an important step in establishing reactor performance. 
Further, orificing the core for a prescribed coolant outlet temperature distribution 
requires an accurate knowledge of the pressure drop through the core. In this 
section, the equations for determining the pressure drop through the primary 
coolant system are developed for the case of helium-cooled reactors. After the 
equations are derived, the subsections will deal with friction factor conelations, 
pressure losses through fuel element spacers, core orificing, and reactor pumping 
power. 

3-5A Derivation of Pressure Drop Relations for Compressible Flow 

The coolant pressure drop equation is derived assuming steady, one-dimen
sional, and constant mass flow. Body forces, e.g., the gravitational or head effect, 
are neglected in the derivation. 

Consider the forces on the fluid element depicted in Fig. 3-17. Applying the 
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dz 

Fig. 3-17. Forces on fluid element. 

conservation of momentum to the fluid element of length dz gives 

m[(v -I- dv) — v] = A[p — (p -h dp)] — TW Pfdz (3.74) 

The term P/is the frictional (sometimes called the "wetted") perimeter and may 
differ from the heat transfer perimeter P introduced in Sec. 3-3. 

The term T^ is the wall shear stress and acts in a direction opposite to the 
flow direction. The shear stress is obtained from 

= \ PvV (3.75) 

where/is the Fanning friction factor, which is not to be confused with the Darcy 
friction factor/D (4/ = /D) . Equation (3.75) is really a definition of the Fanning 
friction factor. Introducing Eq. (3.75) into Eq. (3.74) gives 

. dv dp I -, 
(3.76) 

In the analysis of pressure drop in gas-cooled reactors, the mass flow rate 
rather than the velocity is the appropriate parameter. These two variables are 
related through the continuity equation. 

in = pvA (3.77) 

The final relation needed to derive the pressure drop equation is the equation 
of state of the fluid. In certain situations, it is valid to assume that the fluid, even 
though gaseous, is an incompressible fluid so the equation of state is: 

incompressible fluid 

p = constant (3.78) 
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As indicated before, helium may be treated as a thermally perfect gas so in this 
case the equation of state is: 

perfect gas 

p = pRT . (3.79) 

At this point, it is possible to derive several equations that describe various 
flow processes in gas-cooled reactors. 

Frictionless Flow 

If the flow is assumed to be frictionless (perfect fluid), Eqs. (3.76) and (3.77) 
yield the familiar Bernoulli equation: 

1 J 
p + -pV^ = constant . (3.80) 

This expression is used, for example, to calculate the fluid pressure change from 
a plenum region into a duct since well-designed duct inlets can be assumed to 
accelerate the flow with zero loss. This equation is, therefore, applicable in the 
primary circuit when the flow may be considered to undergo an isentropic change. 

Incompressible Flow 

In the primary circuit where heat is neither added nor removed, helium can 
be treated as an incompressible fluid. Combining the equation of state for an 
incompressible fluid with the continuity equation gives dv/dz = 0 so the momentum 
equation becomes 

dp \ 7 Pf 
~ + z pv ' /Y = 0 . (3.81) 
dz 2 A 

This can be integrated over the interval z = 0 to z = Z, to give the usual equation 
for an incompressible fluid: 

1 2 Pfl^ 
Ap = r p v V ^ - • (3-82) 

2 A 

Compressible, Isothermal Creeping Flow 

This rather specialized case of isothermal creeping flow of helium arises in 
those situations where it is necessary to determine the flow in long instrumentation 
lines. The pressure difference across the instrumentation tube can be from reactor 
intemal pressure to atmospheric pressure and, because the flow is very slow, the 
fluid tends to be in thermal equilibrium with the sunoundings. In this case, the 
assumption is made that the first term of the momentum equation, Eq. (3.76), 
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may be neglected since it is very small compared to the other two terms. Therefore, 
with this assumption and by means of Eqs. (3.75), (3.77), and (3.79), we arrive 
at the expression: 

dz 2p \A 
Pf 

/ - = 0 
•' A 

(3.83) 

Assuming / is independent of p, which is valid for gases, the equation can be 
integrated between stations 1 and 2, which are separated by the distance L, to 
give: 

2 

(3.84) P? pl 
, m \ PfL 

It is only conceivable that this formula will be applied to round tubes when the 
flow is laminar. The friction factor for laminar flow in a round pipe is 

/ = 26 
Re 

(3.85) 

and when introduced into Eq. (3.84) gives the final expression for isothermal 
creeping flow: 

2 2 256 . L 
P\ - Pl = RT iim—4 . 

77 D 

This equation is sometimes refened to as the Darcy equation. 

(3.86) 

34 

Low Mach Number Flow 

The most important situation to be considered for gas-cooled reactors is the 
low Mach number flow case. This case is applicable to the reactor core where 
heat is added to the fluid and to the steam generator where heat is removed. 

Combining Eqs. (3.76) to (3.79) gives 

dp 

dz 

RT(m 

p'\A 

RT m 

p\A 2 A T dz 
= 0 (3.87) 

This differential equation may be integrated numerically in a stepwise fashion 
to give the pressure distribution along the flow channel. However, by making the 
justifiable assumption that the Mach number at the inlet station of the heated 
section is small compared to unity, a simplified algebraic equation can be derived. 

As in previous developments, it will be convenient to introduce dimensionless 
parameters. Define a dimensionless length by 

z (3.88) 
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where L is the channel length. Let 

fJjL 
2 A 

(3.89) 

where <l> is analogous to the dimensionless heat transfer parameter a previously 
defined when discussing the surface temperature distribution [see Eq. (3.21)]. 

It can be shown in a straightforward way that 

7U' =̂ ^ (3.90) 

where 7 is the ratio of specific heats and M the Mach number. Letting Mi be the 
inlet Mach number where the temperature and pressure are Ti and pi gives 

M^ 
Ml 

(3.91) 

Substituting Eqs. (3.88) to (3.91) into the momentum equation, Eq. (3.87), 
yields 

Pl 

dl 

The perturbation method is used to solve 

$ 

- 7M1 

-I-
di 

-I- 7M1 

= 0 

Pl 

(3.92) 

this equation by expressing the 
pressure ratio, p/pi, in a power series in the parameter 7M? where 7M1 <s: 1: 

^ 1 = 1 (7M?) + (7M?)' 
Pl/2 

(3.93) 

Note that the leading term is 1 because p/pi = 1 when Mi is identically 
zero. Also note that the temperature may be approximated by 

4 dl . 
dT = ^T—^ + C(Mi) 

mCp 
(3.94) 

The symbol C(M?) stands for the "order of" and indicates that the remaining 
terms are no greater than M?. This approximation was used in deriving the coolant 
temperature distribution in Sec. 3-1. 
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For engineering calculations, only the first two terms of the series are retained. 
That is, terms of 0(Mt) and so on will be dropped. The justification for this is 
the fact that the Mach number is found to be very small in gas-cooled power 
reactors. The maximum velocity in a gas-cooled reactor is —60 m/s and the 
acoustic velocity for helium at 375°C is —1500 m/s giving a Mach number of 
Ml = 0.04. The ratio of the second- to first-order terms is 

(7M?)^ P_ 
Pl/2 

(7M?) ( ^ 
Pl 

C(M?) 

Consequentiy, the second-order term is—1.6 X 10^ the magnitude of the first-
order term and neglecting it is obviously justified. 

Substituting the perturbation series, Eqs. (3.93) and (3.94), into the mo
mentum equation and collecting terms of order 7M1 gives 

7"' -M^<f, d_ 
^ di\Ti 

= 0 

which may be integrated from station 1̂ to any point i. There results: 

-,Uo . jhtAh^if. 

(3.95) 

(3.96) 

Finally, combining the terms of order unity and 7M1 produces the final formula: 

2 

Ap = 
RTi 
2/71 m di L 

Tl 
(3.97) 

where Ap = pi — piQ is the customary way of expressing pressure drop as a 
positive quantity. 

If the further assumption is made that O is independent of temperature, then 
for the total channel length. 

Ap = 
RTijm 

2pi\A 

2 r 

/ 
PfL 

^ ̂ '1 ̂  • (3.98) 

where T is the mean temperature along the channel length. This equation is most 
often used in pressure drop analyses since/is only a weak function of temperature 
through the fluid viscosity dependence on temperature. For helium and for turbulent 
flow,/ex r ° i ^ 

The above pressure drop relation only includes the frictional and momentum 
change effects on the fluid pressure distribution and reduces to the incompressible 
formula of Eq. (3.82) when the temperature is constant. 

To complete the analysis of channel pressure drop, it is necessary to add 
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entrance and exit pressure losses plus any other parasitic losses along the channel. 
The complete equation to the same order of approximation as Eq. (3.98) is 

Ap = 
RTi/m 
2pi\A Ksi / ( ^ 

T 
— -f 
Tl 

- 1 

Z J CSN 
Tiln) 

+ ^52 (3.99) 

The terms Ksi and Ks2 are static pressure loss coefficients for the entrance and 
exit of the channel and are based on the area, A. of the channel. The temperature 
ratio multiplying the exit loss conects for the local density. The CSN term represents 
static pressure loss coefficients at the points „̂ along the channel. 

Equation (3.99) expresses the static pressure drop for a channel. The total 
pressure drop, which is the unrecoverable pressure drop, is given by 

Apr = 
RTi m 

2pi\A 

_PfL\ T T2 

A' 

+ Z, CTN -^T- + ^72 — 
«=1 1\ ll 

(3.100) 

The T subscripts in this equation denote total pressure loss coefficients. 
Comparing the static pressure drop and total pressure drop equations shows 

that they are identical except for the pressure loss coefficients and the factor 2, 

which occurs before the term | 1 I in the static pressure drop formulation. 

When computing the core pressure drop, care must be exercised in selecting the 
proper loss factor, static or total, to go with each equation. For example, in an 
isentropic contraction from a plenum to a fuel channel, ^51 = 1 while Kpi = 0. 
The static pressure loss due to setting Ksi = 1 is not a true unrecoverable loss 
but only accounts for the fact that the static pressure drops because the fluid has 
been accelerated. 

In the development of the pressure drop equations, the gravitational force 
was neglected, as is usually the case when dealing with a flowing gas. This is 
entirely appropriate for normal operation in gas-cooled reactors since the effect 
of elevation is insignificant—amounting to <0.00007 MPa out of a pressure drop 
of —0.07 MPa for the HTGR. A similar conclusion is reached for the GCFR. In 
any event, the effect of elevation cancels in a closed system so it has no bearing 
on the design requirements for the circulator pressure rise. 

Whereas the gravitational force is negligible during normal operation, it may 
be the only driving force during certain postulated accident cases. For these special 
situations, the most accurate analysis of pressure drop should utilize Eq. (3.87) 
with the gravitational term gp added to the left side and a numerical solution 
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employed. Where accuracy is not called for, the term Jopgdt, can be included in 
Eq. (3.99). 

Situations arise in reactor flow analysis where the assumption of low Mach 
number is not valid. These situations are usually the analysis of postulated ac
cidents. In that case, one must resort to numerical computations to evaluate flow 
and/or pressure drop. A complete discussion of compressible flow analysis is 
beyond the scope of this book. The textbook by Shapiro,'''' as well as others, may 
be consulted when problems involving subsonic flow with large Mach numbers 
or choked flow are encountered. 

3-5B Friction Factor Correlations 

The predominant term in the pressure drop equation is the frictional term 
with —80 to 90% of the pressure drop across the core of a gas-cooled reactor 
attributable to frictional losses. In view of this, it is important to have accurate 
data on the friction factor, which usually means obtaining experimental data on 
the actual configuration. 

Fortunately, experimental data may be obtained on models scaled in size, 
using alternate materials and employing an alternate fluid. The theory of models^^ 
applied to gas-cooled reactors requires that a test model be geometrically scaled, 
including surface roughness, and the similarity parameters—Reynolds number 
and Mach number—be equal for the model and prototype. In the previous section, 
the Mach number has been shown to be very small for helium-cooled reactors. 
In fact, compressibility effects being negligible, a liquid can be used in the test 
for determining the friction factor if this turns out to be convenient. Air, however, 
is a more usual choice for experiments, but the experimenter must design and 
analyze an air test properly so as not to introduce enors due to Mach number 
effects, which will be greater in air than helium for the same Reynolds number. 
Tests, therefore, reduce to measuring the pressure drop as a function of flow rate 
and representing the data in terms of a friction factor as a function of Reynolds 
number. 

A further simplification can be made in performing friction factor tests; 
namely, they can be isothermal tests rather than heated ones. When large differ
ences occur between the surface temperature and bulk temperature of the fluid, 
the normal velocity profile through the boundary layer is distorted due to the effect 
the temperature variation has on the fluid viscosity. With/,so being the isothermal 
friction factor, the friction factor with heat transfer through the boundary layer 
can be approximated by' 

This is similar to the conection applied to the Stanton number in Sec. 3-2B. In 
both cases—friction factor and Stanton number conelations—the temperature 
gradient through the boundary layer causes a decrease in the parameter compared 
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to the isothermal situation. For the Stanton number, the decrease is detrimental 
to core performance since it reduces the heat transfer coefficient and increases the 
fuel element surface temperature, often a limiting condition; while for the friction 
factor, the temperature effect reduces the core pressure drop, a desirable result. 
The temperature effect is small for the friction factor because of the small exponent 
in Eq. (3.101), although there is some variation in the value of the exponent as 
proposed by various experimenters. In any case, there is conservatism in neglecting 
the temperature gradient effect since the actual pressure loss will be less than that 
based on an isothermally derived value. 

For preliminary design purposes, the various empirical friction factor cor
relations found in the literature may be used. In the laminar flow regime. Re ^ 
2000, the expression for circular tubes is 

16 
/ = - (3.102) 

and for the turbulent flow regime. Re 5 5000, there are various conelations to 
choose from including the well-known empirical equation,^ 

/ = 0.046 Re"'^2 . 5000 < Re < 200 000 ; (3.103) 

The Blasius formula, 

/ = 0.079 Re"'"* ; 5000 < Re < 100 000 ; (3.104) 

the Koo conelation, 

/ = 0.00140 + 0.125 Re"°^^ ; 3000 < Re < 3 000 000 , (3.105) 

and, of course, the von Karman-Nikuradse equation derived from theoretical 
considerations and using the Nikuradse experimental data, 

—= = 4.0 logio (Re V/-) - 0.40 . (3.106) 

The choice of expression to use depends on the degree of accuracy required and 
the convenience in performing the calculations. The von Karman-Nikuradse equa
tion is perhaps the most accurate for smooth pipes but requires an iterative type 
solution to evaluate the friction factor. The first two expressions are probably 
more widely used but are less accurate than the von Karman-Nikuradse equation. 

Rarely does a fuel element surface have the smoothness that can be classified 
as hydraulically smooth. At large Reynolds numbers, even the relatively smooth 
surfaces of fuel elements can have a degree of roughness that can be characterized 
as being hydraulically rough and leading to a friction factor greater than obtained 
from one of the smooth pipe conelations. In this case, it is necessary to measure 
or estimate the relative roughness and evaluate the friction factor from the Moody 
diagrams, which are reproduced in texts and handbooks on fluid mechanics (noting 
that the Moody diagrams employ the Darcy friction factor,/D = 4/). For nu-
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merical calculations, the Moody diagram is inconvenient and the Colebrook-White 
conelation^^ is more useful: 

—- = 3.48 - 41ogio 
^ , E \ 9.35 

(3.107) 

This expression conelates the data from hydraulically smooth to rough with E 
being the root-mean-square roughness height and d the pipe diameter. This expres
sion reduces to the von Karman-Nikuradse formula for smooth pipes; that is, when 
zld = 0. An even simpler relation is the Moody approximation^* to the Colebrook-
White equation: 

/ = 0.001375 
10*\" ' 

1 -h I 20 000 -, -I- ^ ^ I 
d Re / 

(3.108) 

Note that this last equation is practically the same as the Koo conelation, Eq. (3.105), 
when Eld = 0. 

Any of the turbulent friction factor conelations can be used when the cross 
section of the flow channel is not circular as long as the diameter in the Reynolds 
number is the equivalent hydraulic diameter given by Eq. (3.32). In the case of 
fuel elements composed of a bundle of rods, the equivalent hydraulic diameter 
includes the frictional surface of the shroud.^^ The packing factor used in the 
treatment of heat transfer in rod bundles, Eq. (3.34) of Sec. 3-3B, cannot be used 
for the friction factor since it does not take into account the wetted surface of a 
shroud around the fuel rods. 

The turbulent friction factor conelation given by Eqs. (3.103) to (3.108) are 
for fully developed flow conditions. In the entrance section of the flow channel 
as the boundary layer is developing, the friction factor is greater than the fully 
developed value. To account for the starting length when experimental data are 
not available, the friction factor can be assumed to behave like the Stanton number 
over the same length [see Eq. (3.37) of Sec. 3-3B]. 

One way to maintain the relative position of fuel rods in a bundle is by means 
of helical spacers as shown in Fig. 3-18. The pressure drop in this type of fuel 
element is primarily frictional but increased over what would occur due to purely 
axial flow. The action of the helical spacers is to impart a whirl component both 
locally and overall causing both an increase in pressure drop and improved heat 
transfer. In addition to the equivalent hydraulic diameter, the helical wire-wrap 
element has other parameters influencing the pressure drop; namely, the wire 
width, height, and cross section and the wire pitch. 

Complete and systematic friction tests of wire-wrap fuel elements are not 
available since all the various designs have been rather specialized. An approximate 
evaluation of the pressure drop can be made using the three-factor XYZ method 
of Sangster.^^ In this method, the mass flow rate is multiplied by the factor X to 
account for the relative number of center, edge, and comer flow passages (unit 
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—̂r 

Fig. 3-18. Helical spacer fuel element. 

cells), and the factors Y and Z multiply the friction factor to account for the packing 
factor (fuel rod pitch-to-diameter ratio) and the wire-wrap lead-to-rod diameter 
ratio, respectively. The main effect is in the wire-wrap lead and is given by 

Z = 
4.76 

(l/d)' 0.47 (3.109) 

The helical pitch-to-diameter ratio, l/d, varies considerably but ranges between 6 
to 40 so the Z factor ranges between 2.1 to 1.2. 

3-5C Parasitic Pressure Losses 

In a rod bundle fuel element assembly, there are end fixtures and intermediate 
spacers to position the fuel rods so as to prevent bowing and touching. There have 
been many intermediate spacer designs proposed over the years, but the most 
favored designs tend to be the egg-crate type composed of thin metal straps with 
small button extensions that actually touch the fuel rod. The end spacers or grids 
tend to be more massive and cause a greater pressure drop than the intermediate 
spacer. 

Good aerodynamic design of spacers is required to achieve low parasitic 
pressure losses. If the design is good from the standpoint of aerodynamics, it 
should also be satisfactory with respect to vibrations and heat transfer. Obviously, 
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the spacer should not cause a fuel rod hot spot and, in fact, the egg-crate-type 
design may actually act like a fin and locally reduce the fuel rod surface temper
ature. The low pressure drop spacer designs can have structural and manufacturing 
problems so there is a necessity for engineering compromises in the development 
of a satisfactory design. 

It is quite difficult to calculate accurately the pressure drop due to a spacer, 
and experiments are required to obtain design data. However, an estimation of 
the pressure drop can be made for preliminary design purposes and for comparison 
of various conceptual designs. The pressure drop consists of two parts: form drag 
and skin friction. In some designs, only form drag is significant while in other 
designs both effects must be considered. For calculational purposes, it is appro
priate to add the form drag and skin friction components. 

The spacer pressure drop can be expressed as 

t^P = J p v ' - r - ^ (CD + Cp) , (3.110) 
2 (1 - 0-) 

where a is the solidity given by 

AB 
a = — 

A 

(3.111) 

and where AB is the spacer frontal area (blockage area) and A is the fuel element 
cross-sectional flow area. The drag coefficient, Co, and friction coefficient, Cp, 
are based on the frontal area of the spacer. This equation is derived by applying 
the momentum equation across the spacer and evaluating the drag coefficient in 
terms of the maximum velocity in the area AB then expressing the pressure drop 
in terms of the mean velocity, v, upstream of the spacer. The factor (1 — CT) in 
the denominator converts the maximum velocity to the mean upstream velocity. 

The form drag part of the overall drag coefficient can be estimated by as
suming a sudden contraction followed by a sudden expansion. Normally, con
traction losses are very small if the spacer has slight rounding of the leading edge, 
but for conservatism in estimating the pressure drop it is advisable to include the 
contraction loss as due to a sharp-edged inlet. The contraction loss can be estimated 
by 

and the expansion loss is given by 

Therefore, the drag coefficient is 

CD = [- + (T^) • (3.114) 
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The frictional component of the overall drag can be estimated from 

CLT 
CF = 2f^ , 

where c is the chord, Lp is the total length of the spacer elements, and/ is the 
friction factor for a flat plate. The factor 2 accounts for the skin friction on both 
surfaces of the spacer elements. The friction factor is 

, 1.328 

which is the Blasius relation for flat plates at zero incidence angle under laminar 
flow conditions, Rec < 10 , and where the Reynolds number is referenced to the 
chord of the spacer element. The laminar skin friction equation is used rather than 
the turbulent one because it is to be expected that the boundary layer will not 
reach turbulent transition over the rather short length of the spacer chord. 

The complete spacer loss coefficient to be inserted into Eq. (3.100), that is, 
the factor Cp, is the sum of the above terms and is given by 

CT = 2 

(1 - of 
. | , . iW.,f (3.116) 

Spacer pressure losses have been considered parasitic losses but, in fact, 
spacers can be designed to cause coolant mixing between unit cells of a fuel 
element bundle, so the pressure loss is not without benefit. 

The pressure losses at the inlet and exit of the fuel element can be determined 
in a fashion similar to spacer pressure losses. The actual losses may have to be 
estimated when test data are not available and various reports^ '̂*° and handbooks 
contain information helpful to this end. 

3-5D Parallel Channel Flow and Core Orificing 

The flow distribution among the fuel assemblies in a reactor will be different 
at normal operating conditions than when the reactor is first started up and no 
heat is being produced. If all of the fuel elements are identical, under cold con
ditions the flow will be the same in all of the fuel elements. The change in flow 
distribution as the reactor heat input is increased is mainly due to the momentum 

(T2 \ 
change term, I — — 11 in Eq. (3.100), and the density effect on the localized 

pressure loss terms. There are also secondary changes in flow distribution due to 
the change in the friction factor with temperature. To determine the flow distri
bution under all operating conditions, it is necessary to solve the equations gov
erning the flow among parallel coolant channels. 

Assume there are A' fuel elements in the core and the core is located between 
two plenums. The latter assumption implies that the pressure and temperature 
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upstream and the pressure downstream of the core are the same for all of the fuel 
elements. Therefore, the pressure drop for the /'th fuel channel is 

RTi /m,Y 
Ap = — ( - I K, ; / = 1 , 2 , . . . , / V , (3.117) 

where m, is the mass flow rate for the fth element and K, the overall loss factor 
representing the frictional pressure drop, momentum change, and the inlet, exit, 
and other parasitic pressure losses. The parameter K, represents the bracketed part 
of Eq. (3.99). Since the pressure drop is the same for each of the Â  channels, 
Eq. (3.117) gives Af - 1 equations of the form 

(3.118) 

(3.119) 

and M is the total flow through the core. The Â  - 1 equations from Eq. (3.118) 
and the continuity equation comprise a set of Â  equations for the N unknown mass 
flow rates. Solving the set gives 

Also there is the 

mi Ki = nij Kj 

continuity equation. 

M 

j = 

which 

N 

= 1 
1 = 1 

2, 3,...,N 

can be written 

m, 

1 

m, 
M ' 

_ V 
N 

2 ; = 1 1 

K, 

/I 
J Kj 

• j = 1,2,3, . . . ,N . (3.120) 

The K, terms on the right side of Eq. (3.120) are also functions of m, albeit weak 
functions, so Eq. (3.120) is a set of transcendental algebraic equations for the 
unknown mass flow rates. An algorithm is easily devised to determine numerical 
results by a straightforward iteration scheme. It is first assumed that all the mass 
flow rates are equal and the K, calculated. Next an improved value of m, is 
determined from Eq. (3.120), which is then used to find an improved value of K, 
and this procedure is continued until a convergence criterion is satisfied. Because 
of the weak dependence of K, on mass flow rate, convergence is very rapid for 
turbulent flow conditions. For given inlet conditions and given total flow rate, the 
pressure drop can be shown to be 

RTifMVf^ fT'-' 

It was pointed out in Sec. 3-2 that it is desirable to orifice a reactor core to 
achieve a uniform coolant outiet temperature, which requires that the flow rate to 
a fuel element be proportional to the power generation in that fuel element. If the 
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core were not orificed, the coolant flow in the hot channel would be less than the 
mean flow rate and the outlet temperature would be greater than the mean."" 
Orificing the core for constant outlet temperature is determined in a straightforward 
manner. The mass flow rates to each channel are first found from Eq. (3.15) to 
give the desired constant coolant outlet temperature. Next the pressure drop for 
each fuel element is found from Eq. (3.99) or (3.100) and the mass flow rates 
just found from Eq. (3.15). The pressure drop across the hot channel will have 
the maximum value. All other channels will have to have orificing to increase 
their pressure drops to equal the one for the hot channel. The incremental pressure 
drop is 

where KQ, represents the total pressure loss of an orifice for the fth fuel element. 
The physical dimensions of an orifice can be determined once the value of KO, is 
evaluated. 

Another strategy for orificing a reactor core is to orifice for a constant max
imum surface temperature. This is an appropriate strategy for a metal-clad fuel 
element since the maximum surface temperature is the limiting design criterion. 
If the normalized axial power distribution is nearly the same for every fuel element, 
it is found that orificing for constant outlet temperature and orificing for constant 
maximum fuel element surface temperature have quite similar orificing require
ments. Calculating the orificing requirements for constant maximum surface tem
perature is more involved than the former case since it is necessary to satisfy 
continuity, Eq. (3.119), equal pressure drops, Eq. (3.117), and equal maximum 
surface temperatures, Eq. (3.25). 

Different orificing schemes, such as variable orifices, fixed orifices, inlet 
orificing, exit orificing, etc., are possible. The choice between fixed and variable 
orifices must take into account the costs of controls, sensors, and mechanisms to 
make orificing adjustments versus pressure drop penalties of setting fixed orifices 
to obtain safe operating conditions during bumup, the costs associated with more 
frequent refueling and changing of the fixed orifices. 

The choice between fixed inlet and outlet orificing is primarily made on the 
basis of mechanical design features. The use of exit orificing does allow a special 
added feature in that the orificing device can be designed as a self-contained 
variable orifice using thermal expansion properties to change the flow rate. Such 
a device is limited in the amount of flow change that it can control but it can be 
designed to accommodate power perturbations. 

3-5E Pumping Power 

The ideal reactor pumping power is defined as the energy required to circulate 
the coolant through the flow circuit against the fluid resistance. The ideal pumping 
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power does not account for the efficiency of the pump itself Let Pp stand for the 
pumping power, which is given by 

RT 
Pp = M —^ A/7 (3 123) 

Pl 

This equation is valid for compressible flow to the same degree as the equation 
for computing core pressure drop, Eq (3 99) 

The pumping power found from this equation enters into reactor economic 
analyses since the power required to circulate the coolant is subtracted from the 
total plant power output. An advantage for gas-cooled reactors is the fact that the 
pumping power can be independently adjusted by varying the system pressure 
Since the pressure drop is inversely proportional to system pressure, the pumping 
power IS found to vary like P ^ I/pi Consequently, an incremental increase in 
the system pressure means a much more significant incremental decrease in the 
pumping power. Obviously, the system pressure becomes an independent variable 
m the overall economic optimization of the reactor, balancing a decrease m pump
ing power against an increase in the cost of the containment structure 

NOMENCLATURE 

Symbol 
A = channel cross-sectional flow area 
AB = spacer frontal (blockage) area 

_Ap = fuel cross-sectional area 
B = diameter ratio (DJd) [Eq (3 35)] 
Co = spacer drag coefficient 
Cp = spacer friction coefficient 
Cp = specific heat capacity of gas at constant pressure 
CSN = local static pressure loss coefficient 
CT = total spacer loss coefficient 
CpN = local total pressure loss coefficient 
c = minimum clearance between fuel rods 
c = specific heat capacity of solid 
D = channel flow diameter 
De — channel equivalent hydraulic diameter 
d = fuel rod diameter 
/ = Fanning friction factor 
/D = Darcy friction factor (4/ = /D) 
/,so = isothermal Fanning friction factor 
G = fuel rod bundle packing factor [Eq (3 34)] 
g = gravitational acceleration 
h = heat transfer coefficient 
hp = fuel conductance [Eq (3 73)] 
h^ap = gap conductance 
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= mean heat transfer coefficient [Eq. (3.67)] 
= zeroth-order modified Bessel function 
= first-order modified Bessel function 
= fuel conductivity 
= Knudsen number 
= static pressure loss coefficient 
= total pressure loss coefficient 
= thermal conductivity 
= contraction loss 
= expansion loss 
= core length 
= core extrapolated length [Eq. (3.4)] 
= wire-wrap helical pitch [Eq. (3.109)] 
= Mach number 
= total core mass flow rate 
= coolant mass flow rate 
= number of coolant channels 
= Nusselt number 
= exponent 
= heated perimeter of fuel element 
= friction perimeter of channel 
= pumping power 
= Prandtl number 
= static pressure 
= fuel rod pitch spacing 
= total core thermal power 
= total thermal power of unit cell 
= power generation per unit length 
= heat flux 
= volumetric heat generation 
= core radius 
= gas constant 
= Reynolds number 
= cladding inside radius 
= cladding outside radius 
= radius 
= Stanton number 
= fully developed Stanton number 
= temperature 
= core inlet temperature 
= mean core outlet temperature 
= fuel temperature 
= film temperature [Eq. (3.38)] 
= surface temperature 
= reference temperature [Eq. (3.39)] 
= time 
= velocity 
= flow factor for wire-wrap fuel element 
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Y = packing factor for wire-wrap fuel element 
Z = helical pitch factor for wire-wrap fuel element [Eq. (3.109)] 
z = axial coordinate 

Greek 
a = coefficient 
P = coefficient 
7 = ratio of specific heats 
7 = fuel element geometry factor (Fig. 3-10) 
Ap = static pressure drop 
Apr = total pressure drop 
ATciadding = cladding tempierature difference 
8 = difference 
e = surface roughness 
EA = axial power factor [Eq. (3.4)] 
Ec = circumferential heat transfer factor [Eq. (3.67)] 
E/ = flux depression factor [Eq. (3 .61)] 
ER = radial power factor 
Er = power tilt factor [Eq. (3 .65)] 
t, = dimensionless axial length 
9 = angle 
K = neutron thermal diffusion length [Eq. (3.61)] 
K, = pressure loss factor [Eq. (3 .117)] 
Ko = orifice pressure loss coefficient 
\ = dimensionless length [Eq. (3.7)] 
p = density 
a = heat transfer surface parameter [Eq. (3.21)] 
a = solidity parameter [Eq. (3.111)] 
T,v = shear stress at wall 
4> = friction surface parameter [Eq. (3.89)] 
<i> = normalized axial power distribution 
ijj = parameter [Eq. (3.44)] 

Subscripts 
0 = reference condition 
1 = core inlet, inside surface 
2 = core outiet , outs ide surface 
oo = fully developed value 

Superscripts 

- = average value 
= m a x i m u m value 

' = first per turbat ion term 
" = second perturbat ion term 
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4 

REACTOR CORE HEAT TRANSFER: 
SPECIAL TOPICS* 

In the previous chapter, the fundamentals of reactor core heat transfer were 
developed In this chapter, the subject of reactor core heat transfer is continued 
but with emphasis on several special topics The first section takes up the subject 
of hot spot factors Hot spot factors, or hot channel factors as they are sometimes 
called, are engineering uncertainty factors employed in the design of reactor cores 
to ensure that the limiting core temperature, structural component temperature, 
or fuel temperature will not be exceeded dunng normal reactor operation The 
gas-cooled fast breeder reactor (GCFR) is used to illustrate the procedure for first 
estimating the hot spot factors and then estimating the method for applying these 
factors in design analysis 

In Sec 4-2, the subject of coolant mixing within the rod bundle type of fuel 
element, such as the GCFR fuel element design, is introduced This coolant mixing 
IS an example of a field where further research is required 

Section 4-3 discusses core temperature shaping as a means for optimizing 
reactor design Of the vanous possibilities open to the reactor designer to employ 
temperature shaping, one method is used in the high-temperature gas-cooled re
actor (HTGR) and another method in the GCFR 

Section 4-4 develops thermodynamic cntena for evaluating gases for cooling 
reactors Several common gases in use or considered for use for reactor cooling 
are compared on the basis of their thermodynamic performance 

The last section discusses heat transfer and pressure drop conelations for 
pebble bed reactors 

4-1 Hot Spot Factors 
4-lA Definition 

Hot spot factors used in reactor core thermal-hydraulic analyses are analogous 
to safety factors used in the design of structures for buildings, bndges, machine 
elements, etc That is, hot spot factors are used to account for vanous uncertainties 
that are a part of the engineenng design process and assure that a specified 

•Sections 4-1 and 4-2 were contnbuted by C B Baxi 

126 



HEAT TRANSFER SPECIAL TOPICS 127 

maximum temperature in the reactor core is not exceeded at any time and at any 
location for normal power operation. To illustrate how hot spot factors are de
termined and to further illustrate how hot spot factors are used in the thermal-
hydraulic analysis of the reactor core, the GCFR design is used as an example. 

The limiting thermodynamic performance criterion for the GCFR design is 
that the midwall temperature of the cladding not exceed 750°C with a 95% con
fidence level. The 95% confidence level is equivalent to two standard deviations 
(2(T) of a Gaussian distribution. Based on this criterion, the midwall cladding 
temperature, Td, including hot spot factors is given by (see Nomenclature, p. 147): 

Tci = Tl + Fc- ATc + Ff • ATf + Fd • ATd , (4.1) 

where 

7"i = coolant inlet temperature to the core 

ATc = coolant temperature rise found from Eq. (3.10) 

ATf = film temperature rise found from Eq. (3.17) or (3.41) 

ATd = temperature rise to the cladding midwall point found from Eq. (3.50) 
but for the midwall point 

Fc = hot spot factor for coolant temperature rise 

Ff = hot spot factor for film temperature rise 

Fd = hot spot factor for cladding midwall temperature rise. 

The coolant inlet temperature is a constant for any given reactor operating 
condition, but the midwall cladding temperature and the temperature rise terms 
are all functions of position. The maximum midwall cladding temperature, fd, 
with hot spot factors does not occur at the same point in the core that the maximum 
midwall cladding temperature without hot spot factors is calculated to occur. In 
principle, it is necessary to solve Eq. (4.1) for every point in the reactor in order 
to find the maximum value. 

4-lB Metliods to Determine the Hot Spot Factors 

To transform individual design and performance uncertainties into hot spot 
factors, a thermal-hydraulic analysis code is used, such as the COBRA-GCFR 
code.' Subsequently, overall hot spot factors for coolant, cladding, and fuel tem
peratures are calculated from individual hot spot factors. Two methods can be 
used: totally deterministic or semi-statistical. For the totally deterministic method, 
the assumption is made that all uncertainties occur at their worst values all the 
time and everywhere in the core. This is a very conservative method of uncertainty 
analysis since a majority of the uncertainties are statistical in space or time or 
both. 

For the semi-statistical method, each uncertainty is examined for its nature 
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of occunence. The uncertainties are divided into two groups: those occurring 
randomly over space and/or time and those that are deterministic. The deterministic 
uncertainties may have values that are statistical, but they occur constantly over 
the entire core or a large portion of it. 

To combine the statistical and deterministic subfactors, two methods have 
been developed: 

1. the Monte Carlo method, a numerical method that is closest to the way 
the uncertainties do occur 

2. the semi-statistical "worst-value" method, a quick and nontedious an
alytical method. 

Monte Carlo Method 

The values of statistical uncertainties are picked randomly according to the 
nature of their distribution, and are applied to geometry, material properties, and 
operating conditions. Their effect is noted on the peak temperature of interest in 
the rod bundle (the "hot spot" temperature). A large number of computer runs 
have to be made before any conclusion can be drawn about the hot spot temper
ature. This method may be quite expensive. Also, there is no quick way to update 
the results should only a few of the uncertainties be revised. 

Worst-Value Method Analysis 

This is a standard method used for enor analysis. The assumptions made for 
this analysis are: 

1. The values of uncertainties are small deviations from their nominal values 
and, therefore, their effects on the core component temperatures can be 
considered to be linear. 

2. For small deviations, the uncertainties can be considered to occun in
dependently. 

This method is not mathematically as accurate as the Monte Carlo method; 
however, the results are close if the deviations are small and the number of 
uncertainties large. The biggest advantage is that uncertainties can be added, 
deleted, or revised without a lot of recalculation, because each is treated inde-
pendentiy. 

Both of the above semi-statistical methods calculate subfactors and total hot 
spot factors for any rod at a desired confidence level by simply using uncertainty 
values at that confidence level. Generally, it is sufficient to determine these values 
for the peak rods in the core to keep their temperatures within the specified limits. 
But, if information is desired on the probability of any assembly exceeding the 
limits or the number of rods in an assembly or in the core exceeding the limits, 
further statistical analysis has to be canied out as explained in the next section. 
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In the design of the GCFR, the worst-value method is used together with 
determination of the probability of a hot spot in the core. 

4-lC Calculational Procedures 

The Monte Carlo method has been adopted by General Electric to calculate 
hot spot factors in the design of their breeder reactor. The worst-value analysis 
was used by Westinghouse in the design of the Clinch River Breeder Reactor and 
the same has been proposed for the GCFR. A description of the particular methods 
or codes used is given below. 

PACT-2 

The PACT code^ computes the probability distributions of the coolant and 
cladding temperatures throughout a single assembly during steady-state operation. 
It uses a model that considers both thermal hydraulics in coolant subchannels and 
Monte Carlo sampling of the uncertainties. It uses a skewed random distribution 
for uncertainties so that most of the values picked are near the extreme value of 
interest. PACT-2 generates the hot spot factor and standard deviation for coolant 
and cladding temperatures in addition to generating nominal and hot spot tem
perature maps. 

GCFR and CRBRP Hot Spot Analysis^ 

To determine the overall hot spot factor. Ft, each component, fb,, of that 
factor is determined individually according to the functional relationship between 
the uncertainty and the temperature under consideration. The subchannel analysis 
code COBRA is used for determining channel and film factors; in this way, the 
effect of inter-subchannel coolant mixing is taken into account. These subfactors 
are divided into two groups; those that occur randomly, e.g., manufacturing and 
assembling tolerances and the properties of materials and the coolant, and those 
that are determined by experiments and listed as statistical subfactors. The cu
mulative components (uncertainties in calculations and measurements) are those 
that affect the entire core or large portions of it. 

The statistical subfactors, fsb„ are combined to give the total statistical 
factor, Fsb 

Fsb = I + 2(M - 1)' 
1/2 

(4.2) 

and the total cumulative subfactor, Fcb, is given by combining the deterministic 
subfactors,/cfe,: 

Fcb = Ylfcb, . (4.3) 
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The overall hot spot factor affecting component b is then defined by 

Fb = Fsb • Fcb . (4.4) 

For both the above methods, the defined confidence level of the hot spot 
factors is obtained simply by using the uncertainties at that confidence level for 
all the calculations. 

SHOSPA 

The methods discussed above give nominal temperatures and the standard 
deviations of each rod in a fuel assembly, but neither of them directly gives the 
probability of the assembly (or core) or the number or rods in an assembly (or 
core) exceeding the limiting temperature. 

The SHOSPA computer code'* provides this information. It determines the 
probability of each rod (or subchannel) exceeding the limiting temperature. For 
n rods in an assembly, the probability P{A) of exceeding the limiting temperature 
is given by 

P{A) = n [P. (^hm)] ; (4.5) 

and for A' rods in a core, the probability f (C) of exceeding the limiting temperature 
is given by 

PiC) = n [ '̂ (7'hm)] . (4.6) 
i=Af 

The SHOSPA code calculates Eqs. (4.5) and (4.6) in addition to: 

1. hot channel and hot spot factors using single subchannel analysis 
2. the margin from nominal to limiting temperature and the probability of 

exceeding this temperature 
3. the probability of at least one hot spot in the core 
4. the probability of exactiy n hot spots in the core (n = 1 to 10). 

4-lD GCFR Hot Cliannel and Hot Spot Factors 

The subfactors for each of the components of the GCFR fuel hot spot analysis 
are listed in Table 4-1 for turbulent flow conditions. Major subfactors are discussed 
below. 

Rod Pitch, Wire Outside Diameter, and Cladding Outside Diameter: These 
describe the nominal flow area for each subchannel. The real area can vary due 
to fabrication tolerances along the length of a subchannel. For the analysis, a 
uniform deviation was assumed along the length, which gives a conservative result. 

Grid Spacer Tolerances: These tolerances can result locally in an additional 
deviation of the rod pitch. Local area changes were modeled in COBRA and the 
effects were found to be very small for the fuel assembly and somewhat larger 
for the low pitch-to-diameter blanket design. 
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Cladding Inside and Outside Diameter Tolerances: The effect of the cladding 
tiiickness on the cladding temperature drop is determined by taking the statistical 
sum of the individual effects of a larger than nominal outside diameter and a 
smaller than nominal inside diameter. 

Cladding Outside to Inside Diameter Eccentricity: This eccentricity causes 
a nonuniform distribution of the heat flux contributing to hot channel and film on 
the thin wall side and hot cladding on the thick wall side. The largest of these 
two effects is considered. 

Pellet Size and Fissile Content Tolerances: A batch of pellets may be over
sized or contain more than a nominal amount of fissile material, resulting in hot 
channels and local hot spots. 

Orifice Tolerance: This type of tolerance accounts for any misassignment of 
closely sized orifices. 

Rib Height Tolerance: For the fuel rod, a higher than nominal rib height 
reduces the flow through its associated subchannel, making it hotter but at the 
same time improving the heat transfer coefficient. On the other hand, a lower rib 
height overcools the channel, but the heat transfer is not as effective. The condition 
leading to higher cladding temperature has been considered here. 

Swelling, Creep, Duct Dilation, and Rod Bowing: These effects change flow 
areas locally. The effects of uncertainties in these parameters on the channel and 
film temperatures are small, but the parameters themselves have a significant 
effect. They are considered as the geometry changes in the assembly during the 
safety analysis of transients. 

Properties of Materials, the Coolant, and Correlations: Considered as local 
effects, these subfactors are caused mainly by impurities in the coolant, fuel 
cladding, gap and cladding, and fuel materials. Coolant uncertainties can be 
eliminated when heat transfer, mixing, and friction data are available from tests 
of helium-cooled bundles. The uncertainties of helium properties will then be part 
of heat transfer, mixing, and friction factor conelations. 

Thermal-Hydraulic and Physics Methods: Values have been estimated for 
the accuracy of the codes and other tools used for thermal-hydraulic and physics 
calculations that account for enors in core temperatures, peaking factors, and 
gamma heating. 

Inlet Temperature Variation Due to Loop Imbalances: This uncertainty raises 
the temperature of all the core components and therefore is added to the total 
calculated temperature uncertainty. In addition, the increased coolant temperature 
has a small effect on flow distribution between assemblies, and on the heat transfer 
coefficient. 

Axial and Circumferential Variation of the Heat Transfer Coefficient: Axial 
variation is due to the ribbed profile of the fuel rod and results in axial variation 
of the cladding temperature over one rib-pitch length, the effect being large on 
the rod surface and being damped by cladding conduction toward the rod inside 
diameter. The circumferential variation depends on the rod pitch-to-diameter ratio. 
Again, the temperature variation is not as large at the midwall or inside diameter 
surface as on the outside diameter surface. 



TABLE 4-1 lo 

Hot Spot Factors for 300-MW(e) GCFR Fuel Cladding 
(Full-power steady-state turbulent flow conditions) 

STATISTICAL 

Tolerances 
Fuel rod pitch 
Gnd spacer 
Bowing 
Cladding 

outside diameter 

outside diameter , , 
> tniclcness mside diameter j 

outside diameter to inside diameter 
eccentncity 

Pellet 
outside diameter 
density (fissile content) 
ennchment (fissile content) 

Onfice calibration error 
Rib height 

Swelling 1 Negligible at location 
Creep and duct dilation J of hot spot 

Correlations and Properties 
Coolant 

specific heat 
density 
viscosity 
conductivity 

Uncertainty 
3 a 

0 5 % 
1 0 % 
1 1 % 

0 27% 

0 27% 
0 3 1 % 

4 8 % 

0 64% 
3 5 % local 
0 5 % zonal 
5 0 % 

10 0 % 

0 5 % 
0 5 % 
4 5 % 
7 2 % 

Channel 
Factor 

Fc 

1 Oil 
1 000" 
1 000" 

1 003 

1 000 

1 000 

1 015 
1 000 
1 006 
1 050 
1 016 

1 000 

1 000 
1 000 
1 000 
1 000 

Film 
Factor 

F, 

1 001 
1 000" 
1 000" 

1 000" 

1 000 

1 000 

1 015 
1 035 
1 000 
1 040 
1 000 

1 000 

1 002 
1 002 
1 030 
1 040 

Cladding 
Factor 

Fci 

1 000 
1 000" 
1 000" 

1 000 

1 034 

1 030 

1 014 
1 035 
1 000 
1 000 
1 000 

1 000 

1 0 
1 000 
1 000 
1 000 



TABLE 4-1 (continued) 

Hot Spot Factors for 300-MW(e) GCFR Fuel Cladding 
(Full-power steady-state turbulent flow conditions) 

Conductivity of cladding 
Film coefficient 
Fnction factor 
Mixing 

Total of Staustical Factors 3o-
2CT 

CUMULATIVE 

Thermal-hydraulic analysis 

Radial peaking 
Axial peaking 
Control rod peaking 
Gamma heating 

' Physics methods 

Inlet flow maldistnbution in plenum 
Inlet temperature'' 
Axial vanation of the film coefficient 
Circumferennal vanation of the film coefficient 

Total of Cumulative Factors 

Overall Hot Spot Factors 3CT 
2o-

Uncertainty 
3(T 

10 0 % 
10 0 % 
10 0 % 
60 0 % 

2 0 % 

0 5 % 
6°C 

- 7 0 0 % 

- n o % 

Channel 
Factor 

Fc 

1 000 
1 000 
1 002 
1 000 
1 056 
1 037 

1 020 

1 040 

1 005 
1 005 
1 000 
I 000 
1 071 

1 131 
1 111 

Film 
Factor 

F, 

1 000 
1 100 
1 007 
1 000 
1 125 
1 083 

1 020 

1 050 

1 004 
1 004 
1 067 
1 050 
1 210 

1 361 
1 311 

Cladding 
Factor 

Fci 

1 100 
1 000 
1 000 
1 000 
1 116 
1 077 

1 020 

1 050 

1 000 
1 000 
1000 
1 000 
1 071 

1 195 
1 153 

"Values very close to 1 
""In addition to the hot spot subfactor effect, calculated hot spot temperatures must be raised by 6°C to account for coolant inlet temperature uncertainty 
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Inlet Flow Maldistribution: Because of the resistance provided by a consid
erable amount of equipment in the inner plenum, there is little flow maldistribution 
to the GCFR core assemblies. 

Flow Duct and Grid Spacer Clearance: The GCFR fuel and radial blanket 
assemblies are designed such that the edge rods adjacent to the duct wall are 
overcooled and the cladding hot spot occurs on interior rather than edge rods. For 
the fuel assembly, this design objective is achieved with a fuel rod-to-duct clear
ance that is 80% of the rod-to-rod clearance. The duct-to-spacer clearance resulting 
from fabrication and assembly requirements permits the bundle to shift to one side 
of the flow duct, which results in a small edge channel on one side and a large 
edge channel on the other side. Analysis has shown that even the small edge 
channel results in cladding temperatures lower than the hot spot temperature of 
interior rods. Because of this analytical finding, duct and spacer clearance is not 
part of the hot spot factors. However, duct-to-spacer clearance enters into rod 
temperature calculations for specific radiation-induced rod bowing calculations 
and fuel rod life evaluations. 

4-2 Coolant Mixing in Rod Bundles 
In rod bundle type fuel elements, there is a possibility that coolant temperature 

differences can occur along the axial length between adjacent subchannels. These 
temperature differences are possible because of geometrical tolerances and a non
uniform power distribution across the radial dimension of the rod bundle. Tem
perature differences due to geometrical tolerances are normally quite small but 
temperature differences due to a nonuniform radial power distribution can be 
sizable. Coolant temperature differences across the radial dimension lead to dif
ferences in cladding and fuel temperatures, which can affect the ability of the rod 
bundle to operate within the prescribed fuel and cladding temperature limitations. 

Coolant mixing between adjacent subchannels will tend to reduce temperature 
differences. There are two mechanisms for coolant mixing: a net exchange of 
coolant flow between subchannels and the turbulent diffusivity of heat. The latter 
mechanism is by far the most important one for coolant temperature smoothing 
within rod bundles and is the subject of this section. 

There are two limiting cases that are useful to analyze in order to establish 
bounds on the temperature distribution of the coolant, cladding, and fuel within 
a rod bundle having a nonuniform radial power distribution. The first limiting 
case assumes complete coolant mixing at each axial position, while the second 
limiting case assumes no mixing at all. These two cases can be analyzed using 
the methods of Chapter 3. 

The heat exchange between adjacent subchannels may be expressed by 

q" = ik+ pCpEH) — . (4.7) 

dy 

The first term in the parentheses, k, is the thermal conductivity of the fluid while 
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the group of terms, pCpEn, represents the turbulent diffusivity for heat. For gases 
under conditions expected in reactor fuel elements, turbulent diffusion is far greater 
than molecular conduction, pCpEn >s> k, so Eq. (4.7) can be approximated with 
good accuracy by 

q" = pCpBH 
dy 

(4.8) 

This equation can then be used to formulate an approximate expression for the 
heat transferred per unit length due to turbulent diffusion between adjacent coolant 
subchannels ; and j : 

q' = Y(pCpEH)8ij 
T, 

(4.9) 

where gij is the gap width between the subchannels and 8y is the distance between 
the centroids of subchannels i and j (see Fig. 4-1). The term Y in Eq. (4.9) is 
called the "mixing factor" and is an empirically determined quantity. Reynolds 

Fig. 4-1. Dimensions and areas used in turbulent coolant mixing models. 
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analogy, which states that the diffusivities for the turbulent interchange of mo
mentum and heat are nearly equal for gases, is used in the equation. Therefore, 
EM = EH and EM is given by the Nikuradse value^: 

|x Re / / 

Ingesson and Hedberg and later Ingesson experimentally determined the 
mixing factor and collected data from various authors. Ingesson^ recommended 
that the data be conelated by 

Y=CM\- K T ^ , (4.11) 

where CM = 1.158 for a square anay of rods and CM = 0.933 for a triangular 
anay of rods. 

Ingesson further analyzed the available data and anived at a slightly modified 
expression for the mixing factor. Kjellstrom reported^ the modified expression for 
Kas 

Y = 1.14 

\ 
n, -\- nj 

Y^A Y AA 

mi A mj A I 

111 

AA" 
' , (4.12) 

where 

m = number of gaps and n = number of open gaps for the two subchannels 

A = actual flow area of the two subchannels 

AR = flow area with rods removed 

A' = area enclosed between lines drawn from the center of the subchannels 
perpendicular to the walls of the channel, the channel walls, and the 
subchannel boundary 

AA = area enclosed between two tangents to the channel walls in the gap 
and the length of the tangents equal to the distance from the subchannel 
boundary to the center of the subchannel itself. 

In a subsequent paper by Kjellstrom,^ some doubts were raised conceming 
the rather large values of Y given by Eqs. (4.11) and (4.12). New experiments 
were performed at Wiirenlingen'° which confirmed that the Ingesson Y values 
were too large and it was recommended that the expressions for Y be multiplied 
by the conection factor 0.5 for the GCFR rod bundle fuel element. 
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Another formulation for coolant mixing between subchannels has been used. 
In this second formulation, a turbulent cross flow, Wy, between subchannels is 
introduced; it is defined as the mass interchange between channels i and 7 per unit 
time and per unit length. There is no net mass flow interchange so w,j = Wj,. 
Heat is exchanged between subchannels according to 

qlj = w.jCp{T, -Tj) . (4.13) 

Rowe and Angle" conelated experimental results for the cross-flow factor by 

w,j = 0.04 DHM IL , (4.14) 

where DH, M, and/are average values of the hydraulic diameter, mass flow, and 
friction factor for subchannels i and 7, respectively. 

The cross-flow formulation for mixing between subchannels of a rod bundle 
has been used for the design of the GCFR fuel element using the COBRA*GCFR 
computer program.'' This computer program is discussed in Sec. 4 of Chapter 10. 

Calculational results by the method of Eq. (4.9) and (4.13) have been com
pared for the GCFR fuel element design and the results were found to agree within 
~I0%. 

The empirical relations for coolant mixing between subchannels do not in
clude the influence of fuel rod spacers on coolant mixing. It is estimated that the 
effect of spacers on coolant mixing can be an order of magnitude greater than the 
effect of turbulent diffusivity due to fully developed flow in rod bundle subchan
nels. Coolant mixing in rod bundles is an area of reactor thermal hydraulics 
requiring considerably more research and development. 

4-3 Core Temperature Shaping 

It was indicated in the previous chapter that the performance of the reactor 
core is limited by a maximum temperature. This performance limitation is, of 
course, true for any thermodynamic machine. The maximum temperature in a 
nuclear reactor may be limited by the moderator, by a structural component such 
as the fuel cladding, or by the fuel. For a reactor core designed on the basis of 
a uniform fuel loading and a fuel element configuration that is the same for each 
radial position and also uniform along the axial length, the maximum fuel element 
surface and maximum fuel temperature occur at one spot in the core. In effect, 
the entire fuel element is designed to operate within the maximum temperature 
limit that occurs at the one hot spot while the remainder of the core is operating 
below its capability at lower temperatures. Ideally, it is desirable to design the 
core so that all or the vast majority of the core operates at the maximum temperature 
limit with proper compensation for various uncertainties (hot spot factors). A more 
optimum reactor core design can be achieved by eliminating the restraint that the 
fuel be uniformly loaded and that the fuel element geometry be the same for each 
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radial location and uniform along the axial length. In this discussion, means for 
achieving a more optimum core design by programming the axial fuel element 
shape and the axial fuel loading are considered. Extending these same ideas to 
the radial direction to achieve a more optimum design is not elaborated on but 
becomes obvious from what is said about axially programming the parameters. 
Radial flattening of the power distribution and/or orificing of channels for proper 
distribution of mass flow is found in most gas-cooled reactors.'^ 

The first parameter considered is the axial fuel loading distribution, which 
in turn determines the axial heat flux distribution. In Sec. 3-3A, an equation for 
the axial surface temperature distribution was derived in the form 

T2 - Tl 
= ^ + f . 

CT Jo 

where 

Tsii) — surface temperature as a function of the 
dimensionless axial length, l 

Tl = coolant inlet temperature 

T2 = coolant outlet temperature 

(j)(Q = dimensionless axial flux distribution. 

Also, CT is the heat transfer parameter: 

CT = S t f y j . (4.16) 

In this last expression, St is the Stanton number, P the fuel element heated 
perimeter, L the core length, and A the fuel element cross-sectional flow area. 

It is easy to demonstrate that an exponential flux distribution, for example, 

(|)(0 = ct)(0)exp(-CTO , (4.17) 

yields a constant surface temperature when substituted into Eq. (4.15). The mag
nitude of the temperature is determined by the value of the flux at the core inlet, 
4>(0), the value of the heat transfer parameter, CT, and the values of the coolant 
inlet and outlet temperatures. Figure 4-2 illustrates the flux and surface temperature 
distribution for this case. 

The previous illustration for a constant axial surface temperature can be 
extended to a constant maximum fuel temperature along the axial core length if 
the heat transfer coefficient h is replaced by a constant overall heat transfer 
coefficient, U, which represents the thermal conductance from the bulk coolant 
to the location of the maximum fuel temperature. Even if the overall heat transfer 
coefficient varies somewhat along the axial length, the exponentially decreasing 
power generation from core entrance to core exit will result in a more uniform 
fuel temperature throughout the core. In fact, any axial power generation that 
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SURFACE TEMPERATURE, Tj 

I I I I I I 
AXIAL DISTANCE, ^ 

Fig. 4-2. Temperature shaping by fuel loading distribution. 

decreases from core entrance to core exit will result in a flattened axial fuel 
temperature profile. This concept is used in the HTGR, which is designed with 
three axial fuel loading zones. The resulting core temperatures with this fuel 
loading strategy are discussed in Chapter 7. 

Another core design concept once proposed to flatten the axial fuel cladding 
surface temperature while still employing a uniform fuel loading was to have the 
coolant enter the core at the center of the reactor then split and flow toward both 
ends. Both halves of the core then have a power distribution that is half of a 
chopped-cosine distribution, being a maximum at the inlet and decreasing toward 
the exit. The structural design of such a reactor core is obviously very complicated; 
it was only used in some early gas-cooled reactors. 

Another means of flattening the axial temperature profile is to insert control 
rods from the exit (hot) end of the core, which causes the neutron flux to peak 
nearer the core entrance for a core with uniform fuel loading. A similar effect is 
achieved in a pebble bed reactor where fresh (high-power) fuel is introduced at 
the top and burned (low-power) fuel leaves at the bottom of the core (Once Through 
and Then Out cycle), with downflow in the core. 

A way to achieve a more uniform surface or fuel temperature without resorting 
to a variable fuel loading is to vary the fuel element geometry along the axial 
length. Looking at Eq. (4.15), it can be seen that for any flux distribution it should 
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be possible in principle to vary the heat transfer parameter CT to produce a uniform 
surface temperature, Tj. Varying CT implies varying either the heat transfer perim
eter, P, the cross-sectional flow area, A. or the Stanton number, St. All of these 
parameters can be varied to achieve the same result, e.g., a flattened surface and 
fuel temperature. No serious attempt has been made to program the heat transfer 
perimeter to achieve a flattened temperature profile. On the other hand, flattening 
the core axial temperature profile by varying the cross-sectional flow area has 
received some attention.'^'''* It was found that varying the fuel element cross-
sectional flow area not only could be used to obtain a more uniform axial tem
perature distribution but also resulted in a lowering of the coolant pumping power. 

Varying the fuel element heat transfer perimeter or cross-sectional flow area 
along the axial length to achieve a flattened core temperature distribution results 
in a complex fuel element design. However, employing surface roughness as a 
means of increasing the Stanton number, that is, increasing the surface heat transfer 
coefficient, is a very effective way to achieve temperature flattening. Surface 
roughness is equivalent to a change in fuel element geometry but is a much more 
subtle change than either a perimeter or cross-sectional flow area change. Various 
roughness forms may be used, from regular rib elements to random sand-type 
roughness. Various manufacturing techniques can also be implemented to form 
the roughness elements. 

A one-step, regular rib, surface roughness scheme is used in the design of 

\
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^ - . - ^ U R F A C E TEMPERATURE, Tg, 
y^ WITH ROUGHENING 

^ " ^ m t t m TEMPERATURE 

ROUGHNESS DISTRIBUTION 

1 1 1 

Fig. 4-3. Temperature shaping by one-step surface roughness. 



HEAT TRANSFER SPECIAL TOPICS 141 

the GCFR and Bntish gas-cooled reactors In this design, the inlet portion of the 
fuel element is smooth and the remainder rough The surface temperature distn
bution has the form shown in Fig 4-3 

In the one-step surface-roughening design, the extent of roughening is ad
justed so that the maximum temperature occurs at two points instead of just one 
Note that more of the surface operates near the maximum temperature Also, with 
this design, the average linear heat rating can be increased over that possible 
without surface roughening 

Rather than using just one degree of surface roughness to produce a constant 
increase in the Stanton number, it is a conceivable extension to program the 
distribution of surface roughness along the axial fuel element length By doing 
this It IS possible to achieve a flat temperature profile over a large part of the 
element as depicted in Fig 4-4 The distnbuted surface roughness achieves the 
desired temperature flattening and does so with less coolant pumping power than 
the one-step surface roughness approach Manufactunng the distnbuted roughness 
IS more difficult than the one-step roughness but not sigmficantiy so 

This discussion of core temperature flattening is not meant to be exhaustive 
or to cover the many intenelated problems of neutronics, heat transfer, and struc
tural design However, this discussion indicates what can be accomplished by 
removing certain design restnctions that were imposed implicitly, if not explicitly, 
in Chapter 3 

-
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Fig 4-4 Temperature shaping by distnbuted surface roughness 
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4-4 Choice of Gas Coolants 
Even though the subject of this monograph is helium-cooled reactors, it would 

be incomplete without a discussion of the possible gases that might be selected 
for use as a reactor coolant. In the early days of the development of gas-cooled 
reactors in the United States, there was considerable debate over the choice of 
coolant for a closed thermodynamic cycle nuclear reactor plant. Of course, air 
was the only choice for an open thermodynamic cycle. 

The factors that need to be considered when choosing a cooling gas for a 
closed thermodynamic cycle nuclear reactor are: neutron absorption and activation, 
chemical stability and activity, structural material compatibility, availability, cost, 
and thermodynamic effectiveness. Thermodynamic effectiveness includes both 
consideration of heat tiansfer and coolant pumping. The following discussion 
concentrates on the choice of a gas coolant from the standpoint of the thermo
dynamic cycle. 

A simplified analysis has been developed to bring out the salient points. 
Consider the simplest of reactor cores—a cylinder of length L and frontal area 
Ac, containing a single coolant hole with diameter D and flow area A. The total 
heat transfer surface is 5 = JtDL and the void fraction is e = A/Ac. The con
servation of mass, energy, and momentum for the gas flowing through the core 
are, respectively: 

m = pVA , (4.18) 

Q = MCpAT , (4.19) 

and 

Ap = \pV^ ( ^ j . (4.20) 

In Eq. (4.19), Q is the total core power, AT the coolant temperature difference 
across the core, and Cp the coolant specific heat capacity. The momentum equation 
is simply the coolant pressure drop, Ap, across the core with / as the friction 
coefficient. Other pressure losses such as entrance, exit, spacer, and other parasitic 
losses are neglected in this development. 

The core power can also be written as 

Q = hSAt , (4.21) 

where h represents the effective heat transfer coefficient and At the log-mean 
effective temperature difference. The heat transfer coefficient will be assumed to 
be obtained from an empirically determined Stanton number, St, defined by 

St = - | ^ . (4.22) 
pVCp 

The core pumping power can be approximated by 
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Ap . 
Pp = —m . (4.23) 

P 

In keeping with the simplicity of this development, the gas will be assumed to 
obey the perfect gas equation 

P-'f ' (4.24) 
M 

where R is the universal gas constant and M the molecular weight. The gas density, 
p, in the momentum and pumping power equations is found from the perfect gas 
equation. 

Combining the above equations in a straightforward, but lengthy, algebraic 
manner yields the expression 

Q p AT (Pp St . \ "^ ,,, 

jc = iT[iF2V '' ' '" • ''•^'' 
This equation, or variations of it, has been used to compare gas coolants. Although 
it was derived for a very simple core configuration, it is actually independent of 
the configuration. 

To make a direct comparison of gas coolants, assume that the core charac
teristics of void fraction, pressure, coolant and surface temperatures, and the ratio 
of pumping power-to-core thermal power are all fixed. The quantity Q/Ac is the 
ratio of core thermal power to frontal area and is one measure of merit. The term 
Q/AcL is the core power density so it is desirable that Q/Ac be maximized. The 
properties of gas coolants enter via St/(//2) and MCp''^. However, for turbulent 
flow of all gases, the quantity St/(//2) is nearly constant (Reynolds analogy). 
Therefore, the influence of the gas coolant can be expressed by 

Y ^ MCp^'^ (4.26) 
Ac 

Cp 
or by introducing the molar specific heat capacity, c„ = — : 

M 

Hi) • 
This last relation indicates that the best gas coolant is one with a large molar 

heat capacity and a small molecular weight. These two requirements tend to be 
contradictory. The kinetic theory of gases indicates that the molar heat capacity 
increases with the complexity of the gas or, more precisely, with the number of 
degrees of molecular freedom: translation, rotation, and vibration. The high mo
lecular weight gases are complex and have more degrees of freedom than the low 
molecular weight gases. However, overall, the low molecular weight gases are 
better choices for coolants based on the above performance parameter. Hydrogen 
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TABLE 4-11 
Thermal Performance Comparison of Selected Gas Coolants 

Relative to Helium* 

Gas 

Hehum 
CO2 
H2 
Steam 
Air 

Power for 
Fixed Frontal 

Area 

1 00 
1 22 
2 41 
1 18 
0 70 

Heat Transfer 
Area for Fixed 

Flow Area 

1 00 
1 32 
1 09 
1 60 
1 24 

Pressure op 
for a Given 

System Pressure 

1 00 
2 52 
1 42 
1 96 
1 53 

*Gas properties were evaluated at 3 45 MPa (500 psia) and 540°C (1000°F) Same ratio of 
pumping power to thermal power 

as the lowest molecular weight gas tums out to be the best choice for a gas coolant 
based only on heat transfer considerations and is indeed a good choice for certain 
applications, such as space power for instance, but hydrogen is not acceptable in 
nuclear power stations for safety reasons. 

Table 4-II is a comparison of a few potential gases for nuclear reactor ap
plication. It is seen from this table that the ratio Q/Ac, power for fixed frontal 
area, is greater for CO2, H2, and steam and less for air compared to helium. 
However, this is not the only figure of merit for comparing gases. '̂  For example, 
in comparing gases on the basis of the required heat transfer area for a fixed flow 
area, which is indicative of the complexities of mechanical design such as fuel 
rod spacing, helium is favored over the other gases, as also seen in Table 4-II. 

( l \ AT P 
1 -, which relates to 

-Y/ Tl Q 
pressure loads on grid plates, etc., and it is seen again from Table 4-II that helium 
is favored over the other gases. 

The choice of gas coolants usually reduces to carbon dioxide and helium for 
large-scale nuclear power plants. Studies' have shown that helium is to be pre-
fened over carbon dioxide on the basis of turbomachinery design. Compared to 
CO2, helium will lead to 

1. a smaller frontal area for the same blade efficiency 
2. lower exit diffuser losses 
3. less sensitivity to off-design operation. 

On the other hand, for large pressure ratio turbomachinery, helium requires more 
blade rows than a turbomachine designed for CO2. Helium turbomachinery is 
limited by blade stresses while CO2 turbomachinery is limited by the Mach number. 

The choice between helium and CO2 for natural circulation cooling for after
heat removal has also been studied.'^ While the use of a heavy gas is normally 
preferable, especially in the laminar flow regime, with an acceptable design for 
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the natural circulation loop, pressurized helium can remove the afterheat for the 
HTGR and the GCFR. 

The choice of helium as a coolant for nuclear reactors is a good one when 
based on considerations other than thermodynamic ones: 

1. There is no significant neutron interaction at practical pressures for nu
clear power plants. 

2. Helium is chemically inert. 
3. Although proper design precautions need to be taken to prevent helium 

leakage, tests on and operation of helium-cooled reactors have demon
strated that acceptable design leakage rates can be achieved.'^ 

4. The availability of helium in the United States is assured for the fore
seeable future.'^ 

5. Although self-welding of metal components at high temperatures was 
once thought to present a problem, this has not turned out to be the case. 

6. Although the cost of helium can be expected to increase in the future, 
it should remain a very small cost of reactor operation for any acceptable 
leakage rate. 

4-5 Pebble Bed Reactor Thermal Hydraulics 
In the case of pebble beds, the pressure drop may be written as 

If Vp is the mean velocity between the particles, the mean velocity, V. cone
sponding to the free cross section of the pebble bed is simply 

V = EVp , (4.29) 

where e is the void fraction in the bed. The hydraulic diameter, D, is related to 
the pebble diameter, dp, by the relation. 

D = dp[ Y^ri I • (4.30) 

Defining a Reynolds number by 

- = i r ^ ) ^ . 
experimental results are conelated up to Re = 5 x lO"* by^° 

ill = 320 Re~' -I- 6 R e " ° ' , (4.32) 

where the two terms on the right side conespond to laminar and turbulent flow, 
respectively. Uncertainties come mainly from the actual value of the voidage of 
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the random packing of equal spheres, which is 0.375 for an infinite bed and varies 
with distance from the wall. 

Experimental results for heat transfer can be conelated as 

Nu = ^ = i- : : -^ Re°^ Pr"3 for 500 < Re (I - e) < 10^ . (4.33) 
k E 

Other conelations have been proposed, such as^' 

Nu = 2 -I- — ^ Re"^ + 5 X 10"^ —^-^ Re 
e E 

for 250 < Re (1 - E) < 5.5 x 10"* (4.34) 

or̂ ^ 
PJ.0.6 PJ. 

Nu^ = 0.35 -Tii Re°^^^ + 0.00316 -^55 Re' ^̂  
E E 

for 10^ ^ Re « 10^ and 0.26 « E « 0.476 . (4.35) 

For low Reynolds numbers, several conelations have been proposed such as 

Nu = 1.04 [(1 - 8) Re]°^ 

for 10 < (1 - E) Re < 200 , (4.36) 

but the problem is not yet solved. 
Effective radial and axial heat conductivities in the packed bed must also be 

derived taking into account anisotropic convection, conduction, and radiation. 
Transverse energy transport in a pebble bed is usually described by defining 

an effective thermal conductivity of the bed: 

êff = ks + k— , (4.37) 
m 

where 

ks = conductivity of the bed without flow 

k = coolant thermal conductivity 

Pe = Re X Pr, Peclet number 

m = parameter equal to —8.5 for a large reactor. 

The second term on the right in Eq. (4.37), which conesponds to forced flow, is 
much larger than the first term during normal operation but the first term is 
important for accident conditions. 

Significant cross flow occurs in a pebble bed; the flow resistance in the 
transverse direction should be calculated with the same conelation as in the vertical 
direction in the fully turbulent regime. Some other specific problems occurring 
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with pebble beds are wall effects, radial vanations of void fraction and velocity, 
effects of free convection, and heat transfer from the pebbles at the surface of the 
bed Finally, under accident conditions, and loss of forced cooling, natural con
vection and radiation heat transfer become very important Experimental results 
have been reported on model tests for those two phenomena For instance, the 
effective conductivity of graphite spheres is found^^ to increase from —12 to 
50 W/m K when the temperature of the bed increases from 1000 to 2500°C 

NOMENCLATURE 

Symbol 
A 
Ac 

AR 

A' 
CM 

Cp 
Cp 

D 
d 

dp 
F 
Fc 

Fc 

Fc, 

Pf 
F, 

f 
U 
fsB 

8 
h 
k 
^eff 

k. 
L 
M 
M 
m 
m 
N 
Nu 
n 
n 
P 

Pp 

= cross-sectional area of flow channel 
= cross-sectional area of reactor core 
= flow area in coolant mixing parameter [Eq (4 12)] 
= flow area in coolant mixing parameter [Eq (4 12)] 
= coolant mixing parameter [Eq (4 11)] 
= specific heat capacity 
= molar specific heat capacity 
= hydraulic diameter 
= fuel rod diameter 
= pebble diameter 
= overall hot spot factor 
= coolant temperature nse hot spot factor 
= total cumulative hot spot subfactor [Eq (4 3)] 
= cladding temperature nse hot spot factor 
= film temperature nse hot spot factor 
= total statistical hot spot subfactor [Eq (4 2)] 
= Fanning friction factor 
= hot spot deterministic subfactor for component b 
= hot spot statistical subfactor for component b 
= gap width between subchannels [Eq (4 9)] 
= heat transfer coefficient 
= thermal conductivity 
= effective thermal conductivity 
= conductivity in pebble bed without flow 
= core length 
= molecular weight 
= total mass flow rate 
= number of total gaps [Eq (4 12)] 
= channel mass flow rate 
= number of fuel rods in core 
= Nusselt number 
= number of fuel rods in fuel element assembly 
= number of open gaps [Eq (4 12)] 
= heat transfer perimeter 
= coolant pumping power 
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Pe 
Pr 
P(A) 

P(C) 

P 
Pr 

Q 

4 
4 
R 
Re 
S 
St 
T 
Tci 

Ts 
Tl 

7-2 

U 
V 

Vp 
W,j 

Y 

y 

= 
= 
= 

= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 
= 

Re X Pr, Peclet number 
Prandtl number 
probability of occurrence of the maximum temperature in a fuel element 
assembly 
probability of occurrence of the maximum temperature in the core 
pressure 
pitch between fuel rods [Eq (4 11)] 
total core thermal power 
power generation per unit length 
heat flux 
gas constant 
Reynolds number 
heat transfer surface 
Stanton number 
temperature 
cladding midwall temperature 
surface temperature 
core inlet temperature 
coolant channel outlet temperature 
overall heat transfer coefficient 
mean coolant velocity 
mean velocity between pebble bed spheres 
subchannel mass interchange [Eq (4 13)] 
mixing factor [Eq (4 9)] 
coordinate normal to surface 

Greek 

1 

8 
AA 
Ap 
AT, 
ATci 

ATf 
e 
EH 

EM 

i 
M-
P 
o 
CT 
4) 
^ 

Subscript 

= ratio of specific heat capacity at constant pressure to specific heat capacity 
at constant volume 

= distance between subchannel centerlines 
= area in coolant mixing [Eq (4 12)] 
= pressure drop 
= coolant temperature rise 
= cladding temperature nse 
= film temperature nse 
= core void fraction 
= eddy diffusivity for heat transfer 
= eddy diffusivity for momentum transfer 
= dimensionless axial distance 
= gas dynamic viscosity 
= gas density 
= heat transfer parameter [Eq (4 16)] 
= standard deviation 
= normalized axial power distnbution 
= conection factor for pebble bed pressure drop 

J 

b = component b 
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I = index for ('th subchannel or ('th hot spot subfactor 
J = index for^'th subchannel 
lim = limiting temperature 

Superscripts 
- = mean quantity 

= maximum quantity 
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5 

RELATED MECHANICAL PROBLEMS* 

5-1 Introduction 
The thermal and fluid dynamic design of a reactor is dependent upon the 

structures that enclose the flow, the designs for both should be considered si
multaneously The mechanical designs of the core and the nuclear steam supply 
system structures generally limit the reactor overall performance For example, 
the outlet temperature of the reactor and, hence, reactor efficiency are limited by 
the ability of the core structures and the steam supply system structures to withstand 
the thermal stress induced as the plant cycles between high-temperature full-power 
operation and a cold shutdown Indeed, the history of energy development parallels 
the creation of alloys that will withstand ever-increasing temperatures and pressures 
with ever-increasmg lifetimes 

Three aspects of the mechanical design analysis of helium-cooled reactor 
structures are reviewed in this chapter flow-induced vibration, sound-mduced 
vibration, and thermal stress analysis Flow-induced vibration is defined as the 
vibration of relatively flexible structures, such as fuel rods or heat exchangers, 
due to the passage of helium over the structures The helium flow can cause 
vibration that can damage a flexible structure either by high cycle fatigue or by 
fretting wear at the supports Acoustic analysis is concerned with acoustic waves 
traveling at the speed of sound through the reactor circuit These sound waves 
are generated pnmanly by the circulators but they can also be induced by abrupt 
changes m the flow direction of the helium and within the heat exchanger tube 
banks Acoustic noise can damage plates and shells lining the ducts and cavities 
of the flow circuit Thermal stresses are induced in any restrained component by 
the tendency of matenals to expand as they are heated If the temperature is 
uniform and there is no restraint on the structure, then heating results in an 
expansion but no resultant stress Thermal stresses are generated as components 
attempt to expand against restraints provided by adjacent structural supports or as 
a result of a nonuniform temperature distnbution within the body For example, 
heat exchanger tubes that are cooled by the intemal flow of boiling water do not 
expand as much as their supporting plates, which run at nearly the helium coolant 

*This chapter was contnbuted by R D Blevins 
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temperature, and a differential thermal sti-ess is induced between the heat exchanger 
tubes and their support plates. 

5-2 Flow-Induced Vibration 
5-2A Dimensional Analysis, Classification, and Testing 

In general, flow-induced structural vibrations are driven by a highly energized 
flow that contacts a relatively flexible stmcture. In nuclear reactors, flow-induced 
vibrations are nearly always the result of the reactor coolant impinging on flexible 
reactor intemals, fuel rods, shielding, or heat exchanger tubes. The resultant 
vibrations are undesirable and often unanticipated. They are frequently the un
fortunate by-product of the tendency of stmctures to become more flexible and 
flows to increase in velocity as reactors are scaled up. 

Consider the two-dimensional, spring-supported, damped cross section ex
posed to a uniform low Mach number flow, as shown in Fig. 5-1. The fluid flow 
exerts a force on the stmcture in the flow. The force causes the stmcture to deform. 
The magnitude of the deformation depends on the magnitude of the fluid force 
relative to the mass, stiffness, and damping of the stmcture and the manner in 
which the force is applied. The flow and the stmcture can be characterized by the 
parameters listed in Fig. 5-2. From these parameters, the following nondimen
sional groups can be formed: 

Reynolds number: 
pUD m 

U 
Reduced velocity: — 

Mass ratio: —^ 

Damping: i, 

Geometry: — Amplitude: 
D 

The well-known Buckingham 11 theorem implies that any one of these parameters 

O 2Y 

Fig. 5-1. A spring-mounted structure exposed to a fluid flow. 
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STRUCTURE 
(ENERGY ABSORBER) 

MASS m 

GEOMETRY L/D 

NATURAL FREOUENCY / 

DAMPING ^ 

MODE SHAPE t// 

AMPLITUDE Y 

FLUID FORCE 
ON STRUCTURE 

FLUID FLOW 
(ENERGY SOURCE) 

VELOCITY U 

DENSITY P 

SPECTRA Sp 

DYNAMIC VISCOSITY M 

Fig 5-2 Fluid/structure interaction 

can be expressed as a function of the remaining parameters Thus, the nondi
mensional amplitude can be expressed functionally as (see Nomenclature, p 174) 

Y _ (pUD U L m \ 

D-'^[~'JB''5'WV ^ ^ 
Of course, additional parameters could be added to the nght side of Eq (5 1), 
such as mode shape, higher modes, or nondimensional turbulence spectra, but as 
It stands, the nght side factor of Eq (5 1) is a minimal list of nondimensional 
parameters needed to begin a flow-induced vibration analysis The need for non-
dimensional analysis is justified as the only engineenng approach at the present 
time 

Thus, at the least, the following seven quantities must be determined before 
beginning a flow-induced vibration analysis 

1 fluid velocity 
2 fluid density 
3 fluid kinematic viscosity 
4 stmctural geometry 
5 stmctural natural frequency (ordinanly fundamental mode) 
6 stmctural damping 
7 stmctural mass and mass distnbution 

In general, establishing these seven quantities requires a rigorous dynamic 
analysis of fluid and stmctural performance Certain quantities, such as damping, 
ordinanly are not known with sufficient accuracy even in cases where dynamic 
measurements are made However, an enor in any of these seven quantities will 
be reflected by an enor in the calculated vibration [Eq (5 I)] 

Flow-induced vibration phenomena are generally classified by the nature of 
the fluid force and by the type of system affected by the vibrations The classi
fication given in Table 5-1 is only a partial list of the known flow-induced vibration 
phenomena Transient mechanisms such as water hammer and pipe whip have 
been omitted, as have vibrations due to intemal flow, such as pipe instabilities 
and vibrations forced by pump oscillations However, all of these phenomena are 
practically important in the sense that they have been observed in industry, all 
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TABLE 5-1 
Classification of Flow-Induced Vibrations 

1 

2 

3 

4 

5 

Phenomena 

Vortex-induced 
structural vibration 

Galloping and 
flutter 

Whirling 

Turbulence-induced 
vibration 

Vortex-mduced 
acoustic vibration 

Instantaneous Fluid 
Force Is Explicitly 

Dependent On 

Time, amplitude of structural 
vibration 

Translational velocity of 
structure, rotation of structure, 
rate of rotation of structure 

Position of one tube relative to 
adjacent tubes 

Time (random) 

Time 

Systems Subject to 
the Phenomena 

Slender bluff structures m a 
cross-flow 

Slender structures in a cross 
flow, tubing, plates, and shells 
in a parallel flow (rare) 

Closely spaced tube arrays in a 
cross flow 

Any structure subject to a 
turbulent flow 

Acoustic caviUes containing 
bluff structures in a cross flow 

can occur in nuclear reactors, and a body of literature has developed about each 
of them. Note that in Table 5-1, the forces are explicitiy time dependent in vortex-
induced vibration (items I and 5) and turbulence-induced vibration (item 4). This 
dependence results because both of these phenomena depend on eddies that exist 
in the flow regardless of the presence or absence of stmctural vibration. However, 
in galloping and flutter (item 2) and whirling (item 3), the fluid forces are primarily 
dependent on the position and velocity of the stmcture relative to the flow; con
sequently, time does not explicitly appear in the associated fluid forces. As a 
result, the mathematical models used to analyze galloping, flutter, and whirling 
are self-excited while those employed for vibration induced by vortex shedding 
and turbulence are forced. 

In the remainder of this section, it is assumed that the velocity, density, and 
Reynolds number of the flow are known and that the geometry, mass, natural 
frequencies, and mode shapes of the stmcture have been either measured or 
calculated. Knowledge of the flow velocity and density implies that a performance 
analysis has been completed. The natural frequencies and mode shapes can be 
calculated using finite element techniques or can be found from analytical solu
tions. The natural frequencies of a very wide range of stmctural and fluid systems 
are compiled in Refs. 1 and 2. A more detailed exploration of flow-induced 
vibration with sample problems and references through 1975 can be found in 
Ref. 3. 

The analysis of flow-induced vibration of a stmcture has not developed to 
the point that the vibrations of an arbitrary stmcture can be predicted accurately. 
For a few stmctures, notably heat exchanger tube banks and fuel rods that match 
the body of experience gained by analysis and testing, vibrations can often be 
predicted. However, for many stmctures, there is no alternative to testing to 
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confirm the adequacy of the stmcture for flow-induced vibration. Considering 
Eq. (5.1), it can be seen that full-scale testing will fulfill all the dimensional 
requirements; indeed, full-scale testing is the prefened form of any testing. How
ever, the expense of full-scale tests generally precludes their use except for ver
ification. 

Model testing is a valid measure of the full scale only if each of the non-
dimensional parameters given in Eq. (5.1) is modeled exactly. Since temperature 
does not explicitiy appear in Eq. (5.1), the first simplification from full-scale 
testing would be to make the flow-induced vibration tests at room temperature. 
A second simplification would be to substitute atmospheric air for pressurized 
helium. However, since density does explicitly appear in the mass ratio term, 
m/pD^, it can be seen that the use of atmospheric air is not acceptable unless (a) 
the air is pressurized to the helium density or (b) the mass of the stmcture is 
reduced by the ratio of air density to the reactor helium density (ordinarily about 
one-third). This mass reduction would be done, for example, by substituting an 
aluminum model for the steel original. A third simplification in testing would be 
to use a small-scale model in place of the full-scale stmcture. This geometric 
scaling is very difficult to achieve in practice because as a flexible stmcture is 
reduced in size, its natural frequencies increase as the square of the inverse of 
the scale factor. Thus, a one-third scale stmcture has a natural frequency nine 
times that of the original and hence the model is considerably more resistant to 
vibration than the original. For this reason, scale model stmctures are rarely 
adequate for vibration testing unless a particular flow mechanism is being studied 
and the model is especially constmcted to properly scale this mechanism. 

5-2B Flow-Induced Vibration in Cross Flow 

A closely spaced anay of tubes or rods in a cross flow can be subject to a 
number of flow-induced vibration phenomena that have the potential for damaging 
the tubes. These flow-induced vibration phenomena are listed in Table 5-II. 

Vortex-induced vibration can exist in closely spaced anays. However, tur
bulence and the close proximity of tubes evidentiy discourage the establishment 
of a regular vortex street. In addition, resonance with vortex shedding occurs at 
lower flow velocities in anays than in single tubes. As a result, heat exchangers 
and fuel rods often operate successfully in the range of flow velocities that produces 
vortex resonance, whereas the same tubes would fail if they were exposed to the 
same flow but were widely separated. 

Turbulence-induced vibration in tube anays will occur at any flow velocity 
when the flow is in the turbulent regime. However, these vibrations tend to be 
benign in the sense that they do not ordinarily induce excessive wear. Ordinarily, 
the amplitude of turbulence-induced vibration increases with flow velocity raised 
to a power between I and 2 and is relatively insensitive to small changes in design. 

The jet switch mechanism arises from the coupling and uncoupling of fluid 
jets issuing between tubes in a regular tube anay. However, this mechanism has 
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TABLE 5-11 
Classification of Flow-Induced Vibrations in Heat Exchanger Tube Arrays 

Exposed to a Cross Flow 

I 

2 

3 

4 

Phenomena 
Vortex-mduced 
vibration 

Turbulence-mduced 
vibration 

Whirling 

Jet switching 

Range of 
U/(fDf 

u 

All 

r.>' 
/ ^ ' = 

Nature of 
Phenomena 

Vibration forced by vortices in the flow 

Vibration forced by turbulent eddies 

Fluid elastic instability 

Coupling and uncoupling of jets behind a tube 
array 

"Notation / = fundamental natural frequency of tube in hertz, D = tube diameter, U = flow 
velocity in minimum gap between tubes 

been observed to be active on only one occasion and the whirling mechanism 
generally furnishes a more conservative critenon. 

Whirling instability is the most practically important flow-induced vibration 
mechanism in tube anays, and it is discussed in more detail in the remainder of 
this section. 

When a tube or fuel rod anay is subject to a high-velocity cross flow, then 
the fluid is accelerated into the gaps between tubes. The mean fluid force on the 
tubes is largely a function of these gaps between tubes. If a tube moves slightiy 
from its nominal position, then the dimension of the gaps between it and neigh
boring tubes will change and hence the fluid force will change, not only on the 
tube that moved but also on the neighboring tubes. If a tube moves in two 
dimensions (both parallel and perpendicular to the mean flow) in sympathy with 
neighboring tubes, then it is possible for the tube to extract energy from the flow. 
If the energy extracted from the flow exceeds the energy expended in damping 
as the tube moves, then the amplitude of vibration will increase dramatically and 
the tubes are said to be unstable. 

The minimum flow velocity for the onset of this whirling instability is 

U { f m\ 

Jo - ' V<[w) 
where 

K — dimensionless instability constant with ^ == 3 

D = tube outside diameter 

/ = tube natural frequency in hertz 

m = mass per unit length of the tube, including added mass 

(5.2) 
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U = velocity for the onset of instability measured at the minimum flow area 
between tubes 

I = damping factor (ordinanly measured in still fluid) 

p = fluid density 

This equation was first denved in 1970 using a semiempincal approach and 
can also be obtained from a theoretical analysis ^ '^ Both derivations are based on 
a quasi-steady analysis that required U/{fD) to be above the vortex shedding 
resonance and on interactions within a tube row, not a tube anay 

At velocities below that given by Eq (5 2), the tubes' vibrations are primarily 
due to turbulence- or vortex-mduced vibration The turbulence-mduced vibration 
IS charactenzed by steady increases in tube amplitude Once the critical velocity 
of Eq (5 2) IS exceeded, the tube amplitude increases very sharply with increasing 
velocity, with amplitude proportional to U" where n = 4 or more These large 
amplitudes are charactenzed by clusters of tubes vibrating at their natural frequency 
in oval orbits 

The whirling instability of Eq (5 2) has been observed by a large number 
of expenmenters working independentiy with both tube rows and tube anays and 
operating in both water and air The interest in this phenomenon lies not only in 
the relative simplicity by which the instability may be calculated but in its ability 
to conelate industiial tube failures over very wide ranges of/n/(pD^) and U/(fD) 
For example. Fig 5-3 shows industnal heat exchanger failures in comparison with 

0 05 01 02 05 1 2 5 10 20 50 100 

/n(27rC) 

pD' 

Fig 5-3 Fluid elastic vibration analysis of field expenences with heat exchanger components 
in a cross flow 
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Eq. (5.2). Note that Eq. (5.2), in the absence of other criteria, proves to be an 
excellent predictor of the tube failures. 

The only parameter appearing in Eq. (5.2) that cannot be determined from 
a fluid performance analysis and stmctural dynamic analysis is the dimensionless 
instability constant, K. There are two methods of determining K. The first is to 
determine the change in fluid forces as a tube moves, by either theory or exper
iment. The second, which is more popular, is to observe the instability and conelate 
the results with Eq. (5.2). The initially reported value of A" was K = 9.9 for a 
tube row.^ Pettigrew and Gorman"* have recommended a value of A" = 3.3 as a 
conservative estimate for tube anays. However, as more and more experimental 
evidence has been accumulated, it has become clear that A is a function of the 
details of the tube anay.^ 

5-2C Turbulence-Induced Vibration in Parallel Flow 

When a turbulent flow is bounded by a stmcture, the turbulent energy in the 
flow results in fluctuating pressures on the surface of the stmcture. These surface 
pressures are random in the sense that (a) they oscillate over a broad band of 
frequencies, (b) they vary in amplitude over the surface of the stmcture, and (c) 
they are coherent only over small areas. These variations in time and space make 
it impossible to treat turbulence-induced vibrations deterministically; probabilistic 
methods must be employed. 

Generally, two rational approaches to the random vibrations of stmctures 
have been employed in the literature. The first is to employ random vibration 
theory and estimate the power spectra and joint acceptance of the turbulence to 
determine the mean square response. The second approach is to bypass the theory 
of random vibrations and empirically conelate observed vibration levels with 
known system parameters such as flow velocity and hydraulic diameter. The 
weakness of the random vibration approach is that accurate estimates of power 
spectra and joint acceptance are rarely available for a particular system. The 
principal shortcoming of the empirical approach is that it often neglects a parameter 
of fundamental importance, such as damping, and so can lead to enoneous results 
when applied to new systems. Both approaches are hampered by uncertainties in 
the nature of the turbulent forcing function, which, unlike vortex shedding, flutter, 
or whirling, depends on the details of upstream turbulence generators rather than 
the stmcture itself. 

In many fuel rod and heat exchanger designs, the mean flow is parallel to 
the tubes over the majority of the tube span. This parallel turbulent flow can 
induce vibrations that are of considerable practical importance. At very high flow 
velocities, it is possible for large-amplitude unstable vibrations to be induced by 
a parallel flow. However, the metallic rods and tubes in practical heat exchangers 
are generally too stiff to be influenced by this instability, which has apparently 
never been observed in an operating heat exchanger. On the other hand, small-
amplitude turbulence-induced tube vibrations occur in virtually every fuel rod and 
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shell-and-tube heat exchanger, and considerable effort has been made to predict 
these vibrations analytically. 

The theories of turbulence-induced vibration of circular cylinders in a parallel 
turbulent flow can generally be placed in a power law form. For example, the 
prediction of Wambsganss and Chen with the modification by Blevins can be 
expressed as^: 

i -—'-(^iG3)"(i)"( irGr='^--
where Y is the root-mean-square displacement of a cylinder of diameter D and 
length L which is simply supported and is vibrating in its fundamental mode. Of 
course, the maximum displacement occurs at the mid-span, z = L/2. The term 
A is a dimensioned constant having the value A = 5.8 x 10~^ s"^/m '̂̂ . The 
term / is the natural frequency of the fundamental mode; m is the mass of the 
cylinder per unit length, including the added mass of the fluid; ^ is the damping, 
both stmctural and fluid; U is the mean flow velocity; p is the fluid density; and 
d is the hydraulic diameter of the passage in which the cylinder is situated. In 
general, the theories express the characteristic vibration amplitude Y in the form 

Y = Kp'U^dVm'"fX , (5.4) 

where superscripts ; tiirough o are dimensionless exponents whose values depend 
on the theory. The effect of cylinder length is accounted for through the natural 
frequency, /, which is a function of length. 

It can be easily seen that the variations of the exponents will result in large 
differences in the predictions of the various theories. Paidoussis has concluded^ 
that the best accuracy one can hope to achieve in the prediction of vibration 
amplitudes with these theories is about one order of magnitude. Since the turbulent 
forces in a parallel flow are largely dependent on upstream turbulence generators, 
improvements in the theoretical work are unlikely to yield substantial improve
ments in accuracy unless the theories are tied to a specific flow for which the 
turbulence level can be accurately identified. 

5-3 Acoustic Vibration 
5-3A Acoustics of the Coolant Circuit 

The primary coolant circuit of a gas-cooled reactor can be considered to be 
a series of interconnected ducts and cavities, as shown in Fig. 5-4. Acoustic waves 
can propagate through the circuit. An acoustic wave is defined as a disturbance 
that causes fluctuations in pressure to propagate at the speed of sound through an 
unbounded gas. The speed of sound in a gas at relatively low pressure and high 
temperatures, in comparison to the critical temperature and pressure required for 
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Fig 5-4 A longitudinal section of a single-stage fan, consisting of an inlet contraction, a 
rotating blade row (rotor), a stationary row (stator), and a diffuser expansion 

liquification of the gas, vanes with the square root of the absolute temperature"^ 
1/2 

(5 5) c = 
y<3if 

M 

where 

7 = ratio of the specific heat at constant pressure to that at constant volume, 
7 = 1 667 for helium 

9i = universal gas constant, 2ft = 8315 I/kg mol K 

T = absolute temperature in degrees Kelvin 

M = molecular weight. A/ = 4 for helium 

For example, at 600°C (1110°F), the speed of sound in helium is —1700 m/s and 
It IS substantially independent of the reactor pressure 

Since acoustic waves travel at the speed of sound relative to the gas, the 
flow of gas through the reactor will augment the speed of sound waves traveling 
with the flow However, since the speed of sound is much greater than typical 
flow velocities through the reactor, the shift in the speed of travel of an acoustic 
wave from the speed of sound [Eq (5 5)] is usually insignificant in a helium-
cooled reactor It can be significant in test ngs operating in air due to the much 
lower speed of sound in air compared to helium 

Sound waves are reflected by rigid walls The cntena for rigidity is that the 
density of the wall matenal times the speed of sound m the wall be much greater 
than the conesponding quantity m the gas Thus, thick walls compnsed of concrete 
and steel qualify as ngid with respect to a gas However, if the walls are surfaced 
by relatively thin sheet metal cover plates, which are supported by fibrous thermal 
insulation, then the sound waves can dynamically interact with the cover plates 
and energy can travel from the sound waves into the cover plates and back again 
into the coolant circuit This is the typical reactor case It has proven too complex 
to analyze the details of compliant walls of a reactor circuit within the framework 
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of an overall acoustic circuit analysis so the following simplified methodology is 
ordinarily employed: 

1. A rigid wall acoustic model for the circuit is constmcted. Impedance or 
damping may be incorporated to model acoustic dissipation. 

2. The model is coupled to sources of sound, such as circulators. The sound 
levels through the coolant circuit are predicted. 

3. The responses of cover plates and shrouds to the predicted sound levels 
are determined based on the assumption that the vibration of the plates 
does not influence the sound. 

In the remainder of this section, the first point is explored. Sections 5-3B and 
5-3C cover the second and third points, respectively. 

A rigid-walled model of the coolant circuit can be assembled from one-
dimensional duct models and three-dimensional cavity models. Since the equations 
governing sound propagation are easier to solve for one-dimensional ducts than 
for three-dimensional cavities, the coolant circuit is modeled by ducts whenever 
possible. A one-dimensional duct is defined here to be a duct small enough in 
cross section that the wave length of sound, \ , propagating through the duct is 
much larger than the duct circumference, \ > 2TTD, so that only longitudinal 
modes of the duct are excited. Since the wave length is equal to the speed of 
sound, c, divided by the frequency of vibration, / = 01/217, the above criteria 
become 

2T!C 
> 2TTD (5.6) 

O) 

and the cutoff frequency for the validity of a one-dimensional duct model is then 

c 
w < - . 

D 

As an example, for one-dimensional duct analysis to be valid, for a speed of 
sound c = 1700 m/s and duct diameter D = 1 m, the frequency of the sound 
waves must be <270 Hz. This limits the duct analysis to the low-frequency 
components of the sound. Fortunately, those components are of primary interest 
because the stmctural modes of the plates and shells in the coolant circuit that 
are most susceptible to vibration generally have fundamental natural frequencies 
below 200 Hz. 

For duct analysis, the sound propagating through a rigid-walled duct with 
flow velocity much less than the speed of sound is simply governed by the one-
dimensional wave equation: 

d^p 1 d^p 
- ^ = ^ - 7 , (5.7) 

where p is sound pressure traveling in the x direction with the speed of sound, c. 
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The wave equation for sound waves is derived from the continuity and momentum 
equations, which can be expressed in the form 

dm 

dx 

A dp 

c^ dt 

and 

dm _ dp 

dt ~ dx 

(5.8) 

(5.9) 

where m is the mass flow and A is the duct cross-sectional area. The sound pressure 
and mass flow are found by simultaneously solving the two first-order partial 
differential equations, Eqs. (5.8) and (5.9), rather than solving the second-order 
equation, Eq. (5.7). 

Both m and p will oscillate in time with circular frequency, w, and these 
quantities can be written as 

and 

m = mo{x) exp(i(>)f) 

P = Po{x) exp(ia)0 

where mo(x) and poix) are expressions for the spatial dependence and exp(ia)f) 
is the complex notation for the time dependence of these quantities. The term i 
is the imaginary constant, ( = V— 1. The simultaneous solution of Eqs. (5.8) 
and (5.9) with the duct outiet conditions expressed as a function of the duct inlet 
conditions is^: 

oiL A . w l \ 
— c in cos — 

c 
c wL 

i — sin — 
A c 

— sin — 
ic c 

OiL 
cos — 

c 

(5.10) 

By similarly proceeding around the circuit, the conditions across the various ducts 
can be established in terms of matrix equations of the same form as Eq. (5.10). 

A cavity is defined as a volume in the acoustic circuit for which Eq. (5.6) 
is not satisfied. The plenums above and below the core are cavities. The cavities 
can be described in terms of the natural frequencies and mode shapes of the 
volume enclosed by blocking all entrances and exits from the cavity. For example, 
the natural acoustic frequencies of a cylindrical, rigid-walled cavity are^: 

fjkl -
2TT 

-t-
J'" 

1/2 

for7, k, I = 0, 1, 2, 3, , (5.11) 

where 

/ = natural frequency of the mode described by integers j , k. and / 
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R = radius of the cavity 

L = length of the cavity 

c = speed of sound 

kki = a dimensionless parameter that describes the radial-circumferential 
dependence of the natural frequency and is tabulated in Ref. 2. 

By considering any ducts connected to the cavities to be point sources of 
mass and pressure, the duct acoustic equation can be coupled to the cavity acoustic 
modes resulting in an overall matrix equation for the sound in the reactor circuit: 

coefficient 
matrix 

(5.12) 

Once the sources of mass or pressure fluctuation are identified, then this matrix 
equation can be solved for the fluctuation in acoustic pressure throughout the 
reactor circuit. 

5-3B Acoustic Sources of Sound 

A single-stage axial fan (circulator) is shown in Fig. 5-4. Near the blades, 
the helium velocities are higher than anywhere else in the reactor. It follows that 
fluctuating pressures are usually large on the blades in spite of the considerable 
effort expended to reduce friction losses and turbulence levels in circulators. An 
ineducible minimum of turbulence is maintained in thin boundary layers that line 
the surfaces. Somewhat more important is the wake turbulence from rotors, which 
washes into the staters. Boundary layer and wave turbulence contain a broad range 
of frequencies. The resulting turbulence-induced fluctuating pressure spectmm is 
smooth and broad; however, there is a second component of the pressure spectmm 
due to periodic interaction of the blades and the staters. Figure 5-5 illustrates a 
typical pressure spectmm for a centrifugal fan. The blade passing frequency is 
the rate at which a rotor blade passes a single stator blade and is given by nN 
where n is the number of blades and N is the rotational speed. In Fig. 5-5, 
n = 19 and N = 1450 rpm, giving a blade passing frequency (BPF) of 460 Hz. 
Blade passage creates extremely periodic fluctuating pressures at whole multiples 
of the BPF, which are shown in Fig. 5-5 as lines in the spectmm. The rest of the 
spectmm is due to turbulence generated in wakes and boundary layers. The low-
frequency portion ef the curve is strongly influenced by the details of the test rig 
and instmmentation. 
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Fig. 5-5. Typical noise spectrum at circulator scroll outlet of the Dungeness B AGR during 
commissioning tests (Ref. 9). 

The total sound power is obtained by integrating the smooth curve in Fig. 
5-5, and then adding in the power contained in the spectmm lines. For example, 
a blower might radiate 20 W "broadband" plus 6, 2, 3, and 1 W at the first, 
second, third, and fifth BPFs, respectively. The total power radiated would then 
be 20 -I- 6 -I- 2 -I- 3 + 1 = 32 W. 

There are two common empirical formulas used to predict the total acoustic 
output of single-stage ducted blowers operating in air at standard temperature and 
pressure. Most widely used is the Peistmp and Wesler conelation. As conected 
by Beranek, it is usually stated as follows 10. 

(5.13) 
HP ,2 

sound power level = 93.3 -I- 17.7 logio .,o.i5 '^^ (""̂  10 watts) 

where dB represents decibels and HP is the blower power at the shaft in horse
power. A more revealing form of the relation is 

n^ = 1.8 X 10" Ul'' /V-«-^^ (air) (5.14) 

where the acoustic power, Ila, and blower power, Ub are both in watts. The 
second widely used formula is the Allen conelation": 

sound power level = 93 4- 10 logio (UPAP) dB (re 10"'^ watts) , (5.15) 

where AP is the total pressure change across the blower in inches of water. 
Experience has shown that these conelations can be in enor by as much as 10 dB. 
Accurate estimates can only be obtained from model tests or tests on a similar 
machine. 
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Once the power is obtained and an estimate of the spectra is made, usually 
from tests, the equivalent mean square pressure that the sound will radiate into a 
uniform duct can be estimated from: 

Ua Aip") 
-T- = - ^ ^ , (5.16) 
2 pc 

where A is the area of the duct, {p^) is the mean square oscillating pressure, p is 
the gas density, and c is the speed of sound. The factor of 2 has been introduced 
to allow for the fact that the power will be transmitted into both directions of the 
duct. Once {p^) is found from the above formula, an estimate of the frequency 
can be obtained from the spectra and an acoustic analysis of the sound propagation 
through the coolant circuit can be made using the technique described in Sec. 
5-3A. If a root-mean-square pressure pe is emitted in both directions, the source 
strength is ihcnps = 2pe. Using/?<• = Vip^ and Eq. (5.16) gives 

Ps = 2pe = /—-— . (5.17) 

5-3C Acoustic Excitation of Cover Plates 

A cover plate is a plate of uniform thickness that is fixed to the pressure 
vessel and holds a thickness of fibrous insulation between itself and the pressure 
vessel (see Fig. 5-6). The purpose of the insulation is to protect the pressure vessel 
from the high-temperature gas. The purpose of the cover plate is to hold the 
insulation in place and protect it from the flowing helium and, in particular, 
acoustic noise. 

Acoustic plate vibration analysis is generally made under the following sim
plifying assumptions: 

1. The acoustic pressure field is not influenced by the cover plate vibration 
with the exception that radiation damping of the cover plate is included 
in the analysis. 

2. The low-frequency components of the acoustic pressure field are com
pletely coherent over the surface of the cover plate. 

3. The acoustic pressure field is a stationary random process. 
4. The acoustic pressure is uniform over the surface of the plate. 

Rather than make a deterministic analysis of the cover plate response to each 
component of the acoustic pressure field, it is far simpler to apply random vibration 
theory to the cover plate. If the acoustic field is modeled as a nanow-band random 
process then, it can be shown that the cover plate root-mean-square displacement 
in response to an oscillating pressure at the plate natural frequency is' : 

<>-?> = 7 2 ^ 7 ^ ' (^-l^) 
C,w, {\i.h) 
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Fig. 5-6 Cover plates on the inner walls of the reactor pressure vessel 

(Y^) IS the mean square plate response in the i'th mode to the mean square pressure, 
{p ), which has been evaluated at the plate circular natural frequency, w,, which 
has damping t,,; JJL IS the density of the plate matenal, h is the thickness of the 
plate, and J, is the joint acceptance, which for a uniform pressure field is: 

J^ = iSz. dxdyf/{jz^ dxdyf , (5.19) 

where f, is the mode shape (displacement normal to the plane of the plate) of the 
j'th mode. The joint acceptance is a measure of the tendency of a mode to be 
acoustically excited. 

If an equivalent static pressure is defined that produces the same modal 
displacement when applied statically as does the dynamic pressure, 

Ps = -r^ , (5.20) 
i. 

then the maximum displacement of the cover plate due to an equivalent static load 
is 
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y. = ^ (5.21) 

in the /'th mode. It can be shown from thin plate theory that the natural frequency 
of a thin plate of modulus of elasticity, E, Poisson's ratio, v, and side length, L, 
can be expressed in hertz as^: 

X? / Eh^ ^"' 

where the dimensionless constant \ , is a function of the mode number, /, and the 
plate geometry, and p, is the density of the plate material. Similarly, thin plate 
theory can be used to express the maximum stress in the plate as a function of 
the maximum displacement of the plate: 

E h 
Sm = K2Y—^-^ym • (5.23) 

Substituting Eq. (5.21) into this equation to eliminate the variable ym and 
substituting Eq. (5.22) in turn to eliminate the natural frequency w = 2'ir/yields 
the maximum stress in the plate as a function of only the equivalent static pressure, 
Ps, the plate thickness, h, the plate length, L, and the nondimensional factors: 

\2KiK2J\ L \ 
5 . = ( - ^ j p . ( - j . (5.24) 

This equation implies that the stress in the cover plate is substantially in
dependent of the plate material. The dimensionless factors Ki, K2, Ji, and \f are 
ordinarily evaluated from finite element analysis since the complexity of most 
cover plates precludes a closed form solution. The factors are determined by 
applying Eqs. (5.19) through (5.23) to the output of the finite element analysis 
with L chosen as a characteristic plate length, typically the length of one side of 
the plate. Once Ki, Ki, J„ and xf are identified, the Sm can be set equal to the 
stress allowable for the plate material high cycle vibration (vibration in excess of 
10^ cycles) and Eq. (5.24) can be solved for the permissible ranges of plate 
thickness and plate length. Note from Eq. (5.24) that the stress declines as the 
plate is thickened {h increases) or its area is reduced (L decreases). 

5-4 Thermal Stress Analysis 
5-4A General Aspects of Thermal Stress and Strain 

Nearly all materials expand as they are heated as the result of the thermal 
energy of atoms vibrating about their equilibrium positions in the crystal lattice. 
The thermal expansion is single valued and reversible for heating to temperatures 
well below the melting temperature. As the temperatures approach the melting 
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temperature, the material begins to creep and a permanent deformation results. 
With relatively amorphous, isotropic materials, such as cast or forged metals, the 
expansion is almost independent of direction, while for highly anisotropic ma
terials, such as various forms of graphite, the expansion is a function of orientation 
relative to the crystal lattice. 

If the length of a stmctural element at temperature, T, is u(Ti), and at 
temperature T2 its length is u(T2) with T2 > Ti, then the thermal strain is defined 
as the fractional increase in the original length: 

u{T2) - ujTi) 
uiTi) 

(5.25) 

This expansion is ordinarily specified in terms of the slope of the expansion 
curve using the instantaneous coefficient of thermal expansion. 

dujT) 

udT 
(5.26) 

It may also be specified in terms of the thermal strain due to heating above 
a reference temperature using the mean coefficient of thermal expansion. 

0L„ 
u{T) - u{T,e{) 

{T - r,ef)«(T,ef) 
(5.27) 
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Fig. 5-7. Instantaneous coefficients of thermal expansion for several common alloys. 
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Both a,nst and Wmean are functions of temperature and material expressed in 
mm/mm-°C. Figure 5-7 shows the instantaneous coefficient of thermal expansion 
for several stmctural metals used in the high-temperamre gas-cooled reactor (HTGR). 
The coefficients are taken from the American Society of Mechanical Engineers 
Boiler and Pressure Vessel Code. Note the large differences between the various 
materials and that the coefficients vary with temperature. Thus it is not sufficient 
in general to apply a single coefficient of thermal expansion regardless of tem
perature. 

5-4B Thermal Stress 

For small thermal strains, the equations describing the relationship between 
stress and strain in a homogenous elastic media are'^''': 

e, - aAT = - [CT, - v (CT̂  + CT*)] 
b 

for /, j,k = \, 2,3 mdi + j + k , (5.28) 
where 

E, = normal strain in i direction 
CT, = normal stress in / direction 
E = modulus of elasticity 
a = coefficient of thermal expansion 

AT = difference between strain free temperature and temperature of interest 
V = Poisson's ratio. 

A solution to these equations for the stress-free case is 

e, = aAT 
„ n - ' (5.29) 
CT, = 0 

e.g., if a material is heated to a uniform temperature and no restraint is placed 
on the material, then the material freely expands stress free. 

Thermal stress is induced in a homogenous material only if (a) the material 
is restrained from expanding or (b) if the temperature field is nonlinear. If the 
material is restrained from expanding in the direction /' = 1 but is otherwise free, 
then the solution to Eq. (5.28) gives a thermal stress: 

CTi = - EaAT , 

CT2 = CT3 = 0 , 

£ 1 = 0 , (5.30) 

and 

62 = 63 = (1 -h v)aAT . 
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Solutions to Eq. (5.28) for two and three degrees of restraint are given in Table 
5-III. Note that the stress increases with the degree of restraint. These simple 
restraint solutions are useful for bounding thermal stresses due to a given tem
perature difference. For example, if a coolant hot streak induces a hot spot in a 
thermal barrier plate, then the local thermal stress can be estimated by considering 
that the cool portion of the plate restrains the hot spot in two dimensions. 

Thermal stress is induced in heat-conducting members as a result of both the 
temperature variation through the member and the restraint provided by the member 
itself. The temperature variation through the wall of a tube that is heated on one 
wall and cooled on the other is logarithmic. However, for thin-walled tubes, the 
deviation from a linear distribution through the wall is slight and the tangential, 
t. and longitudinal, z, stresses at the inner and outer tube wall are'^: 

oiEiTo - T,) 

2(1 - V) 
(5.31) 

where To is the temperature of the outside tube wall and T, is the temperature of 
the inside wall. If the outer wall is heated and the inner wall is cooled, then the 
outer fibers are forced into compression and the inner fibers are in tension. 

Thermal stress can result from heat generation within a member. A fuel pin 
may be modeled as a solid cylinder of radius R with uniform heat generation q'" 
per unit volume. If the fuel pin is cooled externally, then the temperature of the 
fuel pin decreases quadratically from the center to the surface at temperature Ts 
(see Sec. 3-4D): 

in 

T - Ts = j-(R^ - r^) , (5.32) 
4k 

where r is radial distance from the axis of the fuel pin and k is the thermal 
conductivity of the fuel pin. The conesponding stresses in the fuel pin radial, 
tangential, and axial directions are (Ref. 13, p. 568): 

ir' - R') 

(3r' - R') 

- " l^^n , ( 4 r ' - 2 / ? 2 ) . (5.33) 
16A:(1 — v) 

At the surface r = R, the tangential and axial stresses are a maximum: 

aE4"R' a£ATn,ax 
8A:(1 — v) 2(1 — v) 

For a given intemal heat generation rate, q'", the thermal stress is proportional to 

O'rr — 

o'ee — 

oEq'" 
I6k(\ -

oEq'" 

\6k(\ -

oEq'" 

v) 

v) 
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TABLE 5-III 
Thermal Stress* 

1 

2 

3 

4 

One-dimensional restraint 

n-dimensional restraint 

Thin-walled tube with outside wall temperature, 
To, and inside wall temperature, T, 

Solid cylinder with heat generation, q'", per unit 
volume and conductivity, k 

(Tmax = -£a(7"2 - 7"l) 

- £a (7 -2 - 7-,) . , , 
CTmax - , , ,, -, n - 1, 2, 3 

1 - (n - l)v 
OiE(To - T,) 

"•^^ " 2(1 - V) 

cxEq"'R^ ofAT-niax 

"""" mi - V) 2(1 - V) 

*From Refs 13 and 14 

OLE 
the material parameter . These stresses are tensile. Note that the expres-

k(l - v) 
sion for these thermal stresses is comparable to that of a thin tube heated on one 
side and cooled on the other [Eq. (5.31)]. 

In all problems of heat generation and heat conduction, the temperature 
difference and hence the stress is inversely proportional to the conductivity k and 
proportional to the heat flux. Thus by choosing materials of high conductivity or 
alternately by minimizing heat flux, thermal stress can be minimized. For example, 
welds between two different metals are prone to failure due to thermal stress and 
material degradation at the interface. The welds can be protected to a degree by 
placing them in regions of stagnant fluid so that there is no heat transfer—hence, 
no temperature gradient and associated thermal stress—through the weld. 

5-4C Strength of Materials Under Thermal Stress 

Low-Temperature Analysis 

Below ~450°C, creep and creep mpture effects are usually negligible in 
steels and nickel-chromium-iron alloys used in HTGRs. The loads placed on 
pressure vessels are categorized into primary and secondary stresses. Primary 
stresses include membrane stresses, such as those due to intemal pressure, and 
bending stresses. These primary stresses will produce gross distortion or failure 
if sufficient thickness is not provided. Thermal stresses are secondary stiesses. 
Secondary stresses can produce only limited strain. As a consequence, the allow
able stress resulting from secondary (thermal) stress may be much higher than 
that allowed from primary stress. 

Consider the stress/strain diagram for an idealized elastic, perfectly plastic 
material shown in Fig. 5-8. The stress is proportional to strain, CT = Ee, where 
E is the modulus of elasticity for all stresses in the range - CT^, < CT < CTy and CTJ, 
is the yield stress. Higher stress produces strain but no greater stress. Thus, if a 
primary stress exceeds Uy, the stmcture must fail as the material yields until it 
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STRAIN e 

Fig 5-8 Thermal cycling at low temperatures 

mptures Consider a case where the matenal is loaded elastically to point 1 on 
Fig 5-8 by pnmary stress Since this is well below yield, the matenal will not 
fail Now the matenal is heated to a thermal strain, Ae, i = aAT The matenal 
yields plastically to point 2 Yielding stops at this point because of the self-limitmg 
nature of thermal strain If the matenal now cools to its onginal temperature, a 
negative increment of thermal strain, AE,2 = —aAT, develops The matenal 
returns elastically and then deforms plastically to point 3 on Fig 5-8 Further 
thermal cycling traces out the 2 to 3 cycle Thus, the matenal expenences a steady 
limited cycle If the thermal strain is less than twice the yield strain, CT, < 2CTV, 

the matenal undergoes a purely elastic cycle with no plastic deformation regardless 
of the initial starting point Thus, to avoid failure, the limit on pnmary stress is 
the yield stress and the limit on the thermal stress range is twice the yield stress 
for an idealized elastic, perfectly plastic matenal 

Real matenals can withstand some repeated plastic deformation Thermal 
fatigue life can be expressed as a function of the total plastic strain range per 
cycle by the Coffin-Manson relationship 16 17 

N"^AEp = F(T) (5 35) 

where N is the number of cycles to produce failure at a plastic strain range of 
AEP The lower the number of cycles, the greater the plastic strain range to produce 
failure 
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High Temperature 

As the temperature of metallic components is increased beyond 450°C, the 
yield stress rapidly decreases to the point where it is not practical to design 
stmctures in the purely elastic stress ranges. Some degree of plastic deformation 
is permissible in high-temperature reactor metallic stmctures. However, in the 
high-temperature plastic range, materials are subject to continual elongation to 
mpture as a result of two phenomena called "ratcheting" and "creep." 

Ratcheting is the result of both thermal stress and a mechanical load. A two-
bar linkage model of ratcheting is shown in Fig. 5-9. Each bar has its own 
temperature history but together they support the mechanical load P. This linkage 
could represent the inner and outer fibers of a tube wall. The ratcheting sequence 
is: 

1. Both bars are at the same temperature and they bear in tension the load 
P conesponding to the elastic tensile stress CT. 

2. Bar 1 is cooled while bar 2 is maintained at its same temperature. As 
bar 1 attempts to contract, it experiences an increasing tensile stress. 
The stress passes the tensile yield stress and yields in tension. At the 
same time the stress in bar 2 becomes compressive. 

3. Bar 2 now cools, and it develops tensile stress and yields in tension. 
4. Now both bars are returned to the condition of step 1. But now, since 

both bars have yielded in tension, the linkage is longer than at step 1. 
Repeating the cycle will again incrementally increase the elongation. 
The cycle is ineversible because of the tensile load P. This is called 
"ratcheting" and eventually it must lead to failure. 

The regimes where materials creep or ratchet are dependent on temperature, 
stress, and material properties. They are further discussed in Refs. 18 and 19. 
Creep in reactor fuel elements is discussed in Ref. 20. 
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Fig. 5-9. Simple example of conditions leading to elevated temperature ratcheting. 
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NOMENCLATURE 

Symbol 
A 
c 
D 
d 
E 
F 

f 
h 
1 

J 
K 
k 
L 
M 
m 
N 
n 
P 

P 
4" 
?k 
R 
r 
S 
T 
t 
U 
u 
X 

Y 

y 
z 

= duct cross-secuonal flow area 
= velocity of sound in gas 
= charactenstic dimension (e g , cylinder diameter) 
= equivalent hydraulic diameter of duct 
= modulus of elasticity 
= function of plastic strain [Eq (5 35)] 
= frequency 
= plate thickness 
= imaginary number V - 1 
= joint acceptance [Eq (5 19)] 
= dimensionless constant 
= thermal conductivity 
= body or cavity charactenstic length 
= molecular weight 
= body mass per unit length, gas mass flow 
= rotation speed of circulator, number of strain cycles 
= number of circulator blades 
= load 
= sound pressure 
= volumetnc heat generaUon 
= universal gas constant [Eq (5 5)] 
= cavity radius 
= radius 
= stress 
= temperature 
= time 
= fluid velocity 
= displacement 
= coordinate direcUon 
= vibration amplitude 
= coordinate direction 
= coordinate direction, mode shape 

Greek 
a = coefficient of thermal expansion 
7 = ratio of gas specific heat at constant pressure to specific heat at constant 

volume 
A = difference 
e = strain 
I, = damping factor 
X. = wave length of sound, eigenvalue of cavity natural frequency 
(i = fluid dynamic viscosity, plate density 
V = Poisson's ratio 
n = acoustic power 
p = fluid density 
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<j = stress 
(I) = circular frequency 

Subscripts 
I, J, k = coordinate direction 
J, k, I = mode integers 
rr, QQ, zz = radial, circumferential, and axial direction, respectively 
t = tangential 
0 = reference value 
1, 2, 3 = coordinate directions 
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6 

HTGR DESIGN BASES 

This chapter is an overview of the main design features of high-temperature 
gas-cooled reactors (HTGRs) and their design bases. After some discussion of the 
HTGR fuel cycle and fuel management, the choice of materials for the HTGR is 
considered. Properties of graphite, coated particles, fuel rods, control rod mate
rials, and primary circuit materials are presented. Finally, the thermal design bases 
for HTGR cores are given. This chapter serves as an introduction to Chapter 7, 
which deals with the detailed configuration of the core and the thermal design. 

6-1 HTGR Design Features 
The HTGR was originally conceived as a nuclear heat source capable of 

providing the high temperatures necessary to obtain modem steam conditions for 
electricity generation and, at the same time, capable of extending the applications 
of nuclear power to high-temperature industrial processes. The use of thorium as 
a fertile material, rather than ^^^U, has also been proposed since the beginning 
in order to match the extended fuel element lifetime inherent in the moderator-
diluted design with the excellent neutronic properties of the bred ^̂ ^U fuel. Graph
ite was chosen as the moderator, fuel containment material, and core stmcture 
because of its good neutronic, irradiation, and high-temperature properties, and 
helium as the coolant was prefened since helium is inert, does not interact with 
neutrons, and has satisfactory heat transfer and transport properties at modest 
pressures, say, ~2 to 5 MPa (20 to 50 atm), with acceptable pumping power. 
Finally, the development of the impervious coated particle fuel has led to very 
high bumups (100 to 200 MWd/kg) and a clean primary circuit without a metallic 
fuel cladding or even a fission gas purging system as in the Peach Bottom HTGR. 
The safety features of the HTGR resulting from its high-temperature capabilities 
and the large thermal inertia of its graphite stmctures are further increased by the 
utilization of a prestressed concrete reactor pressure vessel (PCRV) to contain the 
whole primary system for all large HTGR systems. 

The basic HTGR concept has a number of variants for its fuel cycle, fuel 
design, thermodynamic cycle, and industrial applications. The reactor can utilize 
highly enriched ^̂ ^U with thorium as the fertile material, or it can operate on a 
low-enriched uranium cycle. Makeup fuel, to supplement recycle ^ '̂'U for the 
thorium cycle, could be •̂'̂ U, ^^^Pu, or preferably ^̂ ^U coming from other HTGRs 
or from fast breeders. The fuel elements could be cylindrical, as in the Dragon 
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or Peach Bottom reactors; spherical, like the pebbles in the AVR and THTR 
reactors; or prismatic, as in the Fort St. Vrain power station. The detailed design 
of the fuel elements and coated particles can be readily modified in order to reach 
specific goals, such as an increase in the outlet temperature or the conversion 
ratio. 

Up to now, electricity generation with nuclear energy has been provided by 
steam cycle systems. Increased cycle efficiency and modem steam conditions may 
be obtained from advanced nuclear systems, breeders, AGRs, and of course 
HTGRs. The high helium outiet temperature in the HTGR has allowed a consid
erable reduction in the required boiler surface, even for modem steam conditions 
of 520 to 540°C. Typically, the power per unit boiler surface area has increased 
by a factor of 4 from the Magnox to the AGR, and by another factor of 2.5 for 
the HTGRs. Further improvements in steam conditions and/or a drastic reduction 
in steam generator surface area are not economically justifiable in HTGR systems, 
but a different type of power cycle deriving real benefits from the high-temperature 
source, namely, the gas turbine, could be an ideal match for the HTGR core. 
Instead of exchanging its heat with water and steam in a steam generator, helium 
leaving the reactor may be expanded in a closed-cycle gas turbine that drives both 
a helium compressor and a generator for electricity production. Potential advan
tages of this advanced system, which is described in Chapter 8, are its compact
ness, since the steam plant is eliminated; its potential for high thermal efficiency 
with the higher top gas temperatures obtainable from HTGR cores; and also the 
fact that its high reject heat temperature greatly facilitates the use of dry cooling 
towers. 

Besides elechncity generation, with either a steam cycle or a direct gas turbine 
cycle, the HTGR could be utilized to broaden the applications of nuclear energy 
to a number of industrial processes. Because of the low temperatures of light 
water reactors, their industrial applications are limited to the production of low 
quality steam, or the use of reject heat for district heating, at the cost of a decrease 
in plant efficiency. High-temperature and high-pressure steam available from HTGRs 
with proven operating conditions could be utilized in a number of industries, such 
as chemical plants, pulp and paper plants, and oil refineries, or for tar sand mining 
or in situ recovery of tar sands, or for cogeneration of electricity and steam. As 
is seen in Chapter 9, the higher helium temperatures obtainable from HTGR cores, 
for example 950°C in the AVR system, would make possible the production of 
synthetic gaseous and liquid fuels from coal, and even direct production of hy
drogen by thermochemical decomposition of water. These unique capabilities of 
the HTGR system could significantiy extend the applications of nuclear energy 
to 75% of the total U.S. energy requirements above and beyond electric power 
generation. 

6-2 HTGR Nuclear Fuel Cycle 
From a nuclear analysis viewpoint, the HTGR core is characterized by a 

semi-homogeneous design (where the fuel particles are dispersed in the graphite 
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moderator), by the absence in the core of metallic materials that could absorb 
neuti-ons, and by the use of both highly enriched ^̂ ^U and bred (or recycle) ^'^U 
as the fissile material, with ^^^Th as the fertile material. The helium coolant has 
insignificant interaction with the core neutronics, and with low impurities, it does 
not become activated. The thorium cycle was chosen initially because of the 
neuti-onic properties of ^^^U, which is the best fissile material for thermal reactors, 
— 10% more neutrons per absorption than ^^^U. Graphite was chosen as the mod
erator (and reflector) material because of its excellent stmctural and thermal prop
erties at high temperatures, good inadiation behavior compared to BeO (Refs. 1 
and 2), and its much lower cost. The optimum conversion ratio with BeO mod
eration and ^̂ ^U fuel is —10% higher than for graphite, but the C/̂ ^̂ U system 
could also lead to a conversion ratio close to unity if needed, and graphite is a 
satisfactory moderating material. 

The conventional fuel cycle in all existing HTGRs utilizes 93% enriched 
^̂ ^U as the fissile material and ^̂ ^Th as the fertile material. Some of the ^"U 
bred in ^^^Th is used (burned) in situ, i.e., produces fissions together with ^^^U. 
At the end of a cycle, typically 4 to 6 yr, the fuel removed from the reactor still 
contains a sizable amount of ^^^U, which can be either stored or recycled in the 
reactor, and a mixture of ^̂ ^U and '̂ ^^U, which can be sold or recycled once. 
The use of two different sizes of coated particles, for instance 0.46 to 0.57 mm 
for the fissile particles and 0.71 to 0.82 mm for the fertile particles, facilitates 
separation of fuels during reprocessing. In an equilibrium recycle condition, one-
quarter or one-sixth of the core would be replaced every year by fuel containing 
recycle ^^^U, with some makeup ^̂ ^U (93% enriched) since the conversion ratio 
of the reactor is <1 (i.e., more fuel is consumed than is produced). The most 
desirable mode of operation in the HTGR involves ^^'U recycle because of the 
neutronic advantage of ^̂ ^U in thermal spectmm reactors, as shown in Table 
6-1 (Ref. 3). The quantity iieff is the average number of fission neutrons produced 
per neutron absorbed in the fissile material, while Tieff - 1 indicates the number 
of neutrons available for purposes other than just maintaining the chain reaction. 
As can be seen, the excess neutron production capability of ^̂ ^U is 25% better 
than that of ^̂ ^U and - 4 5 % better than tiiat of ^^'Pu. The relative value that a 
reactor operator could afford to pay for bred fuels is found to be substantially 
higher for ^"U than for ^̂ ^U (see the last column of Table 6-1). In the "reference" 
fuel cycle, the bred ^̂ ^U is recycled continuously while the discharged feed 
uranium, now —30% enriched, is recycled once more through the reactor. After 

TABLE 6-1 
Relative Neutron Production Capabilities for ^^^U, ^^^U, and ̂ ^̂ Pu 

Relative Value as 
Isotope iieff ineff-1 Fissile Material 

" ' U 2.25 1.25 1.4 
^"U 2.00 1.00 1.00 
^''Pu 1.85 0.85 0.8 
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an additional reactor cycle, the recycle '̂'̂ U enrichment is only —4%, the re
mainder being largely ^^^U. The fuel value of this retired ^35^^236^ j^jj^ture is 
assumed to be zero. 

Over the lifetime of a given plant, the HTGR fuel cycle could include several 
modes of operation,'*"^ for example: 

1. Nonrecycle. The fuel loaded in the reactor consists of enriched ^̂ ^U and 
^^^Th. Spent fuel removed from the core is placed in storage to await 
reprocessing, re fabrication, and recycle. 

2. Recycle operation. The fuel removed from the core is reprocessed and 
the ^̂ ^U is fed back into the reactor together with highly enriched ^̂ ^U 
makeup. 

Besides the different strategies for the ^^^U/^^^Th/^^U cycle, other HTGR cycles 
with different types of fissile and fertile materials have been proposed; for instance, 
a low-enrichment ^^^U/̂ ^^U cycle proposed in Europe (refer to Table 2-III). 

For a given type of fuel cycle, the most important independent fuel man
agement variables are the moderator-to-fertile material ratio (C/Th), power density, 
and fuel lifetime. The fissile loading in the initial core and for reloads is determined 
by criticality and bumup requirements for a given value of C/Th. A reduced 
thorium loading leads to a reduction of two components of fuel cycle cost: reduced 
working capital costs because of a smaller fissile inventory, and reduced fabrication 
and reprocessing costs because of smaller fertile and fissile loadings. However, 
fuel depletion costs will be increased because of the resultant lower conversion 
ratio, and higher power peaking factors lead to high fuel temperatures. 

The product of power density and fuel lifetime is proportional to the fast 
fluence, limiting for neutron inadiation damage. A lower power density will permit 
a longer fuel lifetime for a given design limit. For instance, a 6-yr fuel lifetime 
and 6 W/cm^ average power density for the Fort St. Vrain reactor core lead to 
about the same maximum fast fluence as that of the fuel for large HTGR designs 
with a 4-yr lifetime and 8.4 W/cm^ density. An increase in power density would 
decrease both capital costs and fuel cycle costs for the same fuel lifetime and 
C/Th; but the fast fluence would be increased and new design criteria (or other 
materials) would be required. Obviously, the detailed design of the fuel element, 
i.e., the relative number of coolant holes and their size in the prismatic block 
design,^ has to be adjusted to the chosen value of the power density for a given 
maximum fuel temperature. 

Semiannual refueling would lead to a gain of up to 0.05 in the conversion 
ratio because of the reduction in reactivity, which has to be compensated by 
bumable poisons. A shorter fuel lifetime slightly increases the conversion ratio, 
by —0.02 from a 4- to a 3-yr lifetime because of the decrease in fission product 
poisons held in the core. A reduction in power density leads to an increase in the 
conversion ratio because of better neutron thermalization (added moderator) and, 
more importantly, because more volume is made available for heavier fuel load
ings. The conversion ratio increases from 0.66 to 0.74 when the power density 
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is decreased from 8.4 to 6 W/cm^. Obviously, the plant must be designed for a 
given power density, since it involves both reactor core dimensions and coolant 
conditions, such as pressure drop. Thus the capital costs of the plant must be 
included in the economic optimization studies of the fuel cycle. 

Since only a fraction of the core is replaced every year (one-sixth in Fort St. 
Vrain, one-quarter in other designs), at any time the core contains a distribution 
of fuel of different ages. The fissile density of new fuel being higher than the 
core average, the fission power density is also higher than average, leading to a 
higher fuel temperature in the new fuel compared to the average fuel. This effect 
is called the "age peaking factor," which is increased by a long fuel lifetime and 
a high C/Th ratio, both of which lead to lower conversion ratios and therefore a 
larger relative difference in the fission rate in fuel of different ages (see Chapter 7). 

Studies of various possible fuel cycles have shown the great flexibility avail
able to HTGRs, which may be designed for different cycles without major changes 
or even adapted to accept different fuel cycles during the reactor lifetime.* For 
instance, it is possible to start an HTGR on a low-enriched uranium cycle (i.e., 
<20% enrichment) and gradually switch it over to the thorium cycle after several 
years of operation. A low-enriched uranium cycle could be designed for the same 
conditions as the thorium cycle, i.e., same outer dimensions of prismatic fuel 
block, same coolant flow area, same temperatures and power density, and same 
overall core dimensions and number of control rods. The detailed design of the 
coated particles, fuel sticks, coolant holes, fuel lifetime, and fuel loadings will 
obviously be different for the two cycles. For instance, the low-enriched uranium 
cycle benefits from a more heterogeneous fuel anangement and higher moderation 
leading to a fewer number of fuel rods (or bodies) with an initial ^̂ ^U enrichment 
of - 6 % . 

6-3 HTGR Materials 
Overall plant design optimization includes choice of coolant flow, pressure, 

temperature, pressure drop, fuel and fuel element geometry, core dimensions, etc. 
Some basic decisions have to be made from engineering judgments or safety 
arguments, and other limitations arise from the properties and inadiation behavior 
of the chosen core materials. Even though helium is chemically inert, the level 
of impurities must be kept low enough to prevent significant reactions with ceramic 
materials in the core, or metals in the primary coolant loop. The top helium 
temperature is limited, generally by the metallic parts in the primary system. The 
graphite moderator and stmcture must be designed in such a way as to minimize 
thermal and radiation-induced stresses and the radiation-induced dimensional changes 
must be limited to acceptable values, so as not to introduce unacceptable defor
mation in the core. Fuel elements and coated particles are subject to bumup and 
temperature effects and must be able to last their design life without unacceptable 
damage or release of fission products. Even for steady-state reactor operation, a 
detailed time history of the temperature and flux distribution in the core is needed 
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to study its behavior, i.e., temperatures and stresses. Furthermore, transient be
havior must be understood in order to verify that no damage to fuel elements or 
stmctures is done, for instance, by repeated scrams. Finally, safety design margins 
must be established in the thermal and mechanical design so that accidental con
ditions could be sustained without damage to the system and, of course, to the 
public. 

After basic choices have been made for the gaseous coolant and metals in 
the primary system, design criteria have to be set for the coolant chemistry, the 
type of graphite, the fluence, temperatures and stress levels, and the detailed fuel 
composition, geometry, and operating conditions. Experiments in- and out-of-pile 
under representative conditions and experience with actual reactors since the mid-
1960s have yielded a great wealth of data on the behavior of fuels, the moderator, 
and stmctural and other materials for HTGR applications. 

6-3A Graphite 

In HTGR cores, graphite is used as a stmctural material, i.e., for core support 
columns, the reflector, and of course also as the main stmcture of the prismatic 
(or spherical) fuel elements. Graphite has been used in nuclear reactors from the 
very beginning, so a great deal of information on the properties of graphites for 
nuclear applications is available, particularly from France, West Germany, the 
United Kingdom, and the United States.'°'" The graphite temperature was limited 
to —300 to 400°C for the early reactors and stored energy created by fast neutron 
inadiation was a serious problem. For advanced graphite-moderated reactors like 
HTGRs, graphite temperatures during operation range from 350 to 400°C to 1200 
to 1300°C and little energy is stored, but inadiation effects by fast neutrons cause 
dimensional changes, changes in thermal conductivity, and inadiation-induced 
creep.^ Nuclear graphites are of three basic types, according to the selection of 
filler cokes and processing, which determine the crystalline stmcture and the 
associated porosity and, therefore, the properties and inadiation behavior: ani
sotropic petroleum needle-cokes, near-isotropic petroleum or Gilsonite cokes, and 
high-strength isotropic graphites. While the first two kinds can be manufactured 
in large quantities at relatively low cost, the third kind cannot be manufactured 
in large quantities and is more expensive. 

Dimensional changes of graphite at high temperature due to fast neutron 
inadiation given in Fig. 6-1 show the great difference in behavior of isotropic 
and non-isotropic graphites. Since the graphite moderator in HTGRs is replaced 
with the fuel elements every 4 to 6 yr, the maximum fast neutron fluence is on 
the order of 8 x 10 '̂ n/cm^ (E > 0.18 MeV) or 11 x 10^' n/cm^ (E > 0.05 MeV). 
For near-isotropic graphite (H-451), a shrinkage is first observed to increase with 
increasing fluence and temperature, both parallel and perpendicular to graphite 
extmsion, to —1 to 1.5% Al/l at 1000°C. Then the shrinkage decreases and 
eventually becomes expansion with increasing fluence. For needle-coke graphite 
(H-327), the shrinkage parallel to the extmsion direction increases with fluence 
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FLUENCE X 10-" n/cm', f > 0.050 MeV 

Fig. 6-1. Dimensional changes versus fast neutron fluence at 1000 to 1200°C for needle-
coke, near-isotropic (or Gilsonite coke), and high-strength isotropic graphites. 

and temperature (above ~700°C), up to - 5 % Al/l at 8 x 10^' n/cm^ (E > 
0.18 MeV). But for this graphite, dimensional changes perpendicular to extmsion 
could be either shrinkage or expansion depending on fast fluence and inadiation 
temperature as shown in Fig. 6-2. 

Desirable properties in core graphites are: minimal dimensional changes, high 
thermal conductivity in the radial direction (for good heat transfer from fuel rod 
to coolant), low thermal expansion, low elastic modulus, high tensile strength, 
low impurity content, and acceptable oxidation resistance. The graphite should 
also be relatively inexpensive and readily machinable. Developments in Europe 
and in the United States in the 1970s with near-isotropic graphites indicate sat
isfactory behavior for use in HTGRs.'^ 

Thermal conductivity values in the radial direction are comparable for needle-
coke graphite and for near-isotropic graphite. They are found first to decrease 
with increasing fast fluence and then remain constant up to values of 7 to 8 x 
10^' n/cm^ (£• > 0.18 MeV). As can be seen in Fig. 6-3, the thermal conductivity 
of uninadiated graphite decreases with increasing temperature, from —83.5 
W/m-°C at 500°C to 48.1 W/m-°C at 1400°C. This trend is reversed after inadiation 
at —10 '̂ n/cm^, and the thermal conductivity increases from 25 W/m-°C at 500°C 
to - 4 2 W/m-°C at 1400°C for fluences from - 4 to 8 x 10^' n/cm^ It must be 
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Fig 6-2 Needle-coke graphite (H-327) dimensional changes in (a) parallel and (b) perpen
dicular directions 
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Fig. 6-3. Thermal conductivity of (a) H-327 graphite and (b) H-451 graphite, both perpendicular 
to extrusion, as a function of irradiation temperature and fluence. 

remembered that, in an HTGR fuel element, the graphite temperatures change 
with time because of variable rates of heat generation. 

The values of the thermal expansivity (or coefficient of thermal expansion) 
of graphite are needed to calculate dimensional changes due to temperature in 
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both radial and axial directions and also for thermal stress calculations The thermal 
expansion in the perpendicular direction, which depends on the graphite type, 
increases with increasing temperature as shown in Fig 6-4 The coefficient of 
thermal expansion in the perpendicular direction remains nearly unchanged by 
fast neutron inadiation The specific heat of graphite, quite important for transient 
response of HTGR cores, is found to be an increasing function of temperature as 
shown in Fig 6-5 Graphite thermal emissivity is needed for calculations of 
radiation heat transfer, for instance, across the gap between fuel rod and fuel 
holes, or for safety studies Graphite emissivity for unpolished surfaces is generally 
found to be 0 85 to 0 90 

Both ultimate tensile strength and Young's modulus increase with increasing 
fast neutron fluences up to —3 x 10^' n/cm^ for H-327 and H-451 graphites a 
30 to 60% increase in strength at inadiation temperatures increasing from 650 to 
1350°C, with a conesponding 60 to 130% increase in modulus Average minimum 
tensile strength values for fluences up to —3 x 10^' n/cm^ at 860 to 1080°C were 
found to be 

H-327 parallel 14 6 ± 1 95 MPa 
H-327 perpendicular 6 65 ± 1 35 MPa 
H-451 parallel 16 35 ± 1 85 MPa 
H-451 perpendicular 18 25 ± 1 85 MPa 

Thermally induced creep of graphite is significant only above 2000°C, but 
inadiation-induced creep becomes important at temperatures as low as 300°C 
The transient creep strain and the steady-state creep constant both increase with 
increasing inadiation temperature over the interval 500 to 1200°C For different 
graphites, these values are nearly inversely proportional to Young's modulus 
Creep strains up to 2 5% in tension and 5% in compression have been reported 
But compressive creep in isotropic graphites appears to stop when the strain reaches 
2 to 3%, and more expenmental data are still needed 

6-3B Coated Particles 

All HTGR fuels are based on the coated fuel particle concept in which a 
small kernel, consisting of oxides, carbides, or oxycarbides of heavy metals (^^^h 
or ^'^U as fertile matenal, ^^^U, ^^^U, or ^̂ ^Pu as fissile matenal), is coated with 
a number of layers, typically two to four, of ceramic matenals, i e , pyrolytic 
carbon (PyC) or silicon carbide (SiC) Two mam types of coated fuel particles 
have been developed 

1 BISO particles The heavy metal kernel is first coated with an inner 
buffer layer of low-density PyC to attenuate the recoils of fission products 
and provide enough void to accommodate fission gases and the swelling 
of the fuel kernel An outer layer of dense isotropic PyC provides high-
temperature containment for fission gases and mechanical strength for 
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Fig. 6-4. Thermal expansion design curve for H-327 and H-451 graphite and a fuel rod. 
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Fig. 6-5. Specific heat of graphite and fuel rods as a function of temperature. 
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BISO TRISO 

Fig. 6-6. Reference thorium cycle HTGR fuel particles irradiated beyond peak design expo
sure. 

the particles. However, the more volatile fission product metals such as 
cesium and strontium will gradually diffuse through the PyC layers over 
a long period of time. In operating HTGRs such as the Peach Bottom 
reactor, it has been found that a fraction of the cesium and strontium 
diffusing out of the fuel rods is usually held in the graphite structure of 
the fuel element. 

2. TRISO particles. A thin layer of SiC is deposited on the first layer of 
dense PyC to stop the escape of all metallic fission products from the 
particle. An outer layer of dense isotropic PyC provides mechanical 
support to the SiC layer and acts as backup containment. 

Typically, TRISO particles are used in HTGRs for fissile fuel kernels, which 
consist of 93% enriched ^̂ ^U carbide (UC2) or of UCO (chosen more recently), 
while BISO coatings may be used for fertile particles of Th02. Figure 6-6 shows 
pictures of the two types of particles after irradiation, with their characteristic 
dimensions.'^ Typical operating conditions for HTGR fuel are given in Table 
6-II. A large number of in- and out-of-pile tests have shown that performance of 
coated particles is generally limited by four mechanisms: 

1. Kernel migration or "amoeba effect!' Fuel kernels have a tendency to 
migrate toward the hot side of the particle in a temperature gradient. 
Generation of heat within a fuel rod with cooling at the outside induces 
a temperature gradient between the hotter center and cooler outer surface. 
As the kernel moves through the PyC buffer layer into the structural 
PyC or SiC layers, the particle coating is weakened. 

2. High coating stresses. High coating stresses, which may lead to failure, 
are related to the particle geometry and irradiation effects. Failure of the 
composite pressure vessel could occur because of increasing fission gas 
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TABLE 6-11 
Service Conditions for 3000-MW(t) HTGR Fuel 

Fuel temperature (°C) 
Fuel rod thermal gradient (°C/cm) 
Power density 

Fuel rod (kW// fuel rod) 
Fuel particle (W/particle) 

Fuel rod linear heat rate 
(1 6 cm diameter) (W/cm) 

Fast neutron fluence (n/cm^) (£ > 0 18 MeV) 
Bumup 

Fissile (% fima") 
Fertile (% fima) 

Maximum 
1350 
340 

120 
0 1 

230 
8 X 10^' 

78 
7 

Average 
850 
120 

43 
0 02 

82 
5 X 10^' 

72 
4 

^Fissions of initial metal atoms 

pressure and coating densification Coating stresses are influenced by 
design parameters, kemel diameter, coating dimensions and properties, 
and by reactor parameters, particle temperature, neutron fluence, and 
heavy metal bumup in the kemel "* Inadiation-induced creep helps avoid 
exceeding fracture stress 

3 Fission product-coating reactions In UC2 TRISO particles at high 
bumup, I e , above 50% FIMA, and at high temperature, 1600 to 1760°C, 
the rare earth fission products migrate from the kemel and react with 
SiC on the cool side of the particle This effect is generally not a limiting 
factor in present HTGR designs, since the coating attack becomes im
portant only after high bumup, at which time the fuel temperature in the 
element is below that necessary to cause reaction, but, it can be limiting 
for accident conditions 

4 Manufacturing defects A small number of particles in some coating 
batches receive incomplete or defective coatings Particles with defective 
coatings are expected to fail progressively with increasing bumup, and 
therefore the fraction of defective particles is stnctly regulated by fuel 
specifications and quality control procedures 

These four problems are discussed in detail m Ref 15 

6-3C Fuel Rods 

In HTGRs, coated particles are incorporated into fuel rods with a matrix 
consisting of an organic binder and graphite filler, which is carbonized and heat-
treated to yield a carbonaceously bonded rod Typical rod dimensions are 15 7 mm 
in diameter and 63 5 mm long for large HTGRs and 12 7 mm and 50 8 mm, 
respectively, for Fort St Vram fuel Since vanable fissile and fertile fuel loadings 
are used to flatten the power generation within the HTGR core, fuel rods may 
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contain different quantities of fissile, fertile, and shim (graphite) particles; this 
affects their physical properties. Properties of the fuel rods are also influenced by 
their operating temperature and fast neutron fluence. Data required for thermal 
design are mainly: 

1. Fuel rod thermal conductivity,'^ as shown in Fig. 6-7, decreases slightiy 
with increasing temperature in the range of 900 to 1300°C. For the same 
total volume occupied by particles—fissile, fertile, and shim (graphite) 
in the fuel rod—the thermal conductivity increases with an increasing 
volume fraction of shim particles. This increase is to be expected, since 
thermal conductivity of graphite is higher than that of heavy metal-coated 
particles and matrix. Fast neutron inadiation is not expected to affect 
the thermal conductivity of fuel rods very much in the temperature range 
of 1000 to 1400°C, which is of interest for HTGR designs. 

PERCENTAGE VOLUME OF PARTICLES IN FUEL ROD 

FISSILE 

v}l1 5 

S}̂  
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1000 1100 1200 

TEMPERATURE, "C 
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Fig. 6-7. Thermal conductivity of typical HTGR fuel rods as a function of temperature. 
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2. Fuel rod thermal expansivity increases with increasing temperature and 
is very close to the conesponding value for graphite (see Fig 6-4). 
Thermally induced dimensional changes are found to be much less im
portant than inadiation-induced dimensional changes in affecting the gap 
between fuel rod and fuel hole, which itself determines the heat transfer 
between rod and graphite. 

3. Fuel rod emissivity values measured to be in the range of 0.86 to 0.92 
are comparable to the values for graphite. 

4. Fuel rod specific heat can be calculated from specific heat values for its 
components. As shown in Fig. 6-5, the specific heat is found to increase 
rapidly from room temperature to ~500°C; above ~500°C, it increases 
at a slower rate. As expected, the fuel rod specific heat increases with 
an increasing fraction of graphite shim particles. 

5. Fuel rod density has been measured for rods made from different blends 
of particles. As shown in Table 6-III, the rod density varies from 1.73 
to —2.03 g/cm^ for the loadings envisaged for the initial core and reloads. 

6. Inadiation-induced dimensional changes have been measured in a series 
of 16 high-exposure instmmented capsule expenments.' Enough data 
are now available on the effects of particle, matnx, and process variables 

TABLE 6-III 
Fuel Rod Metal Density and Volume Percentage of Fuel Particles 

in Different Blends of HTGR Fuel Rods 

Segment Fuel Zones 
Initial Top four layers 
core Middle three layers 

Bottom layer 
Buffer zone 

Reloads Top four layers 
Middle three layers 
Bottom layer 
Buffer zone 

Initial Top four layers 
core Middle three layers 

Bottom layer 
Buffer zone 

Reloads Top four layers 
Middle three layers 
Bottom layer 
Buffer zone 

Metal Density Fuel Rod 
(g/cm^) Density 

Thonum Uranium (g/cm^) 

0 577 0 029 1 876 
0 504 0 024 1 804 
0 429 0 020 1 740 
0 812 0 018 2 035 

0 575 0 056 1 954 
0 459 0 039 1 814 
0 374 0 030 1 731 
0 653 0 028 1 931 

Particles by Volume Fraction 
Fissile Fertile Shim Matnx 

Particles Particles Content Content 

0 057 0 298 0 225 0 42 
0 046 0 260 0 274 0 42 
0 038 0 221 0 321 0 42 
0 036 0 419 0 125 0 42 

0 109 0 297 0 174 0 42 
0 076 0 237 0 267 0 42 
0 059 0 193 0 328 0 42 
0 054 0 337 0 189 0 42 
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on inadiation performance to specify fuel rod properties and fabncation 
processes General criteria for successful rod performance are good rod 
integrity and acceptable shnnkage values at operating temperature and 
design fast fluences Successful capsule tests have been performed up 
to 1500°C and 10 6 x 10^' n/cm^, i e , far beyond design conditions 
Large numbers of fuel rods have been successfully inadiated under 
representative HTGR conditions in test elements in the Peach Bottom 
reactor Satisfactory inadiation results of a mock-up prismatic German 
fuel element in the Dragon reactor have also been reported Discussion 
of HTGR fuel development and testing for the Belgian, English, French, 
German, and U S programs have been reported in Refs 19 and 20 For 
time-varying fuel element temperatures, the inadiation history is divided 
into short time operation at constant temperature during which inadiation-
induced dimensional shnnkage is calculated using curves as given in 
Fig 6-8, for instance, for the four top fuel element layers of an eight-
layer HTGR core A review of design and operating experience for HTGR 
fuel elements is presented in Ref 21 

4 I 1 I I 1 1 
0 2 4 6 8 10 

FAST NEUTRON FLUENCE, 10-' n/cm', f > 0 18 MeV 

Fig 6-8 Radiation-induced dimensional changes of HTGR fuel rods 
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TABLE 6-IV 
HTGR Control Rod Design Parameters 

Geometry 
Cladding thickness (mm) 
Compact/cladding gap (mm) 
Compact outside diameter (mm) 
Compact inside diameter (mm) 
Spine outside diameter (mm) 
Total control rod 

outside diameter (mm) 
Control rod channel 

inside diameter (mm) 

1 27 
1 52 

83 3 
52 1 
9 52 

88 9 

101 6 

Heat transfer parameters 
Cladding conductivity (W/m °C) 
Compact conductivity (W/m "C)" 
Mass flow rates (kg/s) 

Fully rodded 
inner channel 
outer channel 

Unrodded 

0 19 
4 2 

0 13 
0 087 

0 235 

'Irradiated to fluences between 1 and 6 x 10^' n/wT at ~600°C 

6-3D Control Rod Materials 

Control rods for HTGRs consist of absorber sections held together by a metal 
spine passing through the center of the assembly, with a total absorber length of 
6 38 m The neutron absorber section consists of two concentric Incoloy 800 
sleeves closed at each end, enclosing graphite compacts containing boron carbide 
The control rod parameters are indicated m Table 6-IV, which gives the flow rates 
through the control rod channels m the graphite fuel elements Inadiation effects 
and properties of boron carbide/graphite bodies developed for HTGR control 
matenals (40 wt% boron) are reported m Refs 22 and 23 The B4C is also used 
as bumable poison each pnsmatic HTGR fuel element has six 12 6-mm-diam 
bumable poison holes located at the comers of the hexagon The bumable poison 
rods, 12 5 mm m diameter with a total length of 756 mm (in each hole), weigh 
~0 9 kg per fuel element Incoloy 800, which is used as sleeve and spine matenal 
for the control rods, melts at 1370°C and undergoes significant creep above 1100°C 
Incoloy 800 is a high-strength matenal that is resistant to carbunzation at its 
maximum operating temperature of ~790°C in the control rod 

Reserve shutdown matenal is designed to drop into the closed bottom channel 
in the control rod fuel columns m the remote event that shutdown cannot be 
achieved with control rods This reserve shutdown matenal consists of small 
boronated graphite spheres of the same type as for the control rods Tests have 
shown that boron migration out of this matenal will not occur below ~2800°C 
and that migration above that temperature would be very slow 

6-3E Primary Circuit 

In addition to good heat transfer properties, helium is chemically inert when 
pure and, therefore, it can be used at very high temperatures But, dunng normal 
operation in an HTGR, even with a continuous punfication system, a number of 
impunties are present in the helium coolant The coolant gas of a large HTGR 
may contain levels of impunties as high aŝ '* 10 ppm of total oxidants (CO, CO2, 
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H2O); 80 ppm of hydrogen; and 2 ppm of hydrocarbons (mainly CH4), although 
typical contamination levels are expected to be much lower. Significant reactions 
between the coolant (impure helium) and components in the primary circuits 
(graphite and metals) must be avoided during normal operating conditions. There
fore, a good understanding of radiolytic reactions in the coolant and of the 
behavior of core and stmctural materials in helium containing impurities is nec
essary. Most of the early studies of the effects of impurities in helium on stmctural 
materials were performed with about equal amounts of CO and H2. They showed 
no significant adverse interactions, for example, with ferritic steels up to 595°C; 
austenitic materials were only slightly carburized at 595 and 745°C. However, 
the small but finite level of CH4 found in the coolant has the potential for car-
burization. Since creep ductility and mpture life could be reduced by higher levels 
of impurities than expected in normal service, long-term experiments have been 
performed on HTGR pressure boundary materials in a contaminated helium at
mosphere in order to ensure the integrity of these materials for the life of the 
reactor. 

Results from postoperation destmctive examination of various components 
of the Peach Bottom I HTGR, which had operated at elevated temperatures for 
7 yr, have shown constmction materials, such as carbon steels and Incoloy 800, 
to be in excellent condition, thus confirming predictions of their behavior in impure 
helium. Similarly, Nimonic 75 removed from the hottest region of the Dragon 
reactor was in excellent condition after 30 000 h of operation.^^ Various exper
iments were carried out by the Dragon project; conosion of graphite in the Dragon 
reactor can differ in rate and in form from that expected from out-of-pile exper
iments. The importance of time, temperature, and impurity concentrations (mainly 
of CO and H2) regarding the attack of alloy constituents of primary circuit materials 
and subsequent determination of their physical properties has been shown exper
imentally. 

Due to outgassing of impure graphites used in the reflector region, higher 
impurity levels have been observed in the pebble bed reactor AVR than in the 
Dragon or Peach Bottom reactors.^^ It has been observed that there is hardly any 
conosive attack of the core with low moisture content, but accident conditions 
must be considered with a large ingress of water and sizable formation of water/ 
gas (CO + H2). It has been shown experimentally that a mixture of 22 vol% of 
water/gas in helium cannot be ignited, no matter how great the infiltration of air. 
After accidental water ingress and rapid reactor shutdown, the endothermic re
action (C + H2O —» CO + H2) cools off the fuel elements and the water/gas 
reaction decreases because of lower graphite temperature. Under normal condi
tions, oxidation of graphite could affect its strength. For instance, fracture tough
ness of H-451 graphite is found^^ to decrease —50% when oxidation increases 
porosity from 18 to 25%. 

The wear behavior of steels in helium is more complex than in oxidizing 
atmospheres. Both wear and coefficients of friction and adhesion are likely to be 
higher, according to static tests at high temperature. In a relatively inert environ-
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ment at high temperature, surfaces in sliding contact can gall, self-weld, and 
undergo surface damage. Wear rate coefficients are dependent on alloy compo
sition and stmcture, temperature, surface roughness, surface films, load, and 
mbbing distance. No marked effect of specimen geometry has been found at 
800°C with ceramics or cermets. To protect sliding surfaces, various surface 
treatments are employed such as nitriding, application of plasma spray chromium 
carbide coatings, or the use of molybdenum disulfide coatings. While these treat
ments definitely improve the wear and friction behavior in helium atmospheres, 
the long-term behavior of these coatings at high temperatures must be confirmed.^' 

Table 6-V indicates the principal constmction materials used in major com
ponents of HTGR steam cycle reactors, PCRVs, thermal baniers, helium circu
lators, and steam generators. The design temperatures for the materials shown in 
Table 6-V vary all the way from ~80°C for the PCRV liners to 950°C for core 
stmctural graphite. The materials are chosen in such a way as to ensure satisfactory 
long-term behavior in the temperature, stress, radiation, and conosion environ
ment. For instance, Incoloy 800 was found to be very satisfactory for the super
heater of Peach Bottom I. Alloy 800H, Inconel 600, and Type 304 stainless steel 
coupons exposed for two years at 720°C in the Fort St. Vrain reactor were found 
to be in excellent condition.^^ Discussion of the uses of steels and high-temperature 
alloys in HTGRs is given in Ref. 30. 

TABLE 6-V 
Service Conditions and Structural Materials for 

HTGR-SC/C Components* 

Component 
Core structures 
Core support 

graphite 
ceramics 

Core restraints 
Control rods 
Class B thermal bamer 

Class A thermal bamer 
Steam generators 

structures 
tubes 

Core auxiliary heat exchanger 
structures 
tubes 

Circulators 

PCRV 

Maximum 
Temperature 

Dunng Normal 
Operation (°C) 

950 

810 
810 
560 
750 
760 

340 

700 
635 

340 
340 
340 

80 

Materials of Construction 
Graphite (H-451) 
Graphite (2020 and PGX/TS-1621) 

Alumina, silica 
Inconel 718, Alloy 800H 
Alloy 800H, BX/graphite 
Hastelloy X, Saffil alumina, and Kaowool 

fibrous insulation 
Carbon steel, Kaowool 
Alloy 800H, 2% Cr-1 Mo, Type 304 

stainless steel 

Carbon steel, 2Vi Cr-1 Mo, Alloy 800H 

12% chromium martensitic stainless steels 
(410, 422) 

Concrete, rebar, prestressing tendons 

*From Ref 28 SC/C = steam cycle/cogeneration 
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6-4 Thermal Design Bases for HTGR Cores 
Core thermal design bases are defined as a function of four categories of 

plant conditions; the first two of them being anticipated modes of operation, the 
other two being conceivable modes of operation expected to occur infrequently^': 

1. Normal operating transients. Normal conditions are any conditions in 
the course of system startup, operation in the design power range, load 
following, hot standby, and system shutdown. 

2. Upset transients. Upset operating conditions are defined as any deviations 
from normal operating conditions that are anticipated to occur often 
enough that the design should include a capability to withstand the 
conditions without impairing operation. 

3. Emergency transients. Emergency operating conditions are defined as 
those deviations from normal conditions that may require shutdown for 
conection of the conditions or repair of damage in the system. The 
conditions have a low probability of occunence but are included to 
provide assurance that no gross loss of stmctural integrity will result as 
a concomitant effect of any damage developed in the system. 

4. Faulted transients. Faulted operating conditions are defined as those 
combinations of conditions associated with extremely low probability 
postulated events whose consequences are such that the integrity and 
operability of the nuclear energy system may be impaired to the extent 
that considerations of public health and safety are involved. Such events 
are not expected to occur over the life of the plant but are postulated 
only to set the safety design of the plant. 

Representative plant transients during the life of an HTGR are given in Table 
6-VI, while Table 6-VII summarizes the thermal-hydraulic design bases for the 
reactor for the four categories of plant conditions. The design must satisfy each 
of the individual bases given for fuel, coolant, and other components for any of 
those conditions. Table 6-VIII gives a summary '̂̂  of temperature limits for core 
or component damage and critical safety limits for thermal transients. It can be 
seen that critical safety limits are not imposed by fuel failure because, following 
reactor shutdown, the fuel temperature rapidly drops to the average moderator 
temperature. 

While the primary helium coolant is a chemically inert and single-phase fluid, 
which does not contribute to reactivity, its temperature must be limited as shown 
on Table 6-VII to keep the core, support stmcture, and components in the PCRV 
within acceptable temperature conditions. 

Fuel and reflector elements must maintain their integrity to allow heat to be 
removed from the core with an acceptable coolant flow geometry. Graphite strength 
increases to a maximum at 2500°C and remains acceptable at higher temperatures. 
Graphite sublimation rates become significant above 3000°C and reach 1 atm 
pressure at ~4000°C. 
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Temperature limits of metallic core components must also be established. 
Table 6-VII and 6-VIII show, for example, temperature limitations on the flow 
control valve and plenum element so that no blockage of control rod insertion or 
coolant channel flow would occur that would result in violation of fuel design 
bases. Similarly, temperature limits are imposed on the control rod metallic clad
ding and spine: the control rod should be removable following an emergency 
transient, and the integrity of the poison compacts should be maintained in control 
rod channels following a faulted condition. 

TABLE 6-VI 
Representative Plant Transients 

in 3000-MW(t) HTGR During 40-yr Plant Life 

Normal Transients 
Startup from refueling status 
Startup with full helium inventory 
Shutdown to refueling status 
Shutdown with full helium inventory 
Rapid load increase (5%/min) 
Normal load increase (3%/min) 
Rapid load decrease (5%/mm) 
Normal load decrease (3%/min) 
Step load increase (4-10%) 
Step load decrease (-10%) 

Upset Transients (from full load) 
Loop shutdown 
Reactor tnp 
Turbine tnp and load rejections 
Sudden reduction of feedwater flow 
Steam leak to PCRV with correct protective 

Emergency and Faulted Transients 
Slow pnmary system depressunzation 
Rod withdrawal with high flux top 
Loop shutdown with helium valve failure 
Shutdown with three auxiliary cooling loops-
Shutdown with two auxiliary cooling loops-

action 

—up to 10 
-up to 10 

Sudden depressunzation and shutdown with two auxiliary cooling loops" 

Number of 
Occurrences 

per Plant 

145 
255 

81 
44 

2 000 
18000 
2000 

18 000 
2000 
2000 

90 
100 
120 
30 
30 

3 
3 
3 

10 

1 

'Faulted 



TABLE 6-VII 
Thermal Design Bases for HTGR Core 

Category 
Condition 

Normal 

Upset 

Emergency 

Faulted 

Definition 

Conditions occurring dunng y 
norma] plant operation, ] 
startup, rated power load i 
changes, shutdowns, and f 
refuehng' \ 

Deviations from normal L 
conditions that are 1 
expected with moderate j 
frequency*^ ^ 

Conditions having low 
probability of occurrence 
that are included to 
provide assurance that no 
gross loss of structural 
integnty will result'' 

Extremely low probability. 
postulated conditions 
whose consequences may 
be such that considerations 
of public safety may be 
involved'̂  

Descnption 

No damage 
tolerated 
that 
requires 
reactor 
shutdown 

Some repair 
to system 
may be 
required 
before 
restart 

Safe reactor 
shutdown 
and 
continued 
core 
cooling 
capability 
required 

Fuel 

The calculated number of 
failed fuel particle coatings 
shall be limited to be 
consistent while not 
exceeding the "expected" 
circulating coolant fission 
product activity level as 
specified 

The reactor can be shut down 
to a safe condition with a 
small amount of fuel 
damage'̂  

The reactor can be shut down 
and kept subcritical, an 
adequate cooling geometry 
shall be maintained*' 

Graphite 

2400°C 

2500°C 

3000°C 

Coolant 

Average Core 
Outlet' 

770°C for 
steady state. 
790°C for 
transients up 
to 15 mm 

915°C for 
steady state 

1040°C for 
4 h, 1095°C 
for 1 h 

Average Region 
Outlet" 

825°C for steady 
stale, 885°C 
for transients 
up to 24 h. 
9 6 5 ^ for 
transients up to 
15 mm 

915°C for steady 
state 

1040^ for 4 h. 
1095°C for 1 h 

Flow Control 
Valve and 

Plenum 
Elements 

538°C for 
steady 
state. 

760°C for 
transients 
<10h 

760°C for 
transients 
<10h 

870°C 

Control Rod 
Cladding and 

Spine 

870°C for 
steady state 
and 
transients 
>1 h. 

1095°C for 
transients 
<I h 
integrated 
over control 
rod lifetime 

1095°C 

2370°C 

"Including fuel element gap, side reflector, and control channel bypasses 
''Including fuel element gap and control channel bypasses 
'ASME III, ParNA 2110 NB 3113 
"Limits are based on lOCFRlOO 
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TABLE 6-VIII 
Summary of Component Damage Temperature Limits and Reactor 

Safety Temperature Limits for HTGRs 

Fuel particle coaUng 

Control rod cladding and 
spine 

Core region flow control 
onfice 

Thermal bamer cover plates 
upper plenum and cross-

ducts 
lower plenum and cross-

ducts 

Ambient gas temperature of 
auxiliary circulator 

Ambient gas temperature of 
pnmary closure m upper 
plenum penetraUon 

Gas inlet temperature to 
steam generator and 
auxiliary heat exchanger 

Component Damage 
Limit Temperature 

1650°C for failure of fuel 
particle coating in 
shutdown condition 

870°C for transient exposure 
of long duration 

1095°C for transient exposure 
of short duration (1 h) 

1095°C for transient exposure 
of >1 h 

538°C for transients of 
>10h 

982°C for transient of > 10 h 

Temperature transient 
allowable from 338 to 
663°C in 40 mm 

504°C for transient exposure 
of lOh 

805°C steady state for the 
steam generator 

915°C steady state for the 
auxiliary heat exchanger 

Critical Safety 
Limit Temperature 

>2370°C for loss of fixed 
fuel-graphite matrix 
integrity 

~2815°C for possible boron 
migration 

1315°C allowable for 1 h 

665°C allowable for 1 h 

1095°C allowable for 1 h 

Temperature transient 
allowable from 338 to 
663°C in 40 min 

504°C for transient exposure 
of lOh 

1038°C allowable exposure 
for 4 h or 1095°C 
allowable exposure for 1 h 
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HTGR CORE THERMAL DESIGN* 

7-1 Introduction 
This chapter presents an application of the previously discussed design tech

niques and design cntena to a specific high-temperature gas-cooled reactor (HTGR) 
core The example chosen is the core of an 1160-MW(e) [3000-MW(t)] HTGR 
offered commercially to electrical utilities in the early 1970s The core of this 
large HTGR is in concept and design quite similar to the earlier Fort St Vram 
HTGR 

Only an overview of the thermal design is given in this chapter, but the 
details may be found in a series of topical reports covering vanous aspects of the 
large HTGR thermal design '""* After describing some of the important features 
of the core m Sec 7-2, the nuclear design is discussed and the power distnbutions 
are introduced in Sec 7-3 Core coolant flow is the subject of Sec 7-4, where 
flow control values, flow paths, core pressure, and flow distribution are discussed 

Core temperature distributions and some transient thermal analyses are pre
sented in Sec 7-5 Because they are important in predicting the performance of 
the fission product bamers, the fission products, the fuel element stresses, and 
the core temperature histones are presented in Sec 7-6, the final section of this 
chapter 

7-2 Core Description 
7-2A Reactor Core 

The active core of a large HTGR has the approximate shape of a right-circular 
cylinder It is surrounded by graphite reflector elements above, below, and around 
the active core The core is contained within the central cavity of the prestressed 
concrete reactor vessel (PCRV) Figure 7-1 shows the reactor core in relation to 
the other main components in the nuclear steam supply systems A 3000-MW(t) 
plant has six pnmary coolant loops and three auxiliary coolant loops that surround 
the core Helium from the upper cross-ducts flows into the plenum above the core, 
then downward through the core, removing the energy generated in the core In 

*This chapter was contnbuted by D W McEachem 
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KEY 

1 REFUELING PENETRATION HOUSING 6 CORE INLET PLENUM 
CONTROL ROD MECHANISM 7 CIRCULATOR 

2 AUXILIARY CIRCULATOR 8 STEAM GENERATOR 
3 REACTOR CORE 9 CORE EXIT PLENUM 
4 CORE AUXILIARY HEAT EXCHANGER 10 PCRV SUPPORT STRUCTURE 
5 PCRV 

Fig. 7-1. General arrangement for a 3000-MW(t) HTGR 

the lower plenum of the core, the coolant flows radially outward into the six steam 
generators where the energy is transferred to the secondary coolant to produce 
high-pressure high-temperature steam. 
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REGION 
IDENTIFICATION 
NUMBER 

HEXAGONAL REFLECTOR 
ZONE 

PERMANENT 
REFLECTOR ZONE 

Fig. 7-2. A 3000-MW(t) core plan. 

The core assembly consists of vertical columns of hexagonal fuel elements 
arranged on a uniform triangular pitch. These columns are grouped into refueling 
regions consisting of a column of fuel elements incorporating control rod passages 
surrounded by six or less standard fuel element columns, as shown in the core 
plan view in Fig. 7-2. Important core dimensions are summarized in Table 7-1. 

TABLE 7-1 
Major Core Dimensions of a 3000-MW(t) Reactor 

Thermal power [MW(t)] 
Effective core diameter (m) 
Active core height (m) 
Number of fuel elements 
Number of fuel elements per column 
Number of fuel columns 

standard 
control 

Core support block height (m) 

3000 
8.47 
6.34 

3944 
8 

420 
73 
0.88 

Reflector thickness (m) 
top 
bottom 
side (mean) 

Number of flow regions 
full seven-column 
partial four-column 
single fixed-orifice columns 
total 

Number of control rod drives 
Number of control rods 

1.19 
1.19 
1.37 

61 
12 
18 
91 
73 

146 
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The 3000-MW(t) reactor has 61 refueling regions containing seven columns of 
fuel elements, 12 refueling regions containing four columns, and 18 single columns 
at the outer edge of the core that form the approximately circular core. Large 
HTGRs use a highly enriched uranium-thorium 4-yr fuel cycle. Approximately 
25% of the core (called a "segment") is refueled annually. The four segments 
of the core are distributed in the core to give a symmetric radial and azimuthal 
power distribution. 

7-2B Refueling Region 

A refueling region consists of seven columns of fuel elements. The columns 
rest on a single, large, graphite core support block having the same outline as the 
seven-column region. The vertical columns that make up the refueling region 
include fuel, control, and reflector elements, as shown by the schematic diagram 
in Fig. 7-3. A typical fuel or control column consists of two bottom reflector 
elements, eight fuel elements, two top reflector elements, and a metallic plenum 
element. The elements within the central column of each region are displaced 
axially downward relative to the elements in the surrounding six columns. This 
axial offset is a mechanical design feature that prevents the possibility of a con
tinuous shear plane at element interfaces across the core. Each refueling region 
is located directly below a refueling penetration that, during operation, contains 
a control rod drive assembly. Two parallel channels are provided for inserting 
two control rods into the central column of each refueling region. A third channel 
is provided in the same column for inserting reserve shutdown absorber material. 
The seven-column regions are keyed at the top by metal plenum elements, which 
provide a plenum chamber and a valve body for the variable flow control valve 
(orifice valve). The flow control valve assembly rests on the control column and 
admits coolant flow into the top of the control column and, through openings in 
each of the top plenum elements, to the surrounding six standard fuel columns. 
The valve is shown in Fig. 7-4. 

Four thermocouples, two of which provide readings of region average helium 
outlet temperature to the operator at all times during operation, are located in a 
horizontal graphite probe held in the core support block, as shown in Fig. 7-3. 
During operation of the reactor, the operator uses the average coolant temperature 
reading from each of the regions as a basis for adjusting the region's coolant flow 
rate using the region's flow control valve. 

7-2C Fuel Elements 

Individual fuel elements are right-regular prisms 0.79 m (31.3 in.) high with 
a hexagonal cross section of 0.36 m (14.17 in.) across flats. A standard fuel 
element is depicted in Fig. 7-5. Fuel elements with this hole pattern are sometimes 
called "eight-row elements," derived by counting half the rows of fuel and coolant 
holes and omitting the middle row. Perhaps "17-row element" would be more 



206 THERMAL AND FLOW DESIGN OF HELIUM-COOLED REACTORS 

TOP HEAD CORE CAVITY LINER 

2.25 

ORIFICE 
CONTROL 
VALVE 

EL 12.18 ^ 

EL 11 78 

EL 10.60 

..., . „ , „ PLENUM 
^ A " * " ELEMENT 

< TOP 
1 "REFLECTOR 

BLOCKS 

ACTIVE 
6 34 CORE 

EL 4.25 

EL 3.06 

EXIT D 
THERMOCOUPLE-» 
PROBE 

EL 2.17 

EL = ELEVATION 

ALL DIMENSIONS 
ARE IN METERS 

EL 0 . 0 ^ '%^WMmm,V777. 

BOTTOM 
1 19 REFLECTOR 

BLOCKS 

D I CORE 
0.90 SUPPORT 

FLOOR 

CORE 
2.17 SUPPORT 

COLUMNS 

LOWER HEAD 
CORE CAVITY LINER 

Fig. 7-3. Seven-column refueling region. 
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FUEL COLUMN SECnON VIEW FUEL COLUMN CONTROL 
COLUMN 

FLOW VALVE IN OPEN POSITION FLOW VALVE IN CLOSED POSITION 

Fig. 7-4. Flow control valve and plenum arrangement. 

descriptive. Coolant channels extending through each element align with coolant 
channels in the elements above and below. The active fuel is contained in an array 
of holes that is parallel to the coolant channels. The fuel holes are drilled blind 
from the top face of the element and are filled with bonded fuel rods of coated 
fuel particles. The fuel rods and coolant channels are distributed on a triangular 
array with an ideal ratio of two fuel rods for each coolant channel. Table 7-II 
gives fuel element geometrical parameters needed in the thermal design. 

Figure 7-6 shows the control rod fuel element used in the center column of 
each region. This element is similar to the standard element but contains enlarged 
channels for the two control rods and the reserve shutdown absorber material. 
The major control fuel block parameters are given in Table 7-III. 

Three graphite dowels are located on the top face of each element. These 
dowels fit into mating socket holes in the bottom face of the element above to 
keep the coolant channels aligned at all times. Located in the center of each fuel 
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RESERVE SHUTDOWN 

SECTION A-A (3) 
ALL DIMENSIONS IN MILLIMETERS 

Fig 7-6 Control fuel element 

TABLE 7-11 
Standard Fuel Element Design Parameters* 

Length of fuel element (mm) 
Distance across the flats (mm) 
Number of fuel holes 
Number of coolant holes 

larger 21 0-mra holes 
smaller 18 2-mm holes 

Number of bumable poison holes 
Hole diameters 

fuel hole (mm) 
larger coolant hole (mm) 
smaller coolant hole (mm) 
bumable poison hole (mm) 

Pitches 
coolant-coolant (mm) 
coolant-fuel (mm) 
fuel-fuel (mm) 

793 
360 
132 

66 
6 
6 

15 8 
21 0 
18 2 
12 7 

39 8 
23 0 
23 0 

Web thicknesses 
coolant coolant (mm) 
coolant-fuel (mm) 
fuel-fuel (mm) 

Rod diameters 
fuel rod (mm) 
bumable poison rods (mm) 

Fuel rod length (mm) 
Fuel stack height 

standard stack (12 rods) (mm) 
under dowel (11 rods) (mm) 

Mass of an average element 
graphite fuel element (kg) 
fuel rods (kg) 
burnable poison (kg) 
total assembly (kg) 

18 8 
4 55 
7 11 

15 6 
12 6 
63 0 

756 
693 

83 5 
34 9 
0 9 

119 3 

*Many of these parameters have vanations within the core, and the values used in thermal design 
are given All dimensions are for beginning-of-life at ambient temperature 



HTGR CORE THERMAL DESIGN 209 

, /»®qp®qp®ft\ 
/®oo®oo®oo®^ 
i^c®oo®qc)%i^i, 

/ o p ® G p ® o c ' i o p ^ . _ ,, 

( S Q S Q p s o ( ( ) o ® o o * q * ; r ^ 
\ o ® o p « c p f o p ® q p ® o / 
^ ; o « o o ® ^ b « o o ® o o / 

\ \ «3 3 * 0 0 « i i O O ® 0 0 ® / 

COOLANT HOLE 
21.0 DIAMETER (66) 

COOLANT HOLE 
18.2 DIAMETER (6) 

BURNABLE POISON 
HOLE 12.7 DIAMETER (6) 

— FUEL HOLE 
15.9 DIAMETER (132) 

FUEL HANDLING 
PICKUP tlOLE 

DOWEL 
PIN (3) 

. M ; HELIUM 
'1 • •• y ^ FLOW 
[ I [ (TYP) 

SECTION A-A 

ALL DIMENSIONS IN MILLIMETERS 

- DOWEL 
SOCKET 
(3) 

Fig. 7-5. Standard fuel e lement . 

TABLE 7-III 
Control Fuel Element Design Parameters* 

Length of fuel element (mm) 
Distance across the flats (mm) 
Number of fuel holes 
Number of coolant holes 

larger 21.0-mm holes 
smaller 18.2-mm holes 

Hole diameters 
fuel hole (mm) 
larger coolant hole (mm) 
smaller coolant hole (mm) 
control rod hole (mm) 
reserve shutdown channel (mm) 

Pitches 
coolant-coolant (mm) 
coolant-fuel (mm) 
fuel-fuel (mm) 

793 
360 

80 

33 
10 

15.8 
21.0 
18.2 

101.6 
88.9 

39.8 
23.0 
23.0 

Web thickness 
coolant-coolant (mm) 
coolant-fuel (mm) 
fuel-fuel (mm) 

Fuel rod diameter (mm) 
Fuel rod length (mm) 
Fuel stack height 

seven top fuel elements 
standard stack (12 rods) (mm) 
under dowel (11 rods) (mm) 

bottom-most fuel element 
standard stack (9 rods) (mm) 
under dowel (8 rods) (mm) 

Mass of average element 
top seven fuel elements 

graphite fuel element (kg) 
fuel rods (kg) 
total assembly (kg) 

18.8 
4.55 
7.11 

15.6 
63.0 

756 
693 

567 
504 

81.2 
20.9 

102.1 

*Many of these parameters have variations within the core. 
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Fig. 7-7. Metallographic cross section of a typical HTGR fuel rod. 

and reflector element is a handling hole, and at the six comers of each standard 
fuel element there are blind holes for burnable poison rods containing boron 
carbide. 

7-2D Fuel Rods and Particles 

The HTGR fuel consists of BISO- and TRISO-coated particles incorporated 
into fuel rods with a matrix consisting of an organic binder and graphite filler that 
is carbonized and heat treated to yield a carbonaceously bonded rod. The metal
lographic cross section of a typical fuel rod is shown in Fig. 7-7. In the HTGR 
core design, fissile and fertile materials are zoned within the core in both the radial 
and axial directions. This zoning is achieved by using fuel elements containing 
different masses of fissile and fertile material distributed uniformly within the fuel 
rods. The fuel rods in all fuel elements have the same dimensions. Varying amounts 
of high-conductivity granulated graphite are used as shim to make the volume of 
all the fuel rods equal regardless of metal loading. The shim is uniformly mixed 
with the fissile and fertile particles before the rod is formed to produce a homo
geneous distribution of particles. 

The large HTGR is designed to operate on the highly enriched ^^^U/̂ -'̂ Th 
fuel cycle.^ HTGRs have also been designed^ using 20% enriched U/Th and in 
Europe using low-enriched ^̂ ^U but no thorium. Also, some designs have included 
once-through feeding and others use recycled U and plutonium. Fissile fuel 
particles for the HTGR consist of spherical UC2 kernels coated with layers of 
pyrolytic carbon (PyC) and silicon carbide (SiC). This combination of PyC and 
SiC is referred to as a "TRISO" coating. The fissile fuel kernels are 93% enriched 
in ^^^U. The fertile fuel consists of spherical Th02 kernels coated with two layers 
of PyC. This type of coating is referred to as a "BISO" coating. The two particle 
types are illustrated in Fig. 6-6, p. 188. The coated particle design parameters 
are summarized^ in Table 7-IV. 

7-2E Control Rod System 

Core reactivity is controlled by pairs of control rods inserted into the central 
column of each refueling region. These rod pairs are moved in and out by the 



HTGR CORE THERMAL DESIGN 211 

TABLE 7-IV 
Coated Particle Design Parameters 

TRISO 
fuel kemel diameter (UC2) 
buffer coating thickness 
inner isotropic PyC thickness 
SiC thickness 
outer isotropic PyC thickness 

Dimensions 
(ixm) 

200 
100 
25 
25 
35 

BISO 
fuel kemel diameter (Th02) 
buffer coating thickness 
isotropic PyC thickness 

Dimensions 
(M.m) 

500 
85 
75 

reactor operators who activate electrically powered control rod drives located in 
PCRV penetrations above the central column of each region. Each control rod 
consists of a series of absorber sections held together by a metal spine passing 
through the center of the assembly, as shown in Fig. 7-8. The major design 
parameters of the control rod system are given in Table 6-IV. 

The neutron absorber rod section consists of two concentric sleeves, which 
are closed at each end. The sleeves enclose graphite compacts containing boron 
in the form of boron carbide granules. During reactor operation, primary coolant 
flows down the control rod channels in the core to cool the rods. This flow, from 
the upper core plenum, enters the channels through holes drilled in the walls of 
the control rod guide tube. Part of the flow passes down the annular space between 
the wall of the fuel element channel and the outside of the control rods. The 
remainder of the flow passes through the center of the control rods, cooling the 
rods' central spines. The exit passage for the cooling gas from the control rod 
channels is in the lower reflector of the control column. The flow through the 
control rod channels is controlled by a short circular passage machined in the 
bottom reflector of the control column. The helium flow m the control rod channel 
is not strongly dependent on whether or not the control rod is inserted into the 
core since most of the pressure loss occurs at the short circular passage in the 
bottom reflector. 

7-3 Nuclear Design 
7-3A Definition of Power Peaking Factor 

Thermal analyses carried out for the HTGR core (a) evaluate temperature 
conditions and coating integrity throughout the core for rated-power steady-state 
operation over core lifetime, (b) estimate the response of core temperature to 
transient operations varying from normal startup and load-following to emergency 
and faulted transient conditions, and (c) establish detailed temperature distributions 
within the fuel elements and core components. 

A detailed understanding of the nuclear design is required to supply the heat 
source terms for the thermal calculations. The nuclear design data required for 
the steady-state core survey calculation are discussed below. 
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Fig. 7-8. Control rod assembly and absorber container details. 

To carry out the core survey calculations, (a) a history of the power distri
bution within the core is required to specify local heat fluxes and power densities, 
(b) a history of the fast neutron fluence is required to enable the fast neutron-
induced dimensional change in graphite and fuel rods and the coating integrity to 
be calculated, and (c) the bumup distribution history is required to allow fuel 
particle coating integrity to be evaluated. Each of these quantities depends on the 
refueling sequence, the fissile and fertile metal distribution throughout the core, 
the control rod programming used, and the detailed operating history of the plant. 

The power distributions in the HTGR have been described in a report covering 
nuclear design of the 3000-MW(t) HTGR core.^ Only a brief discussion of the 
nuclear design is given below to show how results of the nuclear design are used 
in the thermal analyses. 
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SECTOR 2 

REGION NUMBER 
COLUMN NUMBER 

I SEGMENT POSITION A 
^̂ ^̂ ^̂ M SEGMENT POSITION B 

SEGMENT POSITION C 
1 !.""l SEGMENT POSITION D 

Fig. 7-9. Refueling sequence and identification map. 

Distributions of the fuel and bumable poison material within the core are 
two of the primary core parameters that are controlled by the core designer. These 
parameters are used to shape core power distribution. Since the fissile and fertile 
material zoning and the control rod pattems all strongly influence the power 
distribution, the design of each must be coordinated with the other. 

The ideal power distribution is one that is radially and azimuthally as uniform 
as possible, and is combined with an axial power distribution strongly skewed 
toward the coolant inlet end of the core. These distributions must be reasonably 
stable with bumup and reasonably insensitive to control rod motion. Axial and 
radial zoning are accomplished by varying the quantity of ^̂ ^U and the U/Th ratio 
in the fuel rods. 

Large HTGRs employ a 4-yr fuel cycle in which about one-quarter of the 
fuel is replaced each year. For rated-power operation, a seven-rod pattem is used 
wherein the control rod pair in region I is used under automatic control to regulate 
main steam temperature, and six-rod pairs in regions 60 deg apart in the ring 
containing regions 8 through 19 are used as manually operated shim rods (see 
Fig. 7-2). A core with 180-deg symmetry results from this combination of reload 
sequence and control rod pattem. Figure 7-9 depicts one of the symmetric halves 
and notes the "segment positions" A, B, C, and D. 
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Power distributions are calculated for the design of the HTGR core with a 
number of one-, two-, and three-dimensional codes. These codes use either neutron 
diffusion or transport theory principles.^ 

A method for describing the power distribution in the fuel rods in the core 
is needed for the thermal design calculations. HTGR designers use power density 
peaking factors much like those used by other reactor designers. A peaking factor, 
P{l.z), defined at each point in the core is used. Each core location is defined by 
a combination radial/azimuthal parameter, /, giving the location in a cross-sectional 
core plane and a core axial distance, z, from the coolant inlet end of the core. 
All of the following peaking factors express the component of the power distri
bution with respect to the core average power density. 

The power peaking factor at any point in the reactor core is expressed by 
(see Nomenclature, p. 247): 

P{l.z) = P{r) • a(/,r) • A{l,z) , (7.1) 

where Pir) is the region radial power peaking factor, a{l,r) is the local radial 
intraregion tilt factor, and Ail.z) is the relative axial power factor. 

The power peaking factor is normalized such that 

2 P{l,z)AlAz = 1 , (7.2) 
core 

volume 

where AlAz is an element of the total core volume. A summation is used rather 
than an integration since the nuclear codes calculate the power peaking factors at 
discrete elements. 

The local radial power peaking factor, P{1), is found by summing the point 
power peaking factor over the core height: 

PU) = 2 P(l.z)Az . (7.3) 
core 

height 

An average region power peaking factor, P{r), is found by summing the radial 
power peaking factor over a region: 

P{r) = 2 PiOM • (7.4) 
region r 

The accumulative axial power peaking factor, F{l.zi), is a useful parameter and 
is defined by: 

F{l,zi) = 2) A{l.z)Az . (7.5) 
core 

height z; 

The summation in the accumulative axial power peaking factor is carried out from 
the core inlet, z = 0, to the core height, z/. The accumulative axial power peaking 
factor is normalized so that when the summation is carried out over the full core 
length, z/ = 1, then F{l,l) = 1. 
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Examples of these power peaking factors are illustrated in the following 
sections. 

The power distribution used in the HTGR thermal designs is calculated using 
several one-, two-, and three-dimensional diffusion codes developed especially 
for HTGR application. A three-dimensional nuclear analysis using the diffusion 
code GATT (Ref. 7) provides the local power peaking factor P(l.z) at each radial 
and axial location of the core. However, these three-dimensional calculations are 
expensive. Without much sacrifice in accuracy, the three-dimensional power dis
tribution is synthesized from a two-dimensional diffusion code GAUGE (Ref. 8) 
radial power distribution, and one-dimensional axial power shapes from FEVER 
(Ref. 9) and BUG, R-z (Ref. 10). The GAUGE code provides the region peaking 
factors, P{r), and radial intraregion power tilt, a(l.r). The final axial shapes are 
calculated using an r — z model of the core by the BUGTRI code (Ref. 10) as a 
function of control rod position. 

7-3B Fuel Rod Metal Loading 

The fissile and fertile material in large HTGR cores is zoned both radially 
and axially to control the power distribution. The resulting fuel rod metal loadings 
required to implement the zoning determine the volume fractions of TRISO-UC2, 
BISO-ThOa, and graphite shim particles in fuel rods in four of the major fuel 
zones. 

7-3C Control Rod Program 

Most of the control rod motion occurs^ between core shutdown and about 
three days into full-power operation. During this period of operation, the majority 
of the rod pairs will be withdrawn to compensate for reactivity losses that arise 
from the temperature defect from the cold shutdown condition to the hot operating 
conditions, and from the buildup of rapidly saturating fission product neutron 
poisons such as '^^Xe and ''*^Sm. At the end of three days, about seven fully or 
partially inserted rod pairs provide the control over the remainder of the cycle. 
Figure 7-2 gives a typical seven-rod configuration for the 3000-MW(t) core. 

Bumable poison is used to compensate for most of the reactivity loss from 
long-term operating effects. Boron in the form of B4C is dispersed in graphite 
rods, which are placed in some holes in the comers of the fuel elements. The 
bumable poison rod size and composition are designed in such a way that during 
the first period of each annual cycle, which is —200 days of full-power operation, 
there is minimum control rod motion. The reactivity loss due to depletion of fissile 
material is compensated for by reactivity gain due to the bumable poison depletion. 
During the remaining 100 days of a cycle, the seven control rods are slowly 
withdrawn to balance further loss of reactivity from depletion of fissile material. 

Using this scheme, a 7-yr bumup study can be made at full power, during 
which the control rod pair in the central region I is used as a regulating rod. 
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Dunng the first 2 yr of core operation, regions 9, 11, 13, 15, 17, and 19 are 
rodded, for all subsequent years, regions 8, 10, 12, 14, 16, and 18 are rodded 

7-3D Core Radial Power Distribution 

The relative power generated in a region is expressed by the region radial 
peaking factor, Pir), defined in Eq (7 4) Flow control valves are manipulated 
so the flow in each of the refueling regions is proportional to the total power 
generated in the region Radial peaking factors for the regions, Pir), in a sym
metric half of the core are shown in Fig 7-10 for four time points during a typical 
annual cycle 

It can be seen that the power distribution changes little during the first 200 
days, then, as the control rods in the core interior are withdrawn, the power shifts 
sharply toward the center region The range of Pir) from 0 6 to 1 4 in the example 
IS also typical The power within a refueling region is not spatially uniform, but 

AFTER 292 DAYS OPEDATION 
AT RATED POWER 

Fig 7-10 Full-power region peaking factors, P(r) for a typical annual cycle 
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varies with location due to the thermal neutron flux gradients and nonuniform 
bumup and conversion existing within the region. Neutron flux gradients within 
regions are determined by fuel composition in the region and neighboring regions, 
the control rod pattem, and neutron leakage and reflection at the core periphery. 
The intraregion power tilt factor, a(/,r), from Eq. (7.1) is used to describe this 
nonuniform power within a refueling region. Local power tilts cause variations 
in helium, graphite, and fuel temperatures among local channels within the region. 

Even though the basic design criteria given in Chapter 6 address fuel particle 
integrity, hot helium temperature, and control rod cladding temperature, it is 
convenient to set guidelines that limit various features of the radial power distri
bution. These guidelines are used in developing a nuclear design that has a high 
probability of meeting all thermal design bases. Radial power design guidelines 
are guidelines based on limiting fuel temperatures, core pressure drop, guiding 
flow valve design, and fixed orifice design. 

Maximum region power peaking factor. The maximum allowable region 
power generation is set to keep the core pressure drop below an upper limit. The 
core pressure drop limit is based on efficient plant operation and not on safety. 
Since the flow valves are operated to yield an approximately equal coolant tem
perature rise in each core region, the core pressure loss is dictated by the coolant 
flow requirement of the highest powered region. In operation, the flow control 
valve for this maximum powered region is set wide open and the remaining valves 
are closed to bring the coolant exit temperature of the other regions equal to the 
same value. A high maximum region power requires that the flow control valves 
on other regions be closed to divert sufficient flow to the high-power region. For 
the 3000-MW(t) reactor, the maximum region peaking factor during steady-state 
full-power operation is 1.6. 

Minimum region peaking factors. A requirement for a minimum region peak
ing factor is made to provide a low limit on the range of region flow required in 
the design of the flow control valve. For the 3000-MW(t) reactor, the minimum 
region peaking factor during steady-state full-power operation is 0.5. 

7-3E Core Axial Power Distribution 

The ideal axial power distribution, which would result in an axially constant 
fuel temperature, is an exponential distribution peaked toward the top of the core 
(see Chapter 4). The continuous zoning of heavy metal required for such an ideal 
distribution, however, is not practical, and in the current core design, three axial 
fuel zones are used to shape the axial power. In this zonal scheme, the four 
topmost fuel elements in a region of the core all have the same fuel composition 
and constitute the top zone. The next three elements are in the middle zone, and 
the bottom element is the bottom zone. One additional criterion that the axial 
power distribution must meet is that it should be stable with core bumup. A core 
average axial power shape and the effect of bumup are shown in Fig. 7-11. A 
small shift in power shape occurs in each of the axial zones during the first year 
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Fig. 7-11. Effect of bumup on core average axial power distribution. 
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Fig. 7-12. Effect of control rod motion on sixial power distribution in rodded regions. 
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a{i.r) 

Fig. 7-13. Combination of radial and eixial peaking factors that results in a peak fuel temper
ature of 1400°C (2550°F) 

as the lumped bumable poison is depleted; the shape remains essentially unchanged 
thereafter. 

One of the important effects of control rod movement within a region is to 
perturb the axial power shape in the refueling region and in regions surrounding 
it. Figure 7-12 shows the axial power distribution in a rodded region as a function 
of rod insertion distance. The axial power shapes for the radial region in Fig. 
7-12, from the BUG code," indicate that as the rod pair is inserted, the power 
is pushed toward the bottom of the core and the axial power has a characteristic 
bulge just below the tip of the rods. The axial power shape in regions adjacent 
to rodded regions is also perturbed. When the rod is fully inserted in the region, 
the axial power shape is nearly the same as when the rod is fully withdrawn. 

7-3F Dependence of Fuel Temperature on the Power Peaking Factors 

Local fuel temperatures depend on all four of the power peaking factors 
defined earlier in this section, Pir), a(/,r), A(/,z), and Fil,z). Using an idealized 
core thermal model', the dependence of fuel temperature on these four power 
distribution characteristics has been generated and is presented in Fig. 7-13. The 
figure is an isothermal solid; all points within the solid yield values of the four 
peaking factors, which produce a maximum centerline fuel temperature of 1400°C 
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(2550°F) For example, the following three combinations of peaking factors yield 
a 1400°C fuel rod centerline temperature as read from the isothermal solid in Fig 
7-13 

Peaking 
Factors 

Pir) 
ail.r) 
Ail.z) 
Fil.z) 

Combination Number 
1 

1 6 
1 2 
1 0 
1 0 

2 3 

1 0 0 4 
2 0 16 
1 0 0 4 
0 4 1 0 

7-4 Core Flow Distribution 
The helium coolant is delivered from the circulators to the large plenum 

above the core through four large ducts From the upper plenum, the coolant flows 
downward in vanous paths through the core The principal paths are coolant 
channels, core gaps, intemal and external, control rod channels, and side reflector 
gaps 

Flow distnbution control in the core of the HTGR is used because the helium 
coolant temperature nse in the HTGR core is large under normal operating con
ditions and because the graded fuel cycle management results in relatively large 
differences m radial power generation in the core The flow distnbution through 
the core is controlled by remotely operable flow control valves A sketch of these 
valves is shown in Fig 7-4 In the HTGR, all valves are identical, each region 
with four or more columns is fitted with a valve It is the effect of these valves 
along with the design of the core flow paths that controls the core pressure and 
flow distnbution 

Core operating procedures dictate that the flow should be controlled so that 
regions have nearly equal measured coolant exit temperatures This procedure 
produces maximum fuel temperatures in the regions within ~55°C (~100°F) of 
one another and provides an operating environment for downstream components 
free from large-scale hot gas streaks 

Design of the core flow paths must recognize 

1 the cooling requirements of the individual core components 
2 the temperature limits of the reactor components in contact with hot 

coolant 
3 the core component dimensional change induced by temperature and fast 

neutron flux 
4 the requirement to refuel the core 

The general mles are that as much as possible of the core cavity flow should 
remove heat from the fuel, and the flow resistances of each individual coolant 
hole should be as nearly identical as possible 
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Ideally, all core cavity components should be designed to discharge coolant 
at the same helium temperature into the lower plenum. If components such as the 
side reflector are designed to require a large quantity of coolant that is heated 
relatively little, other components such as the core will necessarily have to supply 
helium at temperatures above the average hot helium temperature. This leads to 
temperature differences ("hot streaks") entering a steam generator, thus compli
cating its design. 

Fuel element cooling paths are provided by holes drilled through the blocks 
and by the thin gaps around the periphery of the blocks. The ideal design of a 
core is to fit the fuel elements into the core with a limited fraction of the flow in 
the gaps surrounding the fuel elements. 

Dimensions of fuel elements and other components increase slightly when 
they are heated, so this dimensional change must be accommodated by the design. 
For the level of fast neutron fluence in the HTGR core, the graphite fuel and 
reflector elements shrink a little under 1% radially and just over 1% axially on 
the average during their 4-yr life. This means that the across-flats dimension of 
a fuel element will decrease —3.5 mm (0.14 in.) and a fuel element will on the 
average decrease 5.1 mm (0.2 in.) in length. Core stmctural designers have de
vised a number of techniques to control gaps between elements including: elab
orately keyed elements, mechanical core clamping devices, and use of the coolant 
inlet pressure to hold elements together. The technique proposed for large HTGR 
cores utilizes a spring-actuated clamping device. Springs force the large side 
reflector blocks inward to form a ring of blocks defining the active core cavity. 
This design fixes the total across-core gaps between fuel elements. The springs 
at the level of the core support blocks force these blocks together, shutting off 
the core gap flow paths at the level of the core support floor. This "tight core 
support floor" design tends to raise the pressure in the core and reflector gap 
system. The inlet plenum elements provide only a small inlet flow area to the 
core gaps; the core gap flow is <I0% of the core cavity flow at the inlet and 
—2.6% at the core exit. 

Fuel columns are positioned at the bottom by dowels on their core support 
blocks. The dowels allow only small initial hot gaps between the sides of the 
blocks in the region and with surrounding regions. With increasing region age, 
these gaps increase in size and the size varies axially due to fast neutron-induced 
dimensional change in the fuel and reflector elements. To limit in-region gap 
width, the columns within a fuel region are also keyed together at the top. 

7-4A Core Flow Patiis 

Most of the coolant entering the upper core plenum passes through the coolant 
channels within the fuel elements of the core, and a small fraction of the flow 
bypasses these coolant channels and passes through altemate flow paths to provide 
cooling to fuel elements and other components within the reactor core cavity. 
Each of the flow passages that exists in the 3000-MW(t) core cavity is briefly 
discussed below. 
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Coolant Channel Flow 

Almost all of the coolant entering the refueling region through the variable 
flow control valves flows through the coolant channels within the top reflector, 
active core, and bottom reflector hexagonal graphite blocks. In the lower reflector, 
the helium from the coolant channels in the standard fuel column merges into 
three large 12.7-cm-diam coolant holes as shown in Fig. 7-3. Large holes are 
used in the lower reflector to reduce pressure loss. The coolant then passes through 
the full-length reflector element with the matching coolant holes and then into the 
core support block. The coolant from individual coolant channels in the control 
column is collected into a single plenum within the bottom reflector element just 
above the core support block. Horizontal slots in the bottom faces of the control 
column bottom reflector block and matching slots in neighboring elements in the 
standard columns allow the coolant to be routed to the adjacent standard columns 
and into the core support block as shown in Fig. 7-3. This prevents the coolant 
from the central region from impinging directly on the region exit thermocouple 
assembly, which would influence the reading more than its small flow rate would 
merit. 

A variable flow control assembly is located at the inlet to each refueling 
region to provide on-line control of coolant flow distribution among the refueling 
regions of the core. Thermocouples are located, as shown in Fig. 7-3, in a graphite 
sleeve penetrating the core support block beneath each of the regions that is fitted 
with flow control valves. These thermocouples indicate the region-averaged cool
ant outlet temperatures, which are used as a basis for distributing the coolant flow 
using the flow valves. 

In the 3000-MW(t) reactor, 18 fuel columns located around the periphery of 
the core have been fitted with fixed orifices to control flow through these columns. 
These fixed orifices can be changed only at the time when the penetration used 
to refuel the column is opened. 

Bypass Flows 

The core cavity flow that does not pass through the fuel element coolant holes 
is called "bypass flow." This bypass flow varies with fuel age and with axial 
position in the core. Bypass flow increases as spaces between elements increase 
due to fast neutron-induced fuel element shrinkage. The bypass flows provide 
cooling to components of the core as follows: 

1. Control rod channel. Control rod cooling flow passes through the control 
rod channel, cooling the control rods that are inserted into the core as 
well as removing heat from the control column fuel elements. Control 
rod flow is limited by a small diameter flow passage in the control column 
bottom reflector. The control rod flow merges with the coolant channel 
flow in the bottom reflector region. The reserve absorber hole in the 
central fuel column has a blind bottom. Flow can pass through this hole 
only by crossflow in and out to surrounding coolant paths. 
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2. Flow in gaps between fuel columns and crossflow. A fraction of the core 
cavity flow bypasses the fuel element coolant holes and passes through 
the gaps between fuel columns. Two kinds of fuel element gaps have 
been defined: extemal gaps and intemal gaps. Extemal gaps are those 
between fuel columns of adjacent refueling regions. A vertical flow path 
from the upper core plenum to the extemal gaps is afforded by the spaces 
between fuel columns within a refueling region. The inlet to the intemal 
gaps is only from the flow control valve plenum, or from lateral flow 
that occurs between the intemal and extemal gaps of refueling regions. 
The coolant in the gaps between fuel columns (extemal gaps) flows 
downward and exits at the bottom reflector through the flow windows 
between the control and standard fuel column reflector elements. There 
it mixes with the coolant hole and control rod channel flow. A small 
portion of the extemal gap flow exits through the vertical spaces between 
core support floor blocks. In the reactor core, small lateral pressure 
differences that develop between the gap flow and coolant channel flow 
provide the potential for an exchange of coolant between the bypass gaps 
and coolant channels. This flow is termed "crossflow" and is discussed 
in Sec. 7-4C. 

3. Side reflector and reflector gaps. Helium coolant flows through spaces 
between graphite reflector blocks. This flow removes the heat deposited 
in the side reflector. Helium flow also passes between the permanent 
reflector and the core cavity liner but is limited by a core peripheral seal 
near the level of the core support floor. 

7-4B Flow Resistance of Coolant Paths 

The flow distribution within the core depends on the dimensions and flow 
resistances of the numerous flow paths. 

The pressure drop equation for a single coolant channel serves to illustrate 
the various losses experienced by the helium coolant as it passes through the core: 

Apr = 
2p 

1 /m^' 
D \TI) Tl 

^ '̂(̂ )-̂ i (7.6) 

The pressure drop equation is similar to Eq. (3.100) of Chapter 3. In Eq. (7.6), 
Kv is the loss coefficient of the flow control valve, Kj is the loss coefficient due 
to the offset at element interfaces, and Tj is the temperature at the bottom of the 
core element block j . 

Early designs were carried out using flow resistances taken directly from 
handbooks or derived from handbook information; e.g.. Table 7-V shows ap-
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TABLE 7-V 
Flow Resistances as a Function of the Region Power Factor 

Region Power Factor, P(r) 

Velocity head" in top reflector coolant holes (kPa) 
Onfice coefficient, Ky 
Entrance loss coefficient, Ki 
Fnctional resistance 

'4/L r 

D "" Tl 

Acceleration due to temperature nse 

"7-2 - Tl' 

Tl 

Element interface offset loss coefficients 

l/-(^) 
Exit loss coefficient 

hi)] 

1.6 

3 8 
3 47 
0 36 

12 35 

0 74 

0 50 

3 34 

1.0 

1 5 
35 0 
0 36 

13 07 

0 74 

0 50 

3 34 

0.4 

0 24 
307 3 

0 36 
16 57 

0 74 

0 50 

3 34 

"AH flow resistances are expressed in terms of the velocity head in the top reflector coolant holes 

proximate values of resistances to flow through the coolant holes. The major 
influence on the pressure distribution is the inlet flow control valve, which can 
take on values of K^ between 3.47 and 307 inlet coolant channel velocity heads, 
depending on the position at which the operator sets the valve. Frictional resistance 
of the coolant hole accounts for the next largest pressure loss. The coolant holes 
drilled in graphite are initially quite rough and friction factors 30% higher than 
those for smooth tubes have been measured. 

The exit loss term represents the irrecoverable pressure losses in the lower 
reflector blocks and the core support block. 

Extensive measurements of flow loss coefficients and flow distribution in 
HTGR components have been made and detailed results can be found in Refs. 
12 through 19. 

7-4C Crossflow 

Flow passing horizontally between the active core gaps and the coolant holes 
is called "crossflow." This flow may be through spaces between the horizontal 
faces of blocks or, to a lesser extent, through the slightly porous graphite of the 
fuel element. The amount of crossflow between core gaps and coolant channels 
depends on the potential pressure difference. The pressure drop across the inlet 
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orifices in regions generating less than maximum power varies between —10 to 
70 kPA (—1.5 to ID psi) depending on the flow valve setting and core power 
distribution. This pressure drop through the valve determines the coolant hole 
pressure in the regions. The helium pressure in coolant channels of a region with 
a partially closed valve is lower than that in the surrounding gaps. This pressure 
difference will cause flow to enter the coolant holes through fuel element interface 
gaps. In high-power regions with open-flow control valves, the pressure in the 
coolant holes in the upper reflector and some portions of the active core is higher 
than the pressure in the coolant flowing in spaces between fuel elements. This 
pressure difference can induce flow to leave coolant holes in a high-power region 
through the small horizontal interfacial gaps that may develop between fuel blocks. 
The extemal and intemal gap pressures and flow distribution are affected by many 
variables, but one of the dominant influences is the design of the core support 
floor. The core side restraint system is designed so that at full power, when the 
core exit coolant temperature reaches a maximum, the core support blocks are all 
in contact and the gap spaces between the blocks are closed. This means that little 
flow can escape through the floor. The "tight" floor increases the gap pressure 
resulting in a tendency for crossflow to be from the gaps into the coolant holes. 
Intemal gap dimensions are fixed by the placement of dowels on the core support 
blocks, which aligns the lower ends of the fuel columns. Extemal gaps are con
trolled by these dowels, the dimensions of the core support blocks, and the core 
side restraint design. 

Preliminary designs and core survey calculations requiring design and per
formance calculations often use a representation of the core flow, such as Eq. (7.6), 
which does not include the possibility of crossflow. 

Crossflow effects on core flow and pressure distributions can be determined 
with one of the core network flow codes used in core design: FLAC (Ref. 20), 
SPIFFS (Ref. 21), and SNIFFS (Refs. 22, 23, and 24). The basic network flow 
path capabilities are similar in the three codes, but each has special features. Flow 
measurements of core components and full regions have been made and results 
are reported in Ref. 19. 

7-4D Core Flow Distribution 

Results from two cases are included to demonstrate the influence of core 
crossflow gaps caused by fuel element dimensional change and bowing induced 
by fast neutron irradiation. First, results of calculations made for the initial core 
when all the graphite elements are new and can be assembled to give nearly zero 
interfacial gaps are discussed. This limiting case is referred to as the "no cross-
flow" case. For the second case, crossflow gaps of 0.25 mm (0.01 in.) are included 
at the interface between each fuel and reflector element. This second illustrative 
case is referred to as the "crossflow" case. 

Figure 7-14 shows the pressure distribution in coolant holes, gaps between 
fuel columns, and side reflector gaps for the no crossflow case. The pressure in 
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Fig 7 -14 C o r e coolant pressure distnbution in no crossflow case 

the boronated reflector and thermal bamer gaps is kept high by the core peripheral 
seal flow restnctor located at the level of the core support floor (only 1% bypass 
flow) Therefore, flow passes from the thermal bamer and reflector gaps lateraUy 
into the permanent side reflector gaps and inward to the core gaps Also as a 
result of this lateral flow, the axial coolant flow decreases in the side reflector 
gaps and increases in the core gaps with distance from the coolant inlet 

The coolant pressure in the upper reflector intemal gaps depends on the region 
flow control valve position In regions with fully open flow control valves, the 
intemal and extemal gap pressures are nearly identical However, in regions with 
nearly closed flow control valves, the intemal gap pressure is low because the 
helium at the entrance to these intemal gaps experiences the full pressure drop 
across the flow control valve Flow is dnven honzontally from the extemal gaps 
to the intemal gaps in these low-flow regions Also, in these low-flow regions. 
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an upward helium flow is possible in the intemal gaps in the top reflector blocks. 
The flow transferred from the extemal gaps horizontally to the intemal gaps and 
upward to the flow control valve plenum represents a leak around the closed valve. 

At the core support floor, the intemal gaps, extemal gaps, and side reflector 
flows are effectively blocked by the narrow spaces between support blocks. Thus, 
most of these gap flows pass into the lateral slots in the lower reflector blocks, 
join the coolant channel flow, and together it all passes through the core support 
block into the lower plenum. If crossflow is not present, the flow in coolant holes 
and control rod channels is constant along the length of the core. 

Helium coolant passing through the core cavity flow passages removes the 
thermal energy generated in the fuel elements, control rods, and reflector elements. 
The core flow, power, and helium temperature distributions if no crossflow is 
present are shown in Fig. 7-15. About 95% of the heat is removed by the helium 
flowing through the coolant channels. The helium flowing through the reflector 
gaps removes the relatively small fraction (0.8%) of the total heat deposited there 
by gamma and neutron attenuation. About 2.8% of the helium leaving the narrow 
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Fig. 7-15. Core power, flow, and coolant temperature distributions in a 3000-MW(t) core "no 
crossflow" case. 
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core gaps between fuel columns removes 2.5% of the total heat load and emerges 
at the approximate core average gas exit temperature. The 2.5% of helium flowing 
through the control rod coolant channels removes —1.2% of the total heat. This 
is enough flow to maintain the control rod cladding and compact temperature 
within design limits. 

Generally, the crossflow paths occur near the core reflector boundary, where 
a fast neutron flux gradient exists due to neutron leakage into the side reflector. 
However, in the flow distribution calculations with crossflow, a horizontal flow 
path of 0.25 mm (0.01 in.) was included between all fuel blocks in the core. 
These crossflow paths connect the intemal and extemal gaps directly with the 
coolant channels at each horizontal interface between fuel blocks.' Figure 7-16 
shows the pressure distribution in several of the core cavity flow paths when 

12 

PLENUM 
ELEMENTS 

Fig. 7-16. Core coolant pressure distribution in "crossflow" case. 
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crossflow is present. When the horizontal crossflow gaps are present, there is an 
overall inward flow from the reflector gaps and core intemal and extemal gaps 
into coolant holes. The flow distribution among the core flow paths when crossflow 
is present is given in Fig. 7-17. The total flow entering the reflector and core gap 
system from the core plenum is higher than for the no crossflow case and the 
helium flow entering the coolant channels through the flow valves is lower than 
the no crossflow case. Gap flow enters the coolant channels at different axial 
levels increasing the coolant channel helium flow as it passes through the core. 
The control rod channel flow is also decreased in the lower portion of the core 
as a result of crossflow from the control rod channel into the coolant channel. 
The decreased intemal and extemal gap pressures resulting from crossflow produce 
an increased inward flow from the borated reflector and thermal barrier gaps. 
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7-4E Laminar Instability 

When a gas enters a heated channel at a Reynolds number just above but 
near the isothermal laminar-turbulent transition value, there is a tendency for 
transition from turbulent flow to laminar flow to occur. For a collection of parallel 
channels connected between two constant pressure plenums, such as an HTGR 
core or an HTGR region, flow in channels that undergo this turbulent-to-laminar 
transition have been observed to receive decreasing flow even though the extemal 
pressure difference is maintained across the plenums. This instability, referred to 
as "laminar instability" has been observed experimentally^^'^^ and explained 
theoretically.^^'^^ The instability has been associated with negative values of the 
rate of change of pressure drop with flow rate idP/dm < 0); that is, a decrease in 
mass flow through the channel can yield an increase in pressure drop. 

This laminar instability cannot occur during normal power operation in the 
HTGR because Reynolds numbers and heating rates are in the stable regime. 
However, laminar instabilities can occur in the HTGR core during core startup 
when the flow is low. Therefore, a minimum flow rate has been specified and 
orifice adjustment is delayed until all channels are well away from the instability 
range." 

7-5 Core Temperatures 
The temperatures in the core have to be kept below values that begin to cause 

damage to fission product barriers, produce stmctural material weakness, and lead 
to excessive chemical reaction rates. These temperature limitations in the HTGR 
are defined quantitatively in Table 6-VII, which gives the core thermal design 
criteria. 

In addition to the thermal limits of Table 6-VII, the temperature distribution 
must not produce thermal or temperature-dependent stresses from fast neutron-
induced dimensional changes that prevent the core components from performing 
their function. 

A plethora of degrees of freedom are available that allow the temperature 
limit and distribution to be controlled by the core designer. The problem is in 
selecting the most cost-effective ones and at the same time meet the design criteria. 

7-5A Unit Cell Models of Heat Flow in Fuel Elements 

To understand some basic aspects of heat transfer in the prismatic HTGR 
fuel element, simple models are helpful. In fact, a great number of useful core 
design calculations are made with these models. 

To develop a simple model of the fuel element, it is necessary only to notice 
that the regular area in the interior of the fuel element of the large HTGR can be 
made up from triangular-shaped unit cells as shown in Fig. 7-18b. To proceed 
with the model, it is necessary to assume that the unit cell is a symmetry section 
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Fig. 7-18a. Fuel element coolant hole pattern. 

Fig. 7-18b. Tnangular unit cell element used in thermal analysis. 

such that only the heat generated in the fuel and reflector in the triangular region 
is removed by the coolant flowing in the coolant hole of the triangle. This means 
that heat conduction radially across the fuel element is ignored. Even though the 
model is obviously not accurate in every part of the core, various correction factors 
to this basic model have been devised to account for these special effects. For 
the hottest locations in the core, the temperatures calculated by the model are 
conservative since conduction of heat is away from the hot location to surrounding 
cooler spots. 

Using the unit cell model, it is possible to determine the temperatures of the 
coolant, graphite, and fuel throughout the core as outlined in Chapter 3. For 
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example, the fuel centerline temperature, Tfd, in a particular unit cell at any axial 
location, z, is given by: 

Tfdiz) = Tcoolant(?) + ATf,|m(z) + ATgraphiteC Z) 

+ ATgap(z) + ATfuel(z) , (7 .7) 

where 

q'FU.z) 
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(7.8) 

(7.9) 

(7.10) 

(7.11) 

(7.12) 

In the above expressions, q' is the average linear heat rating of the fuel given by 

? - ^ ^ , (7.13) 

where Q is the total core thermal power (2746.3 MW) removed by the helium 
flowing in the coolant holes of the variable orifice region. A' is the number of 
coolant holes, L is the active core length, and P(/) is the local radial peaking 
factor previously described in Sec. 7-3A. 

The term q" is the heat flux at the coolant hole and for any position in the 
core is given by 

q'Xl.r.z) = q" • Pir) • ail.r) • AU.z) . (7.14) 

The power peaking factors have been previously defined in Sec. 7-3A. The average 
heat flux, ^", is evaluated from the total core thermal power, Q. and the total heat 
transfer surface of the coolant holes adjusted by small correction factors' to account 
for unfueled core length, non-ideal fuel hole-to-coolant hole ratio, and bypass 
flow. 

The term q/ is the heat flux at the fuel surface and is found in a manner 
similar to q" except that the fuel heat transfer surface is used rather than the coolant 
heat transfer surface. 

The fuel volumetric heat generation term, q/', in Eq. (7.12) is related to the 
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fuel surface heat flux by 

<if = (if'-^ • (7.15) 

The heat transfer coefficient, /inim, in Eq. (7.9) is a function of axial position 
because of the temperature-dependent helium properties. The heat transfer coef
ficient is determined from correlations given in Sec. 3-3B. The term /igraphUe is 
the equivalent conductance from the coolant surface through the graphite web 
(Fig. 7-18) to the fuel surface. The evaluation of this parameter is described in 
Sec. 3-41. A computer program, HEXT, was written to facilitate obtaining the 
equivalent graphite thermal conductance from the series form of the solution for 
the unit cell temperatures. 

7-5B Effect of Power Distribution on Core Temperatures 

The region-to-region variation of the core radial power is compensated for 
by radial flow distribution control using core inlet flow control valves. However, 
the variation of the radial power distribution within the refueling regions results 
in some localized high coolant, graphite, and fuel temperatures in a small volume 
of the core. The variation of the radial power peaking within the regions is 
represented quantitatively by the intraregion power tilt factor, a(/,r). In addition 
to the intraregion power tilt, the axial variation of the local temperature is also 
dependent on the variation of axial power peaking, Ail.z). The unit cell model 
is used to calculate local channel axial coolant, graphite, and fuel temperatures 
within the refueling regions. 

The influence of the radial region peaking factor Pir), the intraregion tilt 
factor ail.r), and the axial power peaking factor A(/,z) on coolant, graphite, and 
fuel temperature is demonstrated below using results from the BACH code. Figure 
7-19a depicts the axial distribution of coolant, graphite, and fuel temperatures in 
an average power channel [Pir) = 1.0, ail.r) = 1.0]. Corresponding temper
atures in a high-temperature channel [Pir) = 1.3, ail.r) = 1.4] are shown in 
Fig. 7-19b. Fuel temperatures in both these channels are low in the inlet half of 
the core length, and a nearly constant fuel centerline temperature is exhibited in 
the lower half of the core due to shaping of the axial power. 

In the average-power channel, the coolant exit temperature is about equal to 
the core average coolant channel exit temperature, 787°C (1448°F). In the higher 
power region Pir) = 1.3 (Fig. 7-19b), the operator will have adjusted the core 
flow control valves so that the coolant flow will be 30% greater than in the average 
power region and the measured exit temperatures will be equal to that in the 
average power region. However, in the local unit cell with ail.r) = 1.4, the 
power is an additional 40% greater. But there is no control of flow distribution 
within the region, so the coolant hole in a unit cell with high intraregion power 
tilt will receive just a little less than the region average flow. Then the helium 
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Fig 7-19a Axial distribution of coolant, graphite, and fuel temperatures in an average power 
channel with P(r) = a(/,r) = 1 0 
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Fig 7-19b Axial distnbution of coolant, graphite, and fuel temperatures in the high-temper
ature local channel with P{r) = 1 3 and a{l.r) = 1 4 
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flowing in the high-temperature channel with a(/,r) = 14 will expenence an 
—40% greater coolant temperature nse, which is seen in Fig 7-I9b, and it will 
exit at 971°C (1780°F) 

In the high-temperature unit cell, all of the temperature nses in the fuel 
element are also higher than the average because the heat flux is higher The 
combination of higher gas temperature nse and higher solid temperature nse yields 
a fuel temperature —278°C (500°F) greater than in the average power channel 

A plot in Fig 7-20 shows the local maximum fuel centerline temperature at 
core midheight as a function of region peaking factor Pir) and intraregion tilt 
ail.r) These temperatures correspond to the core operating at rated power and 
the same coolant exit temperature from each region 

Figure 7-20 clearly demonstrates the effectiveness of the flow control valves 
m controlling fuel temperature For a 60% increase in the region peaking factor, 
the maximum fuel temperature increases by — 178°C (320°F) For a similar per
centage increase in the local tilt, a(/,r), for which there is no coolant flow control, 
the maximum temperature increase is nearly twice as large 

Figure 7-21 presents a radial temperature distnbution from the fuel centerline 
to the bulk coolant temperature at core midheight for the region with Pir) = 1 3 

3000 I 1 
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Fig 7-20 Fuel centerline temperature as a function of region peaking factor and intraregion 
tilt at core midheight in unrodded regions 
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Fig. 7-21. Radial temperature profile in the high-temperature local channel with P(r ) = 1.3 
and a(/,r) = 1.4. 

and a(/,r) = 1.4. Under these conditions, the largest heat flow resistances are 
in the fuel rod and in the film. 

As for the effect of axial power distribution, at full-power operation, the 
control rod pairs are slowly withdrawn during the last 1(X) days of each cycle to 
balance the core reactivity. As the rods are withdrawn, the region peaking factor 
Pir) in rodded regions increases, the region's intraregion tilt ail.r) tends to 
decrease, and the axial power shape Ail.z) peaks near the lower end of the core. 
Figure 7-22 shows the combined effect of these power distribution changes during 
the withdrawal of the rod on fuel centerline temperature in a typically rodded 
region for four rod positions. The axial profiles for regions where rods are partially 
inserted are taken from Fig. 7-12. 

7-5C Fuel Element Temperature Distribution 

The unit cell models ignore heat flow within the fuel element. Therefore, a 
three-dimensional heat transfer model of the fuel element using the CINDA code^^ 
has been used for more detailed analysis. This model, called DEMISE (Ref. 1), 
shows the effect of the fuel element geometry and the power distribution on 
temperature distribution within a fuel element. It is used to obtain detailed tem-
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Fig. 7-22. Axial fuel temperature distribution in one-quarter, one-half, three-quarter, and fully 
rodded regions. 

perature distributions within half-column portions of the core. It is then possible 
to compute the effect on fuel element temperature of variation in power across 
the fuel element and the effect of departure from the unit cell geometry at the 
edges of the fuel elements and in the area around the fuel handling hole. This 
code has also been used in studies to determine the amount of heat removed by 
the flow in the intemal and extemal gaps and the temperature distributions in 
coolant flowing in these gaps. To illustrate the performance of the fuel elements 
under various operating conditions the following two cases are presented: 

1. a column of standard fuel elements with a uniform, radially flat, power 
distribution operating in a region with P(r) = 1.0anda(/,r) = 1.0 

2. a column of standard fuel elements operating in a high-power region 
with a tilted power distribution; the region peaking factor/'(r) = 1.557 
and a maximum value of intraregion power tilt ail.r) = 1.2. 

Column of Standard Fuel Elements with Flat Power Distribution 

Figure 7-23 gives fuel and coolant temperatures in a horizontal plane of one-
half of a standard fuel element at the end of the sixth axial fuel layer. The other 
half of the element is symmetric. Fuel rods are noted by " F " nodes, coolant by 
" C " nodes, gaps by " G " nodes, and bumable poison rods by " B " nodes. At 
this axial level, the maximum fuel temperatures occur in the central portion of 
the fuel element in the area near the fuel handling hole. The fuel rods in this area 
exhibit higher temperatures because they experience a reduction in total effective 
heat transfer area due to the presence of the smaller diameter [18.2 mm, (0.717 in.)] 
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Fig. 7-23. Temperature distribution in a horizontal plane of the sixth fuel element in a standard 
column calculated using block average axial power and flat radial power with Pir) = 1.0 and 
a{l.r) = 1.0. 

coolant holes in the central portion of the element. This indicates that the diameter 
of these coolant holes could be increased slightly to improve the temperature 
distribution within the fuel element. Higher fuel temperatures are also observed 
at boundary fuel pins (e.g., F2 and F3). 

Standard Column with Tilted Power Distribution 

Results for a column of standard fuel elements located on the periphery of 
a region with a tilted power distribution are presented in this section. These fuel 
elements are representative of those that have been operating in the reactor for 
1 yr. The column selected for analysis is in a region with a power factor of 1.557, 
and the column includes fuel rods with an intraregion tilt of 1.2. This combination 
is close to the maximum power conditions at rated power observed in the reactor. 

Lines of constant power tilt are shown in Fig. 7-24. Values of a(/,r) for 
each fuel rod were taken from the top half of the column and used along with the 
region power factor, the total mass flow for the half-block, and the proper axial 
power profile. The temperatures calculated for the upper half of the column are 
shown in Fig. 7-25 at the end of the fourth fuel block. The highest fuel temperatures 
occur at the boundary of the fuel element because the fuel rods with the highest 
intraregion tilts are located there. The maximum fuel temperature is 1426°C (2600°F) 
compared to 112rC (2050°F) for the column in Fig. 7-24 with Pir) = a(/,r) 
= 1. Fuel temperatures are lower at points closer to the central portion of the 
fuel element since the tilt decreases radially inward. 

7-5D Transient Thermal Analysis 

Transients for which the HTGR is designed are divided into several categories 
depending on their expected frequency or probability of occurrence as described 
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Fig. 7-25. Temperature distribution in a horizontal plane of the fourth fuel element in a stan
dard column operating in a high-power region with a tilted power distribution with P(r) = 1.557 
anda(/,r) = 1.199. 

in Chapter 6. Table 6-VI summarizes the normal, upset, emergency, and faulted 
transients for which the HTGR is designed. Of the normal transients in Table 
6-VI, the first four (startup and shutdown) are sufficiently slow, compared to the 
thermal time constant of the core, so that the thermal analysis can be performed 
using steady-state codes. The remaining normal transients are faster and require 
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transient thermal analysis. The upset transient in Table 6-VI results in fuel tem
peratures that are lower than the normal transients discussed above." The emer
gency and faulted transients can result in some high core average fuel temperatures 
but they are not expected to occur frequently and, in general, result in lower fuel 
temperatures when the appropriate corrective action is taken. Emergency and 
faulted transients are discussed in Sec. 15 of Ref. 11. 

For normal operating transients, the peak temperatures occur during a tran
sient that results in a simultaneous increase in core power-to-flow ratio and a 
perturbation in core radial and axial power distributions. Plant transients that 
include all of these effects and result in local fuel temperatures above steady state 
are the load-following transients. The transient presented is a l(X)-60-100% load-
following transient with a 5%/min retum to full load after the 60% '̂ ^Xe con
centration in the fuel has reached steady state. 

The plant response for a 100-60-100% load-following transient is shown in 
Figs. 7-26, 7-27, and 7-28 as calculated by the plant transient code TAP. The 
load reduction at 5%/min begins at 100 s and continues until 60% load is achieved. 
The 60% load condition is maintained for 1(X)0 s to allow the system to equilibrate 
thermally, and then the retum to full load begins at 1580 s. The main and reheat 
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Fig. 7-26. Time history of core power, flow, and helium pressure during a 100-60-100 load-
following transient. 
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Fig. 7-27. Time history of core helium inlet and outlet helium temperatures during a 100-60-
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load-following transient. 
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Steam flows follow the load requirement during the transient. The power under
shoot during the load decrease and overshoot during the load increase drive the 
volume average fuel temperature (Fig. 7-28) such that the total energy removal 
from the reactor core is sufficient to deliver the required steam conditions. 

The major system transient response parameters obtained from the TAP 
computer code, including the core-average graphite and fuel temperatures, are 
used to obtain the core reactivity changes due to temperature. The iodine-xenon 
transient equations are solved for the '̂ ^Xe component of reactivity. To evaluate 
the performance of graphite and fuel components during the transient, a detailed 
thermal analysis of the core is required that includes the effect of changes in local 
radial and axial power distribution. Detailed transient analyses are performed to 
evaluate the short-term coolant, graphite, and fuel temperature increases above 
the steady-state conditions. 

7-5E Core Response to Accidents 

The HTGR core responds particularly well to accidents involving reduced 
cooling because of the large core heat capacity and the use of a single-phase 
coolant. This can be illustrated by looking at an accident involving the loss of 
primary system coolant pressure. This hypothetical accident is referred to as the 
design-basis depressurization accident (DBDA). The DBDA can occur only in the 
extremely unlikely case of multiple failures in the stmcture of a large closure of 
the PCRV. 

Assuming a failure in the largest penetration, the primary coolant pressure 
would decrease rapidly, attaining atmospheric pressure in just over 100 s. The 
reactor would trip because of reduced coolant pressure after 10 s and the main 
circulator speed would reduce to 4% of its rated value in 100 s. Under these 
conditions, the main circulator can operate on nuclear steam for ~10 min. 

During the time when the main circulator is operating, the core behaves as 
shown in Fig.7-29. Following the reactor trip at 10 s, the power generation falls 
quickly to afterheat level. Steep temperature gradients in the fuel rod and graphite 
seen in Fig. 7-21 disappear within a few minutes and the graphite and fuel 
temperatures become nearly equal. As heat flows from the hotter fuel rod to the 
cooler graphite, the fuel temperatures fall ~166°C (300°F) and the graphite tem
perature increases by ~55°C (100°F). This redistribution of sensible heat within 
the fuel elements reduces the temperature of the particle coating (fission product 
barrier) by ~166°C (~300°F). Because of the large flow reduction and increase 
in the graphite temperature, the average exit temperature increases ~28°C (~50°F). 

If auxiliary steam is available or if the core auxiliary cooling system (CACS) 
is started, the fuel temperature and hot helium temperature remain hundreds of 
degrees below the values expected to cause damage (see Table 6-VIII). However, 
if it is assumed that after 10 min the main circulators stop and the CACS startup 
is delayed, then the core temperature will only increase very slowly because of 
the large core heat capacity. The heat capacity of all the fuel elements in the 
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Fig. 7-29. Main loop cooling performance following a DBDA at a 3000-MW(t) plant. 
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3000-MW(t) core is -760 MW-s/°C (1420 MW-s/°F). At this rate of core tem
perature increase, startup of the CACS can be delayed 4 to 5 h before any fuel 
damage would occur. But, because the lower thermal barrier is sensitive to ex
tended exposure to gas at temperatures exceeding 1100°C (2000°F) the CACS 
must be restarted in 2 to 3 h to avoid damage to this thermal barrier. 

Even though the core responds slowly to reduced cooling accidents, fuel 
temperature responses to fast reactivity accidents can be quite rapid as is illustrated 
for rod withdrawal accidents in Ref. 11. 

7-6 Time-Temperature History 
A number of important phenomena affecting the performance of the fuel 

elements, the integrity of the fuel particle coatings, the stresses in the fuel element 
graphite, and the release of metallic fission products from the core are dependent 
on the long-term history of core temperature, fast neutron fluence, and bumup of 
fissionable material. Reference 3 describes the fuel particle behavior quantitatively 
in terms of these core environmental parameters, Ref. 29 the fuel element stresses, 
and Ref. 30 the behavior of metallic fission products. Dimensional changes in 
graphite and fuel rods and progressive oxidation of graphite and metallic fission 
product transport in the fuel elements'" are time and temperature dependent. 
Fuel temperatures are calculated during the design which allow a survey of the 
entire core to find areas where design parameters are near their limits and, there
fore, where more careful attention to local effects is merited. The TREVER code' 
was developed to carry out the temperature survey of the entire core quickly, 
using simple but accurate approximations. Capability has been included in the 
TREVER code to facilitate the use of temperature histories in order to define fuel 
particle coating failure, fuel element stresses, and fission products release. 

Time-dependent thermal analysis. The TREVER code is based on quasi-
steady thermal models. Time-dependent conditions are determined by changing 
the flow and heat transfer geometry as core dimensions change during operation. 
In addition, the power distribution is changed by fuel bumup and control rod 
motion and core material thermal properties are changed due to fast neutron-
induced changes. These latter effects are factored into the TREVER code. 

The heat transfer model used in the TREVER code is the one-dimensional 
unit cell model also used in the BACH code^' and described in Sec. 7-5A. 

For steady-state rated-power operation, temperature history calculations are 
made for coolant, graphite, and fuel components at numerous locations within the 
core. The spatial resolution of these survey calculations depends on the mesh size 
of the nuclear code used to calculate the fission and fast neutron history. In the 
following example, the nuclear data were calculated by the GAUGE code,^ which 
uses a mesh size of one-sixth of a fuel element. To illustrate the fuel temperature 
behavior, a typical high-temperature fuel channel is presented in Fig. 7-30. Com
plete 4-yr histories of the fuel centerline temperature, fuel hole surface graphite 
temperature, coolant helium temperature, and fuel rod surface temperature gradient 
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Fig. 7-30. Temperature histories in a typical unrodded region adjacent to a rodded region. 

are shown for an unrodded region. These temperatures are plotted for the axial 
location having maximum fuel temperatures and are typical of an equilibrium 
cycle. 

The temperature histories in Fig. 7-30 are for a typical fuel rod stack in an 
unrodded region adjacent to a rodded region. The region shown, region 3, is 
located near the center of the core in the first ring of refueling regions (see Fig. 
7-2). The abscissa indicates the time since the region was reloaded. The fuel 
temperature increases slowly during the first 125 days (an 80% load factor is 
assumed for all data presented) as the bumable poison is depleted. This is followed 
by a slight radial shift in power from the center of the core toward the periphery. 
This radial shift at 125 days into the initial annual cycle occurs as a result of the 
radial zoning of the fuel and bumable poison. This shift in power toward the core 
periphery and depletion of the fuel tends to cause the rates of temperature change 
to decrease slightly. At ~200 days into the cycle interval, the operator begins to 
withdraw the control rods from the core. As the rods are withdrawn, the power 
level and temperatures increase in regions near the rodded regions. 

This same general pattem of temperature behavior is repeated for subsequent 
reload intervals. However, the bumable poison in a region is essentially depleted 
after the region's first year in the core. Continued depletion of the fissile material 
tends to cause the fuel temperature pattem to exhibit a slight downward trend with 
time. But as the fuel depletes, the power density decreases, which in tum results 



246 THERMAL A N D FLOW DESIGN O F HELIUM-COOLED REACTORS 

in a decrease in the rate of depletion. Hence, during the last year of the 4-yr 
cycle, the fuel temperature is relatively constant except for the perturbation re
sulting from the motion of control rods. During the 4-yr history, the graphite and 
fuel temperatures slowly decrease while the coolant temperature is held relatively 
constant by the adjustment of flow control valves. 

From detailed core survey calculations including all regions of the core, the 
following general conclusions can be made: 

1. The initial core has relatively low temperatures that only change gradually 
at all locations of the core. 

2. The regions that are loaded at the end of the first year have higher 
temperatures as a result of higher "age peaking." 

3. In general, the highest temperatures are experienced during the first year 
of the fuel's life in the core, then there is a gradual decline in temperature 
throughout the remaining 3 yr. 

4. In various locations of the core, significant and discontinuous temperature 
reductions occur at the end of each year as a result of shifts in power 
caused by refueling of adjacent regions. 

5. The impact of both radial and axial power distribution caused by control 
rod motion is most apparent in rodded regions, and also to a lesser extent 
in regions adjacent to rodded regions. Even the regions near the core 
boundary experience a small radial perturbation of local power due to 
control rod motion near the center of the core. 

6. During the part of the year when the shim rods are being withdrawn, 
fuel temperatures increase in the bottom portion of the partially rodded 
region as a result of the rod-induced axial power shift. 
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Temperatures of fuel rods and fuel element graphite throughout the core are 
relatively uniform for a core with a 415°C (750°F) coolant temperature nse and 
a factor of 3 5 vanation in local power density in the fuel rods Figure 7-31 shows 
the distnbution of lifetime peak values of graphite temperature and graphite time-
averaged temperature The time-averaged temperature for the largest portion of 
the graphite is within 870 ± 140°C (1600 ± 250°F) Peak graphite temperatures 
are n o to I65°C (200 to 300°F) higher than the time-averaged values The peak 
temperature curve shows the fraction of the graphite whose peak temperature 
exceeds 1093°C (2000°F), that is, the peak temperature of <10% of the graphite 
exceeds 1093°C (2000°F) 

NOMENCLATURE 

Symbol 
A 
Ail,z) 

Cp 
D 
Fil,z) 

f 
h 
K 
k 
L 
I 
m 
N 
P 
P{1) 
Pil.2) 
Pir) 

P 
Q 
4 
4 
4" 
R 
r 
T 
W 
z 

= coolant hole cross-sectional area 
= relative axial power factor [Eq (7 1)] 
= coolant specific heat capacity 
= coolant hole diameter 
= accumulative axial power peaking factor [Eq (7 5)] 
= Fanning fricUon factor 
= heat transfer coefficient 
= pressure drop coefficient 
= thermal conductivity 
= active core length 
= combination radial/azimuthal coordinate (Sec 7-3A) 
= coolant mass flow rate 
= number of coolant holes 
= core power 
= radial power peaking factor [Eq (7 3)] 
= local power peaking factor [Eq (7 1)] 
= region power peaking factor [Eq (7 4)] 
= pitch spacing between coolant holes (Fig 7-19) 
= core thermal power 
= linear power rating 
= heat flux 
= volumetnc heat generaUon 
= hole radius 
= radial coordinate (Sec 7-3A) 
= temperature 
= fractional flow rate 
= axial coordinate 

Greek 
ctU.r) 
Apr 

= radial intraregion Ult factor [Eq (7 1)] 
= total pressure drop 
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AT 

P 

Subscripts 
1 
2 
c = 

f 
J 
V = 

Superscript 

temperature difference 
coolant density 

core inlet 
core outlet 
coolant 
fuel 
fuel block interface 
onfice valve 

average 
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8 

THE HTGR GAS TURBINE* 

8-1 Introduction 
Ever since the onset of the development of nuclear reactors for energy pro

duction, especially reactors using a gaseous coolant, the idea of the use of a 
closed-cycle gas turbine to provide the power conversion function for a gas-cooled 
reactor has appeared attractive to many engineers It was realistically recognized, 
however, that introduction of a new heat source and pnme-mover would be a 
formidable task, and accordingly, initial deployment of the high-temperature gas-
cooled reactor (HTGR) in the United States and Europe was based on a state-of-
the-art steam turbine power conversion system With successful demonstration of 
the initial HTGR systems (i e , Dragon, Peach Bottom I, and AVR) and a seem
ingly established market for large commercial HTGR steam cycle plants, groups 
of advanced technology engineers directed their attention to the study of the nuclear 
gas turbine ' 

Dunng the 1970s, design studies, assessments, and evaluations were earned 
out on an advanced direct-cycle HTGR option The motivation for this effort 
included furthenng the exploitation of an increased reactor outlet temperature 
(above the current 700°C value) to achieve high efficiency, taking full advantage 
of the favorable Brayton cycle charactenstics related to economic dry-cooling 
capabilities, examining the potential for very high efficiency in a combined-cycle 
mode, and examining projected plant simplifications and their attendant economic 
benefits 

As with all advanced technology endeavors, several iterations were required 
to establish a reference 800-MW(e) plant concept, and this chapter outlines these 
systems and design iterations with particular emphasis on thermal-hydraulic con
siderations 

8-lA HTGR Deployment 

This chapter is not intended to explain the characteristics of the HTGR, since 
these have been covered previously,^ but rather to outline the currently perceived 

*This chapter was contnbuted by Colm F McDonald 
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deployment strategy to put the role of the gas turbine (HTGR-GT) plant into 
perspective. 

The aforementioned design studies led to the following conclusions in 1980: 

1. 

2. 

3. 

Extensive development was necessary to establish a technically viable 
HTGR-GT plant to satisfy demanding safety and licensing criteria. 
New cycle studies and innovation were necessary to identify features for 
improved economics. 
The study findings were not regarded as being consistent with the goal 
of having a commercial-size HTGR plant operational in the mid-1990s. 

Accordingly, the steam cycle HTGR (HTGR-SC/C) was designated as the lead 
plant and the HTGR-GT classed as a long-term, advanced technology, follow-on 
HTGR plant option. Figure 8-1 shows the evolution of the HTGR and portrays 
advancement to the more complex high-temperature systems in an orderly manner. 
Following the initial deployment of the HTGR-SC/C plant with a reactor outlet 
temperature on the order of 700°C (1292°F), Fig .8-1 shows that the more advanced 
systems such as the gas turbine and process heat applications require a higher 
temperature of ~850°C (1562°F). These conditions are beyond current technology 
in terms of material behavior for commercial life components. As pointed out 
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later in this chapter, the gas turbine can take advantage of considerably higher 
temperatures; up to 1000°C (1832°F). At this temperature level, it would be 
necessary to either cool the turbine blades (state-of-the-art technology) or utilize 
advanced uncooled turbine blade materials such as ceramics or carbon-carbon fiber 
composites. Similarly, advanced materials would be necessary in the reactor sys
tem (i.e., thermal barriers, hot-gas ducts, etc.). Following initial deployment of 
the gas turbine at 850°C (1562°F), there is clearly an incentive to advance to 
higher temperature variants as the technology becomes available. 

Table 8-1 outlines the salient features of the various HTGR systems covering 
core outlet temperatures from 700°C (1292°F) to 950°C (1742°F). The data in this 
table essentially portray a progression of technology from the state-of-the-art 
HTGR-SC/C plant, which is ready for commercialization, to the envisioned ad
vanced reactor systems. While the technology transfer from the HTGR-SC/C plant 
to the advanced plants, including the gas turbine, is significant, a considerable 
development effort must be expended for the higher temperature systems em
bodying advanced technology features. The above deployment strategy led to the 
conclusion that the gas turbine development be essentially allied to process heat 
applications where very high temperatures must be realized.^ 

8-lB HTGR-GT Background 

The closed-cycle gas turbine (CCGT), not well known in the United States, 
has been proven in Europe with over 40 years of operating experience."* The CCGT 
is well suited to nuclear, coal-fired, and solar heat sources,^ but the application 
that has received the most attention in the last decade has been the study of CCGT 
coupling with an HTGR. 

TABLE 8-1 
Comparison of Salient Features for Different HTGR Options 

Reactor outlet 
temperature 

com Reactor inlet 
temperature (°C) 
[°F] 

Reactor core thermal 
rating [MW(t)] 

Core power density 
(W/cm') 

Core power/flow 
ratio (J/kg) 
[Wh/lb] 

Lead Plant 
HTGR-SC/C 

693 [1279] 

318 [609] 

2240 

7 15 

1 94 X 10* 
[245] 

Advanced Follow-on Options 

Process Heat 
HTGR Indirect 

Cycle 

850(1562] 

438 [820] 

1170 

6 6 

2 14 X 10" 
[270] 

Process Heat 
HTGR Direct 

Cycle 

950 [1742] 

500 [932] 

1170 

6 6 

2 33 X lO*" 
[294] 

HTGR-GT 

850 [1562[ 

494 [922] 

2000 

6 6 

1 73 X 10" 
[219] 
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TABLE 8-1 (continued) 

Core type 

Fuel type 
Fuel lifetime (yr) 
Primary system fluid 
Maximum primary 

system pressure 
(MPa) [psia] 

Secondary system 
fluid 

Tertiary fluid 

Plant type 

Reactor vessel type 

Liner type 

Number of primary 
loops 

Pnmary heat 
exchanger 
(type/number) 

Primary rotating 
machine type 

Number of 
machines/unit 
raung [MW(e)] 

Number of CACS" 
PCRV diameter 

(m) [ft] 
PCRV height 

(m) [ft] 
Number of major 

cavities 
Major component 

fabrication 
Plant access 
Plant design status 

Plant technology 
status 

Plant deployment 

Lead Plant 
HTGR-SC/C 

HTGR 
prismatic fuel 

elements 
LEU/Th fueP 

4 
Helium 

7 2 [1050] 

Steam 

— 

Primary 
equipment 

integrated in 
PCRV 

Multicavity 
PCRV 

Conventional, 
insulated, and 
water-cooled 

4 

Steam generator/4 

Electric 
motor-driven 

circulator 
4/10 0 

3 
31 1 [102] 

29 0 [95] 

8 

Factory 
fabrication 

Road/rail/sea 
Ready for 

commercialization 
State-of-the-art 

1994 

Advanced Follow-on Options 
Process Heat 
HTGR Indirect 

Cycle 
HTGR 

prismatic fuel 
elements 

LEU/Th fuel" 
4 

Helium 

5 0 [725] 

Helium 

Process gas 
and steam 

Primary 
equipment 

integrated in 
PCRV 

Multicavity 
PCRV 

Conventional, 
insulated, and 
water-cooled 

4 

Intermediate 
heat 

exchanger/4 
Electnc 

motor-driven 
circulator 

4/10 0 

3 
26 5 [87] 

27 6 [90 5] 

8 

Factory 
fabncation 

Road/rail/sea 
Preconceptual 

Advanced 
technology 
After year 

2000 

Process Heat 
HTGR Direct 

Cycle 
HTGR 

prismatic fuel 
elements 

LEU/Th fuel" 
3 

Helium 
4 8 [696] 

Process gas and 
steam 

— 

Pnmary 
equipment 

integrated in 
PCRV 

Multicavity 
PCRV 

Conventional, 
insulated, and 
water-cooled 

4 

Reformer/4, 
steam 

generator/2 
Electnc 

motor driven 
circulator 

4/14 5 

3 
32 9 [108] 

28 0 [92] 

12 

Factory 
fabncation 

Road/rail/sea 
Preconceptual 

Advanced 
technology 
After year 

2000 

HTGR-GT 
HTGR 

prismatic fuel 
elements 

LEU/Th fuef 
3 

Helium 
8 4 [1220] 

Water 

— 

Primary 
equipment 

integrated in 
PCRV 

Multicavity 
PCRV 

Partial warm 
liner 

2 

Recuperator/2, 
precooler/2 

Helium 
turbomachine 

2/400 

3 
32 6 [107] 

35 4 [116] 

9 

Factory 
fabncation 

Road/rail/sea 
Preconceptual 

Advanced 
technology 
After year 

2000 

"LEU/Th = low-ennched uramum/thonum 
"CACS - core auxiliary cooling system 
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As HTGR-GT plant design studies progressed since initiation in 1971, the 
thermodynamic cycle and plant configuration evolved from investigating the best 
means to satisfy the various performance, economic, safety, and operational goals. 
These studies, done over the course of a decade, have been well documented in 
the open literature, both in the United States^"^ and Europe.'°"'^ 

Early in the studies, efforts were directed toward the design, performance, 
and economic assessment of a multiloop plant in the 1200-MW(e) class that could 
be adapted to both smaller and larger units. A 1200-MW(e) reference plant es
tablished in 1977-1978 based on a non-intercooled cycle and embodying three 
power conversion loops (PCLs) has been described.'^ 

Over the last few years, plant layout studies have been done for a wide range 
of power levels. These studies have consisted essentially of varying the number 
of PCLs, sizing the major components, evaluating the impact of component ori-
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Fig. 8-2. The impact of HTGR-GT plant power rating on PCRV diameter for different layout 
concepts. 
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entation on the prestressed concrete reactor vessel (PCRV) diameter, computing 
plant efficiency, and estimating costs (capital and power generation costs). Figure 
8-2 shows the range of plants studied in a conceptual manner and the impact on 
PCRV diameter, which is regarded as a major capital cost indicator. 

Inputs from the utilities in 1979 indicated a trend away from the larger plants 
envisioned for the end of this century. Accordingly, efforts were directed toward 
a plant in the 800-MW(e) class, and details of the reference plant concept are 
given in Sec. 8-3. 

8-2 Thermodynamic Cycles and Performance 
In the quest for high overall plant efficiency, analyses and design studies 

were carried out for plant variants with varying thermodynamic cycles; particular 
emphasis was placed on the direct cycle because studies of the indirect cycle 
utilizing an intermediate heat exchanger (IHX) showed it to be unattractive for 
the following reasons: (a) it necessitated a 50°C higher reactor outlet temperature 
to keep the same turbine inlet temperature, (b) questionable integrity of the IHX, 
and (c) a considerable capital cost penalty and resultant unattractive power gen
eration costs. In the case of the process heat plant, the IHX is pressure balanced 
for the bulk of its operating conditions. In the case of the gas turbine, this is not 
possible, since the IHX pressures become unbalanced as the power level changes. 
With this situation, a viable IHX was not identified based on today's technology 
(in particular, materials capability). It was concluded that the best indirect cycle 
was in fact the steam cycle plant. Accordingly, only direct-cycle variants were 
addressed, which are outlined below. 

8-2A Thermodynamic Cycles 

The attractive features of the Brayton (gas turbine) cycle are compared with 
the Rankine (steam) cycle in the simplified temperature/entropy diagram in 
Fig. 8-3. The Brayton cycle plant heat rejection occurs over a wide range of 
temperatures rather than at the one temperature of a condensing vapor. This range 
departs from one thermodynamic cycle efficiency criterion, but conversely, it 
means that the higher average heat rejection temperature can greatly ease the 
practical problem of reject heat dissipation. Indeed, as outlined in Sec. 8-5, a 
higher mean rejection temperature can become valuable for industrial use or for 
binary-cycle power production. 

The decision of whether or not to incorporate an intercooler is important to 
the thermodynamic cycle, since it affects both the plant layout and the heat rejection 
characteristics. Figure 8-4 compares the two cycles. In any operation involving 
gas compression by multistage machines, the process efficiency can be improved 
by cooling the gases in an intercooler between the stages. Intercooling offers a 
cycle efficiency gain of about three percentage points, but this gain must be 
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weighed against the differing heat rejection temperatures and the power plant 
complexity. 

In the HTGR-GT plant studies in the United States, there has been a strong 
motivation to use the non-intercooled cycle for the following reasons: (a) plant 
simplicity in both the turbomachine and primary systems and (b) a high reject 
temperature for the economical dry cooling and optional bottoming cycle (dis
cussed in Sec. 8-5). In Europe, on the other hand, the intercooled cycle has always 
been favored because (a) it has a higher efficiency, (b) the reject water temperature 
is well suited to district heating, and (c) there is a carryover from the European 
fossil-fired CCGT plants, which have all been intercooled.''* Some of the major 
factors involved in the issue of intercooling versus non-intercooling are outlined 
in Table 8-II. 

8-2B Gas Turbine Plant Performance 

In parallel with the plant component and design layout work, performance-
optimization studies have been performed.'^"'^ A design and cost evaluation com
puter code was developed and used to identify the parameters to give the minimum 
power generating cost. System parameter selection, accomplished during opti
mization, dramatically affects conceptual design by influencing overall plant per
formance, availability, safety, and economics. Therefore, sensitivity of these 

TABLE 8-11 
Summary of Major Factors Relating to the Issues of Intercooling 

Non-lntercooled Plant 
Simpler turbomachine (shorter rotor, less duct connections) 
Simpler gas flow paths and pnmary system layout 
Less complex system implies improved availability and reliability 
High reject temperature well suited for cogeneration (i e , binary cycle, process steam, 

distnct heating, etc ) 
Reduced plant construction time (simpler PCRV) 
Reduced complexity and nsk 

Intercooled Plant 
• 

Increased cycle thermodynamic efficiency 
Reduced helium mass flow rate (i e , smaller components) 
Source of cooler high-pressure gas available for cavity liner cooling 
Reduced core mlet gas temperature 
Possible use of additional water-to-helium heat exchanger (intercooler) for decay heat 

removal 
Heat rejection split between two water-to-helium exchangers (precooler and intercooler) 

results in smaller unit assemblies 
Utilization of European expenence from the small fossil-fired CCGTs 
Water outlet temperature well suited for distnct heating 
Additional maintenance requirements 
Increased plant capital cost 
Additional potential source of water ingress to pnmary system 
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factors to changes in plant parameters should be determined at the earliest design 
stages. 

System optimization and design evaluations were performed during the con
ceptual design stage to identify: (a) an optimized set of parameters for further 
design development, (b) sensitive areas where additional design definition or 
improvements would be effective, and (c) where margins can most effectively be 
applied to achieve the desired probability of performance success at minimum 
cost. 

The most important parameter affecting performance of a gas turbine is 
turbine inlet temperature. Figure 8-5 shows the progression in inlet temperature 
for fossil-fired CCGT plants that have been in operation. For the HTGR-GT 
reference plant, a turbine inlet temperature of 850°C (1562°F) was selected. This 
temperature is modest compared to that for most industrial gas turbine practice. 

O EXISTING INDUSTRIAL CCGT 
• OPERATIONAL EUROPEAN CCGT 

1 RAVENSflURG 23 MWe 
2 OBERHAUSEN I 13 75 MWe 
3 CQBURG 66MWe 
4 HAUSADEN B 4 MWe 
5 GELSENKIRCHEN 1725 MWe 

6 OBERHAUSEN 2 HELIUM TURBINE PLANT SO MWe 

REGIME OF 
AOVANCEOGT 
WITH FEATURES 
SUCH AS WATER 
COOLED BLADES 
ANO CERAMIC 
NOZZLES s.,^ I 

INDUSTRIAL ^ ^ 
OPEN CYCLE / ^ 
6ASTUR6INE 

HIGH TEMPERATURE 
HELIUM TEST FACILITY 
(HHV) IK GERMANY 
OPERATIONAL CAPABILITY 
TO 1000'C |N0 EXTERNAL 
HEATER IN THIS FACILITY) 

EXPERIMENTAL 
SZkWe 
ARGON CCGT 

y 

PROJECTED 
REGIME 
WITH CERAMIC 
HEATSOURCE 
EXCHANGER 

SMALL US 
EXPERIMENTAL 
CCGTFOR 
SPACE POWER 
SYSTEMS 

PIONEER CCGT 
ESCHER WYSS 
2 MWe PLANT 

US ARMY ML 1 PROJECT 
LAFLEUR 
CCGTPLANTS 

APPROXIMATE UPPER 
LIMIT FOR METALLIC 
HEATSOURCE 
EXCHANGER 

I I _ l _ 
1960 1970 

YEAR 

Fig. 8-5. Turbine inlet temperature trends for closed- and open-cycle industrial gas turbines. 
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It IS below the level where turbine blade cooling is necessary, and it facilitates 
utilization of an existing nickel-base alloy (for the turbine blades), which is used 
extensively in industrial gas turbines In commercial airline service, the gas turbine 
engines (turbojets and turbofans) operate with turbine mlet temperatures on the 
order of 1200°C (2192°F), and for military applications even higher temperatures 
are used 

Other important parameters in the CCGT are the compressor pressure ratio 
and recuperator effectiveness Figure 8-6 shows the effect of these parameters on 
the efficiency of a non-intercooled cycle with a turbine inlet temperature of 850°C 
(1562°F) To explore the effect of temperature, a family of curve plots (like those 
shown in Fig 8-6) was prepared and the maximum efficiency loci were determined 
These are shown in Fig 8-7, which relates the important cycle parameters with 
cycle efficiency for a non-intercooled cycle A similar performance carpet plot 
for an intercooled plant is shown in Fig 8-8 with turbine inlet temperatures from 
750 to 1050°C For this array, the compressor pressure ratio was fixed at 3 0, a 
value that has been shown to be near optimum for the intercooled plants operated 
in Europe From these performance arrays, it is clear that the HTGR-GT offers 
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Fig 8-6 Influence of compressor pressure ratio and recuperator effectiveness for a helium 
CCGT based on a non-intercooled cycle 
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COMPRtSSOHPRLSSUHt HATIU 

Fig. 8-7. Representative cycle parameter array for a non-lntercooled HTGR-GT plant. 

significant potential for high levels of efficiency, which is discussed in Sec. 8-5. 
The performance studies indicated that high efficiencies can be realized but 

with ever-increasing plant complexity. However, the U.S. utility companies be
lieved that the attendant complexity inherent with the higher efficiency variants 
was not appropriate for the first-of-a-kind plant involving new technologies and 
that the associated increased development effort and possible improvement in 
plant operability (because of the additional complexity) detracted from the overall 
goal of seeking plant simplicity. Accordingly, efforts were concentrated on the 
basic non-intercooled Brayton cycle (albeit highly "recuperated"), with emphasis 
on a dry-cooling mode of heat rejection. 

Figure 8-9 shows the parameters selected for the reference plant from the 
optimization study with a reactor outlet temperature of 850°C (1562°F). A max
imum system pressure of 8.4 MPa (1220 psia) was selected from the sensitivity 
studies. This pressure level, which gives high gas density and compact turbo
machinery, heat exchangers, and ducts, is only a modest extension of PCRV 
structural design practice. Unlike the steam cycle plant that requires an external 
source of power to drive the circulators, the term "pumping power" is not used 
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Fig 8-8 Performance array for a helium CCGT plant based on an intercooled cycle 

in the gas turbine A substantial amount of power is necessary to drive the com
pressors and this is provided by the gas turbine The net power output is, of 
course, the gross turbine power minus the power required by the compressor For 
a given compressor pressure ratio. Re, it is important to maximize the turbine 
expansion ratio, R,, since these are related by the expression 

R,/Rc = 1 - ^iAP/P) , 

where l^iAP/P) represents the summation of the non-dimensional pressure losses 
in the circuit A good guide for a CCGT is for the total pressure losses not to 
exceed 10%, leading to the ratio R,/Rc ^ 0 90 With a reactor outlet tempera
ture of 850°C (1562°F), a compressor pressure ratio of 2 6 was selected, which 
together with the recuperator effectiveness of 0 90, resulted in a plant efficiency 
of 40% for the non-intercooled cycle with dry cooling The parameters shown in 
Fig 8-9 formed the basis for the conceptual design of the reference plant, which 
IS bnefly descnbed in Sec 8-3 
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Fig. 8-9. Flow path diagram showing salient parameters for an HTGR-GT plant reference 
design. 

8-3 Reference 2000-MW(t) HTGR-GT Plant Design Concept 
The reactor turbine system consists of power conversion loops (PCLs), the 

reactor core, and auxiliary cooling loops. The plant'^ embodies two PCLs rated 
at 400 MW(e) each and consisting of a turbomachine, a recuperator, a pre
cooler, and control valves. As shown in the reactor turbine system arrangement 
in Fig. 8-10, all of the primary system equipment is installed in the PCRV to give 
an integrated plant configuration. 

The two turbomachines are installed in horizontal cavities toward the base 
of the PCRV. The helium turbomachine is rated at 400 MW(e) and consists of a 
simple and rugged arrangement with a single shaft and direct drive to the generator. 
The turbomachine drive to the generator is from the compressor end of the turbo
machine, and the thrust bearing is located extemal to the PCRV to facilitate 
inspection and maintenance. 

The heat exchangers (recuperator and precoolers) are installed in vertical 
cavities in the PCRV, as shown in Fig. 8-10. The recuperator, which contributes 
significantly to the high cycle efficiency, is a helium-to-helium heat exchanger of 
high effectiveness. The reference design is based on a straight-tube, axial counter-
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2 CORE AUXILIARY COOLING CIRCULATOR 9 REFUELING PLENUM 
3 SECONDARY CONTAINMENT 10 CORE 
4 PCRV 11 RECUPERATOR 
5 PRECOOLER 12 CORE OUTLET DUCT 
6 CORE AUXILIARY COOLING 13 TURBOMACHINERY 

HEAT EXCHANGER 14 HORIZONTAL PRESTRESSED TENDONS 
7 GENERATOR 

Fig. 8-10. A two-loop 800-MW(e) direct-cycle HTGR-GT power plant concept. 

flow configuration and has a provision for in-service inspection. The precooler, 
which is used to remove reject heat from the cycle, is a helium-to-water heat 
exchanger of very high thermal effectiveness. The reference design has a helical 
bundle of cross-counterflow geometry. Both of these heat exchangers are regarded 
as state-of-the-art technology and, with modest metal temperatures and pressure 
differentials (compared with modem steam generators), utilize code-approved 
lower grade alloys of reduced cost. 

The core auxiliary cooling system consists of three separate and independent 
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Fig. 8-11. Overall plant arrangement for a two-loop reference design. 

cooling loops comprised of auxiliary circulators, core auxiliary heat exchangers, 
and ultimate heat sink rejecting heat to the atmosphere. The system can remove 
the core residual decay heat for cooldown following the loss of helium circulation 
in the main power conversion loops with the reactor in a shutdown condition— 
either pressurized or depressurized. 

Figure 8-11 shows the balance-of-plant design. The plant arrangement utilizes 
horizontal electric generators and turbomachines with access and removal through 
grade-level penetrations in the containment. The reference design has hydrogen-
cooled generators located outside of the containment building and coupled to the 
turbomachine via a shaft penetration through the building. The major features of 
the plant are summarized in the last column of Table 8-1. 

8-4 Component Design Considerations 
For an integrated plant, the PCL components cannot be treated as isolated 

units, and indeed, their design and also resolution of the interconnecting gas flow 
path geometries must be considered during the establishment of the plant primary 
system configurations.'** The main PCL components that have a strong influence 
on the primary system design are the PCRV, reactor core, turbomachine, and heat 
exchangers. The PCRV and reactor core'' are very similar to those of the steam 
cycle HTGR. 
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Fig. 8-12. A 400-MW(e) non-intercooled turbomachine for an HTGR-GT plant. 

8-4A Helium Turbomachine 

.20-22 A simple and rugged arrangement ~ consisting of a single-shaft direct-
drive turbomachine was chosen for the HTGR-GT plant and details are given 
in the simplified cross section of the 400-MW(e) 60-Hz machine shown in 
Fig. 8-12. The salient features of the turbomachine are given in Table 8-III. The 
400-MW(e) helium turbomachine has 18 compressor stages (for a pressure ratio 
of 2.6 with the low molecular weight helium gas) and 8 turbine stages. 

The aerodynamic procedures used for the helium turbomachine are essentially 
identical to conventional air-breathing gas turbine practice. Substitution of helium 
for air greatly modifies aerodynamic requirements by removing Mach number 
limitations; the problem then becomes that of trying to induce the highest possible 
gas velocities that stress-limited blades will allow. Helium compressors for closed-
cycle gas turbines are characterized by small blade heights, high hub-to-tip ratios, 
and low aspect ratios. For a representative helium compressor, the typical salient 
aerodynamic parameters, together with the effects of varying the blade and gas 
velocities, are shown in Fig. 8-13. An important parameter is the hub-to-tip ratio, 
and an accepted upper limit for high efficiency compressors is ~ 0 . 9 0 . 

The properties of helium affect the turbine in very much the same way as 
they affect the compressor. That is, for a given overall expansion ratio, the total 
number of stages for a helium machine will be greater than for an air-breathing 
gas turbine. Performance analysis of a large number of turbine test rigs produces 
an empirical relationship between stage loading factor, axial velocity (mean blade 
speed), and efficiency. Figure 8-14, constructed from test data from many different 
rig turbines, shows this relation in simplified form. The eight-stage helium design 
has the necessary combination of aerodynamic parameters to give an overall design 
in the "maximum efficiency" regime. Although the efficiency values shown in 
Fig. 8-14 do not include allowances for tip clearance, leakage losses, and disk 
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TABLE 8-III 
Details of HTGR-GT Turbomachine Design 

Turbomachine Rating [MW(e)] 
Machine type 
Machine arrangement 
Frequency (Hz) 
Number of turbine mlet ducts 
Turbine inlet temperature (°C) 
Compressor pressure ratio 
Number of compressor stages 
Maximum compressor tip diameter (m) 
Blade height (mm) [min/max] 
Compressor adiabatic 

efficiency (across blading) (%) 
Number of turbine stages 
Maximum turbine tip diameter (m) 
Blade height (mm) [min/max] 
Turbine isentropic efficiency 

(across blading) (%) 
Blading life (h) 
Blade cooling 
Turbine blade matenal 
Generator drive end 
Rotor burst shield 
Thrust bearing position 
Number of journal bearings 
Journal bearing man access 
Type of rotor construction 
Machine casing diameter (m) 
Machine length (m) 
Machine weight (kg) 
Design technology base 

400 

Non-intercooled 
Single-shaft 

60 
1 

850 
2 50 
18 
1 83 

80 0/125 7 
89 8 

8 
2 18 

125 7/297 2 
91 8 

280 000 
No 

Nickel-base alloy, IN-100 
Compressor 

Yes, integral part of machine structure 
Extemal to PCRV 

2 
Yes 

Welded rotor 
4 0 

11 3 
276 770 

Large industrial open-cycle gas turbines 

cooling losses, the position of the efficiency contours is not changed by these 
factors and the figure is useful as a preliminary design tool to establish a practical 
design. 

The performance prediction for the 400-MW(e) helium turbomachine is based 
on established design methodology, and the high compressor and turbine efficiency 
values shown in Fig. 8-15 reflect the influence of technology from demonstrated 
advanced technology industrial gas turbines. The sensitivity of plant efficiency to 
small changes in compressor and turbine efficiencies can be seen clearly from 
Fig. 8-15. 

The rotor is of welded construction. Welded rotors have a long successful 
history in Europe for both gas and steam turbines. The stress levels in the turbine 
blades are commensurate with a life of 280 000 h (i.e., 40 yr at an 80% capacity 
factor). For the turbine inlet temperature of 850°C (1562°F), blade cooling is not 
necessary, and an existing nickel-base alloy (IN-100), which has been used ex
tensively in open-cycle industrial gas turbines, was selected for the turbine blading. 

The turbine has the advantage of being able to utilize cast alloys, which are 
very strong at elevated temperature, for the blading. Turbine materials at an 850°C 



HTGR GAS TURBINE 267 

0 90 

0 89 

0 88 -

0 87 

0 86 

0 5D' 

0 40 

0 30 

0 20 

16o' 

150 

140 

130 

120 

110 

100 

90 

NOTES 
BOTATIONAL SPEED = 3600 rpm 
HELIUM FLOW = 1393 Ib/s (kg/s) 
INLET PRESSURE = 425 psia (2 93 MPa) 
INLET TEMPERATURE = K'f (35°C) 
PRESSURE RATIO = 2 50 

COMPRESSOR AERODYNAMIC 
LOADING PARAMETER DEFINED 

D = (1 .ml^^ S j o s l , |„„ ;3, . „ „ ^_, 
cos^, C 2 

18 AXIAL STAGES 
ZERO INLET AND EXIT SWIRL 
FREE VORTEX DESIGN 

MAXIMUM STRESS LEVEL 10000 psi (68 9 MPa) 

900(274) u„uB 
1000(305) „y" 
1100(335) " ; ; , 
1200(366) ' " ' " ' 

. 2 0 140 160 ISO 240 

JL±. 

1200 (366) 

280 300 "i/s 

J ll 
700 800 

AXIAL VELOCITY VA 

1000 It/s 

UHUB 
n/s 
(m/s) 

> 

<" 

Fig. 8-13. Representative axial compressor design parameters for a 400-MW(e) helium 
bomachine. 

tur-

operating temperature are not regarded as a major developmental item. [In the 
case of the other major components (i.e., heat exchangers, ducts, thermal barrier, 
etc.), their geometries necessitate the use of wrought materials and do require 
characterization for elevated temperature service in the reactor primary system.] 
With the 60,800-kg (67-ton) rotor supported on two journal bearings, the overall 
length of the turbomachine is 11.3 m (37 ft). The overall diameter of 3.5 m 
(11.5 ft) is a design constraint to facilitate rail transportation of a contaminated 
turbomachine installed in a shielded cask. The weight of the overall machine is 
277 000 kg (305 tons). 

Since the turbomachine is installed inside the reactor vessel, rotor burst 
protection is incorporated in the machine design in the form of containment rings 
around the compressor and turbine rotor bladed sections and around the com-
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Fig 8-14 Generalized axial turbine blading efficiency contours 

pressor-to-turbme shaft Man-access provisions are provided in the PCRV for 
inspection and limited maintenance work on the journal bearings, which are of 
the multiple, tilting pad, oil-lubncated type The spaces in which the beanngs are 
located are isolated from the main cycle working fluid by shielding (purge gas 
from the plant helium storage system is used to give an acceptable radiological 
environment for man-access) The dnve to the generator is from the compressor 
end of the turbomachine, and the thrust beanng is located extemal to the PCRV 
to facilitate inspection and maintenance and to limit the number of oil systems in 
the pnmary system to a minimum Diagnostic condition monitoring, tn situ in
spection, and maintenance features are designed into the turbomachine system ^̂  

For a single-shaft turbomachine with a net power output of 400 MW(e), the 
rotating section is compact and substantially smaller than an equivalent air-breath-
ing machine because of the high degree of pressunzation (particularly at the turbine 
exit) and because the enthalpy drop in the helium turbine is many times greater 
(i e , increased specific power) The extemal dimensions of the 400-MW(e) helium 
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Fig. 8-15. An array showing the influence of compressor and turbine efficiencies on an HTGR-
GT nuclear closed-cycle power plant. 

gas turbine are similar to those of an air-breathing, advanced, open-cycle industrial 
gas turbine in the lOO-MW(e) range. 

Studies have been done on the power rating potential for a 60-Hz helium 
turbomachine. The main point of interest for a given turbine inlet temperature 
(850°C) is the influence of machine power on the life expectancy (i.e., stress level 
in the blading) for a given material. For the 850°C turbine inlet temperature and 
a candidate turbine blade material (IN-100), the interrelationship between first-
stage blade centrifugal stress and creep rupture life is shown in Fig. 8-16. It can 
be seen that for the full operating life of 280 000 h (i.e., 40 yr at 80% utilization), 
the non-intercooled machine upper limit is —600 MW(e). The equivalent number 
for the intercooled machine (with lower helium mass flow) is —700 MW(e). Higher 
power ratings are possible with cooled turbine blades, but for the initial 
HTGR-GT, the simplicity of uncooled blades is preferred. 

The industrial technology bases from which the nuclear plant turbomachinery 
can benefit are shown in Fig. 8-17, which illustrates existing hardware. The 
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turbomachine and other PCL components are designed for a 40-yr life; however, 
they are also designed to be replaceable. 

The aforementioned helium turbomachine design considerations relate to the 
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Fig. 8-17. Technology bases for a nuclear closed-cycle helium turbomachine. 
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HTGR-GT plant for the U.S. market (i.e., 60-Hz system); however, it should be 
pointed out that a large effort has also been expended in Europe for the HHT 
plant' and details of the turbomachine for this 50-Hz system have been 
reported. ̂ '̂ -̂ ^ 

8-4B Heat Exchangers 

The heat exchangers,^^"^^ which involve a significant thermal-hydraulic de
sign effort, are large components and have a great influence on the integrated 
primary system. The combined effects of size constraint (integration in the PCRV 
side-wall cavities), in-service inspection, in situ repair, and maintenance and 
fabrication considerations have a significant effect on the choice of surface ge
ometry, flow configuration, and mechanical design. The major heat exchangers 
in the power conversion system are the recuperator and precooler, and salient 
features of these units are given in Table 8-IV. The core auxiliary cooling system 
embodies a core auxiliary heat exchanger, but since this unit is regarded as a 
generic HTGR component, and has been reported previously,^" it is not discussed 
here. 

TABLE 8-IV 
Details of HTGR-GT Plant Heat Exchanger Designs 

PCL Rating 

Exchanger 
Exchanger configuration 

Construction type 
Heat duty/unit [MW(t)] 
Log mean temperature difference (°C) 
Effectiveness 
Tubes per exchanger 
Tube outside diameter (mm) 
Wall thickness (mm) 
Modules per exchanger 
Exchanger diameter (m) 
Effective tube length (m) 
Effective bundle height (m) 
Exchanger assembly height (m) 
Exchanger assembly weight (tonnes) 
Maximum metal temperature (°C) 
Maximum intemal AP (MPa) 
Materials 

In-service inspection/repair level 
Assembly location 
Transportation mode 
ASME code class 
Design status 
Technology status 

400-MW(e) 
Non-lntercooled 

Recuperator 
Counterflow 

Straight tube modular 
918 
42 5 

0 898 
66 483 

11 1 
1 1 

83 
564 

12 2 
12 2 
20 4 

726 
515 

4 62 
Ferritic 

2-1/4 Cr-1 Mo 
Module 

Factory/optional 
Barge 

Section VIII 
Conceptual 

Precooler 
Multipass 

:ross-counterflow 
Helical bundle 

581 
30 5 
0 972 

827 
28 6 
2 9 
1 
4 72 

105 
12 5 
19 8 

435 
177 

1 83 
Low-alloy 

1/2 Cr 
Individual tubes 

Factory 
Barge 

Section VIII 

State-of-the-art technology 
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The heat exchanger types selected for the HTGR-GT plant conceptual design 
have a sound technology base, and in this regard can be considered conservative 
Extensive thermal-hydraulic analyses have been performed to identify the optimum 
configurations and surface geometries for the gas turbine plant, these are sum-
manzed below 

The helium-to-helium recuperator concept shown in Fig 8-18 is a straight-
tube counterflow arrangement, with an overall assembly made up from a multi
plicity of contiguous hexagonal elements Establishing the thermal size of the 
recuperator entailed scanning parametric surveys for the combination of surface 
geometry, heat exchanger frontal area (diameter), and effective tube length that 
fits the available PCRV cavity envelope at an acceptable pressure loss The results 
of a typical thermal-hydraulic analysis for a recuperator embodying plain tubular 
surfaces is shown in Fig 8-19 The selection of the reference design involves the 
evaluation of performance (pressure loss), considerations of installation (envelope 
available in PCRV), and fabrication (tube pitch), together with the satisfaction of 
the goal of minimizing cost In the quest for a design solution that satisfies all of 

LP HELIUM 
FROM TURBINE 

Fig 8-18 The straight-tube, modular, counterflow recuperator concept for an HTGR plant 
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Fig 8-19 Thermal sizing data for an HTGR-GT plant recuperator 

the safety, cost, and performance goals, enhanced tubular geometnes have been 
studied Since the PCRV is obviously a major plant cost item, it was thought that 
PCRV size reductions obtainable through the use of enhanced surface geometries 
in the heat exchangers might present an avenue by which overall plant costs could 
be reduced, even though higher heat exchanger costs may result Studies were 
performed that included an evaluation of finned tubes, artificially roughened tubes, 
and other enhanced surface geometries These indicated that the overall volume 
of the heat exchanger could be reduced, but at the expense of frontal area (i e , 
an increased diameter accompanied by reduced length) It was concluded that 
plain tube geometries were satisfactory for the recuperator design 

A useful array for comparative purposes, dunng the preliminary design 
stage that relates heat exchanger thermal-hydraulic parameters, is shown in Fig 
8-20 The two curve arrays are related through the common parameter of surface 
compactness (m^/m^) for lines of different heat flux (W/cm^) The plot on the 
right shows the relationship between tube diameter, normalized pitch parameter, 
and surface compactness (i e , thermal-hydraulic considerations) Design points 
for vanous helium heat exchangers are shown superimposed on the curve array 

28 
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To achieve high thermal density (for integration in the PCRV) and low flux (for 
low thermal stress), it is necessary to utilize quite compact surfaces (i.e., tubes 
of a small diameter, closely pitched), and studies have indicated that straight-tube 
designs offered practical solutions (fabrication and performance). As can be seen 
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Fig. 8-20. Thermal and surface density relationships for tubular heat exchangers. 
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from Fig 8-20, the data point for the proposed recuperator is in the regime where 
the above requirements are realized 

The helium-to-water precooler concept shown in Fig 8-21 is a multipass 
cross-counterflow helical bundle arrangement The waterside of this unit is pres
surized only to the point at which boiling is suppressed, and if leaks develop, the 
water would not enter the reactor pnmary system because of the higher level of 
pressure on the gas side of the exchanger 

With single-phase fluids on both sides of the precooler, only modest heat 
transfer coefficients are realizable for the constraints imposed on pressure loss for 
both the helium and water circuits The large thermal conductance for this ex
changer can be seen clearly in Fig 8-22 

In the thermal-hydraulic analysis of the precooler, both plain tube and en-

WATER OUT 

HELICAL 
TUBE BUNDLE 

WATER IN '^—-

^ H P HELIUM 
FROM 
RECUPERATOR 

TUBE 
SUPPORT 
PLATE 

a S l i > SHROUD 

HELIUM TO COMPRESSOR 

Fig 8-21 The helical-bundle, cross-counterflow, helium-to-water heat exchanger concept 
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Fig 8-22. Precooler thermal requirements. 
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hanced surface geometries were evaluated. The large heat exchange requirement 
and PCRV envelope restrictions virtually necessitated using externally finned 
tubes. While the gas side is controlling, it was necessary to establish a flow 
geometry with an acceptable waterside velocity. In the study of various config
urations, the optimum (in terms of performance and envelope) was found to be 
a helical bundle with a multipass cross-counterflow arrangement. 

Figure 8-23 presents a typical parametric survey of precooler thermal size 
options. Helium pressure loss and tube bundle height are shown as functions of 
tube pitch and fin count for three separate "islands" of precooler diameter. The 
thermal size selection falls within a "zone of interest" defined by the allowable 
bundle pressure loss and the bundle height limit, as established by PCRV layout 
considerations. 

The recuperator and precooler assemblies are integrated in the PCRV, and 
the interfaces have received attention during the conceptual design phase to ensure 
the viability of the selected mechanical design approaches. The axial counterflow 
recuperator (embodying tubes of small diameter) bears a close resemblance to 
units that have operated trouble-free for over half a million hours in the European 
fossil-fired CCGT plants. The multipass cross-counterflow helical bundle approach 
selected for the precooler has been used extensively for steam generators in gas-
cooled reactors. From Fig. 8-24 it can be seen that a substantial technology base 
exists for the design of helium heat exchangers. 

Another obvious issue related to the size and weight of the heat exchangers 
is the technology for handling, transporting, and installing the units in the reactor 

Fig. 8-24. Helium heat exchanger design evolution. 
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vessel. In this regard, it should be noted that the heat exchangers for the 
HTGR-GT are, in fact, no longer or heavier than units being built for contemporary 
steam plants, and that existing and proven methods of handling and transportation 
are indeed applicable. 

A large effort has also been expended in Europe for the heat exchangers of 
HHT plants.^'"^'^ 

8-4C Systems Studies in Support of Component Design 

In-depth systems analyses have been performed on the HTGR-GT in support 
of design activities. Establishing the system transients is a vital task for a complex 
plant such as the gas turbine. Operation, control, and protective system transient 
analyses have been performed.^^"^^ A major difference between the steam cycle 
and gas turbine variants of the HTGR is that in the direct-cycle plant, the primary 
system has essentially two pressure levels (i.e., compressor inlet and outlet) that 
are on the order of 5 MPa (50 bars) apart. If a failure should occur, in the 
turbomachine for example (i.e., turbine deblading or rotor failure), there will be 
a rapid equilibration of system pressure: detailed transient analyses of this event 
have been made.^^ Such transient data are necessary to design the primary system, 
particularly the core support structure and the thermal barrier.'**' With a high-
energy turbomachine in the reactor primary system, the impact of the high acoustic 
level on critical components has also been investigated. 

8-5 Waste Heat Utilization 
8-5A Cogeneration Possibilities 

In the United States, the waste heat discharged from utility power plants is 
— 10% of the energy consumed each year, and currently this thermal energy is 
merely discharged to the environment (often in a controversial manner). In coming 
decades, the intrinsic economic worth of power plant reject heat will be too 
valuable to be merely discharged to the environment, and plants of the 21st century 
are projected to operate in a combined power-plus-heat mode (i.e., cogeneration). 

Utilizing high-grade reject heat for district heating, process steam production, 
desalination, etc. must be part of a national program to conserve resources. Es
tablishing users and operators involves long-term planning, and in many cases, 
overcoming institutional barriers. Pressured by the coming period of energy con
sciousness and possible era of energy shortage, power plant waste heat utilization 
is projected to become a reality on a wide scale in the 21st century and may well 
be in concert with a future very high efficiency second-generation HTGR, namely, 
the gas turbine option. 

Cogeneration aspects of the HTGR-GT have been discussed previously.'*^ 
Figure 8-25 illustrates several ways in which the waste heat from an HTGR-GT 
plant could be utilized. Although an owner/operator may not want multiple heat 
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Fig 8-25 Flow schematic showing cogeneration options for an HTGR-GT plant 

rejection capability. Fig 8-25 illustrates the operational flexibility Heat rejection 
alternatives are bnefly discussed below 

8-5B Dry Cooling 

Concern has been expressed over the availability of cooling water for power 
plants (nuclear and fossil), the lack of water (in certain regions of the United 
States), together with ever-increasing environmental demands, may no longer 
permit plant siting near existing bodies of water (i e , lakes, nvers, oceans) The 
heat rejection characteristic of the CCGT is conducive to economic dry cooling, 
and the use of natural-draft dry-cooling towers can provide good performance 
over a wide range of temperatures in virtually any region desired Plant siting 
flexibility IS one of the factors motivating the study of the CCGT for fission 
reactors 

In dry cooling, the CCGT naturally rejects its heat over a wide range of 
temperatures, since the heat is derived from the sensible, rather than the latent, 
heat of the single-phase working fluid This temperature range is about an order 
of magnitude higher than permissible condensate temperature rise (see Figs 8-3 
and 8-9), meaning that dry towers for a Brayton cycle plant could be designed 
for about a tenth of the airflow needed for the alternative Rankine cycle steam 
plant The towers are therefore smaller (also related to the higher efficiency of 
the Brayton cycle) and the higher exit air temperature induces greater buoyancy. 
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STEAM CYCLE 
LOWEFFICIENCY(LIGHTWATER REACTOR) 
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DIRECT GAS CYCLE 

HIGH EFFICIENCY (HTGR GT PLANT) 

Fig 8-26 Simplified comparison of steam cycle (Rankine) and gas turbine (Brayton cycle) 
plant skyline profiles for dry cooling 

causing an almost threefold increase in air velocity to aid heat transfer and further 
reduce the tower size A comparison of plant cooling requirements is dramatically 
shown in the skyhne profile of Fig 8-26 The savings m water consumption for 
a dry-cooled gas turbine plant are significant Studies related to dry cooling have 
been performed,'*'' '*'* and the gas turbine plant can take advantage of advanced 
cooling concepts, currently in the research stage, including the use of ammonia 
as the heat transport medium "^^ Flexibility of siting for an economical dry-cooled 
fission plant in the early decades of the 21st century could be a motivating factor 
in the selection of the high-efficiency HTGR gas turbine variant 

8-5C District Heating 

Many small installations already supply district heating in U S cities, but 
switching to large centrahzed facilities for urban and industnal heating can only 
be regarded as a long-term goal, and, indeed, would require a dedicated national 
program 

For the CCGT, combined power and heat production has been thoroughly 
discussed previously '*̂  "' Possibilities for distnct heating using nuclear power 

50-52 plants have been reported particularly for a nuclear CCGT 
Another important feature of the HTGR-GT power conversion system is the 

flexibility with regard to combined electncal power and heat production Figure 
8-27 shows that the electncal power is not very sensitive to the amount of heat 
produced, for example, when process heat production is doubled, the electncal 
power is only reduced by —25% This contrasts with a steam turbine plant with 
steam extraction (for water heating, etc ) or backpressurmg, where a significant 
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Fig 8-27 Energy balance as a function of compressor inlet temperature for a CCGT to 
illustrate the combined power and heat production capability 

penalty is paid in electrical output Figure 8-27 shows that simply changing the 
compressor inlet temperature can control the plant heat-to-power ratio 

District heating, particularly of the HTGR-GT magnitude, requires a large 
transmission and distribution system The heat is removed and used in the transfer 
heat exchangers as sensible rather than latent heat European practice indicates 
that pressurized water, because of its efficient heat transfer properties and high 
specific heat, is probably the best fluid Figure 8-25 shows that the reject thermal 
energy could be in the form of hot water or process steam A CCGT plant advantage 
IS that Its high water reject temperature could allow air to be heated at the end-
user point The expense of conversion would be minimized for the end user since 
a large number of the present residential, commercial, and industrial installations 
now use air systems Another advantage of the high water temperature is that it 
could be used for air conditioning, which would increase the annual system 
utilization 

The available reject heat from even a small HTGR-GT plant [single-loop. 
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400-MW(e)] is still sufficient for a population of —50 000 living in a winter 
climate as severe as that of Chicago, a city in the midwestem United States. The 
50-MW(e) Oberhausen 2 (fossil-fired) helium turbine plant in West Germany''* 
with a reject thermal heat of 54 MW(t) is curtentiy the largest CCGT combined 
power and heating plant. 

8-5D Process Steam Production 

Of the total U.S. energy requirement, —16% is used to produce industrial 
process steam. Even with conservation measures, overall industrial steam con
sumption is expected to increase more than 2%/yr over the next decades and at 
a much higher rate in some industries. 

Most industrial steam-generating equipment is fired by natural gas or oil and 
is usually of small capacity. In the coming decades, these two clean fossil fuels 
will be too valuable to bum for electricity and process steam production, and will 
be needed for chemical feed stocks and transportation. Forty-five percent of the 
energy used by American industry goes into producing process steam, which is 
typically used at — 177°C (350°F). This quality of steam can be generated from 
the heat leaving the precooler of the HTGR-GT plant (225°C). The electrical 
output from the plant would be essentially unaffected by the process steam gen
eration, and the efficiency and power costs would not be compromised. 

8-5E Desalination 

Although small-to-medium-sized fossil-fired desalination plants are operating 
in several countries, available technology has rarely been extrapolated to the scale 
required for coupling to large plants. 

For the range of temperatures available from the reject-heat side of the 
HTGR-GT plant, the basic multistage flash-evaporation process arrangement typ
ically used for desalination can be adopted. Preliminary studies for the HTGR-
GT plant^^ indicate that several progressively shorter parallel sections of the typical 
heat recovery modules should be used, as shown in Fig. 8-28. The condenser 
brine is successively fed from the largest train down to the shortest train, with 
product water leaving each module. Use of the multiple-heat-recovery principle, 
which is made possible by the high reject-heat temperature, requires slightly larger 
brine recycling pumps compared to a conventional unit with a constant temperature 
input. The economic impact of this is more than offset by the —80% increase in 
distilled water output for equivalent heat input. 

8-5F Hybrid Plant Operation 

The well-established process of hydrogen generation by electrolysis can be 
considered for a high-efficiency plant such as the HTGR-GT. During off-peak 
electrical and heat demand periods, the plant could operate as a combined cycle 
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Fig. 8-28. Desalination module for coupling to an HTGR-GT power plant. 

plant with an overall efficiency of —50% (see the following section), and the 
plant output could be used for hydrogen production by electrolysis.^'* This ca
pability is not, of course, unique to the HTGR-GT, but it will most likely be 
realized only for high-efficiency systems. 

Hydrogen has a lower transmission cost than electricity or hot water. It can 
be pumped to the end-user site, used as a feedstock for petrochemical processes, 
stored as a gas, or liquified. Operation of the plant in a hybrid mode adds flexibility 
for changing consumer demands, and provides high availability of the nuclear 
heat source. Operation of nuclear plants in a hybrid mode [with a reactor outlet 
temperature perhaps as high as IOOO°C (1832°F)] has been projected for advanced 
HTGR complexes of the future.^^ 

8-5G Bottoming Rankine Cycles 

With added emphasis on fuel conservation and minimum environmental im
pact, cogeneration studies'*^ have examined the waste heat utilization from the 
HTGR-GT plant secondary cycle. Figure 8-29 shows a simplified bottoming cycle. 
As shown, the bottoming cycle only entails substituting a vaporizable liquid (e.g., 
ammonia or steam) for the water normally in the reject heat exchanger (associated 
with an extemal vapor turbine, pump, and condenser). The approximately tri
angular-shaped bottom cycle diagram in Fig. 8-29 should best fit the "space" 
available for the bottom cycle operation; this is influenced by the choice of working 
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Fig. 8-29. A simple temperature/entropy diagram for an HTGR-GT binary cycle. 

fluid. Irreversibility in the secondary cycle heat source exchanger should be min
imized by utilizing a supercritical cycle, which can match well the HTGR-GT 
plant heat rejection characteristics. Initially, a supercritical ammonia cycle was 
studied^^ to determine the performance potential of the system, recognizing that 
steam is preferred by plant operators because it is the conventional medium and 
existing equipment could be used. 

System studies^^ and equipment conceptual designs helped evaluate the eco
nomic and performance potential of an ammonia bottoming cycle. The classical 
temperature plateau associated with normal evaporation (in the temperature/en
tropy diagram) was flattened to give an ammonia heat input characteristic well 
matched to the heat source (see Fig. 8-30a). Conceptual design work on the major 
components and ammonia turbine was performed in sufficient detail to establish 
feasibility and cost. 

Experimental programs are under way in France^° to study ammonia bottom
ing cycles for pressurized water reactors. An old fossil-fired steam plant in Paris 
will be retrofitted with an ammonia bottoming turbine and is scheduled^' for initial 
operation in the early 1980s. Use of ammonia rather than water in the dry-cooling 
tower is more economical because (a) phase change is nearly isothermal, permitting 
a closer approach temperature with the air; (b) the high product of heat vaporization 
and density gives a greater heat rejection capacity per unit volume than water; 
and (c) freezing problems in the tower are eliminated.^^ 

To answer utility concerns about the use of exotic fluids, two steam cycles 
have also been evaluated. Both involve variants to established and conventional 
steam cycles to match the HTGR-GT characteristics. 
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Fig 8-30 Thermodynamic diagrams for candidate CCGT bottoming cycles (a) supercritical 
ammonia bottoming cycle, (b) flashing steam bottoming cycle (two stages of flashing shown) 
based on utilization of conventional low-pressure steam equipment, and (c) pseudo temper
ature/entropy diagram for Tilliette steam cycle showing dual-pressure and superheating system 
to match CCGT heat rejection characteristic 

One system (Fig 8-30b) involves generating additional electncal power by 
simply flashing the reject heat exchanger water outlet to steam and passing it 
through low-pressure turbines The system thermodynamics are dependent on 
water temperature and the number of flashing stages (two are shown in Fig 
8-30b) This approach means that existing steam flashing/separating equipment, 
turbines, condenser, and piping/valves can be used While these equipment items 
will be large, because of the high volume flow, they are regarded as technically 
simple and state-of-the-art 

The second system (Fig 8-30c) involves bypassing a small percentage of the 
high-temperature gas at the turbine exit conditions to superheat the steam *̂  By 
utilizing a dual pressure steam system, the bottoming cycle charactenstics can be 
well matched to the primary system This system offers the potential for high 
thermodynamic efficiency from the bottoming cycle, but this efficiency is paid 
for by substantial plant complexity and a large number of components 
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In Fig. 8-31, the plant performance projections for various HTGR-GT cycles 
are shown. As mentioned in an earlier section, the reference plant (dry-cooled) 
has an efficiency of 40% with a reactor outlet temperature of 850°C (1562°F). 
Incorporating a bottoming cycle (as outlined above) in the reference plant would 
increase the overall efficiency to —47%. With plant operation in the combined-
cycle mode at currently perceived process-heat HTGR core outlet temperatures 
(950°C), a utility power plant with a 50% efficiency should be realizable in the 
long term. 

Efficiency levels >50% can be projected with the use of exotic working 
fluids such as dissociating nitrogen tetroxide. While work in the United States has 
not proceeded beyond thermodynamic studies^'^^ for chemically reacting gases, 
there does exist significant potential for Brayton/Rankine cycle systems. 

8-6 Gas Turbine Plant Development 
8-6A Technical Issues 

The technical issues have been reported previously,^ and those presented 
below are essentially related to having the helium turbine in the reactor system 
and do not include generic HTGR issues; 

1. helium turbomachine integrity (safety and licensing concern) 
2. turbomachine structural integrity verification 
3. reactor system pressure transients 
4. lubrication oil ingress 
5. seal design 
6. primary system acoustic level 
7. materials considerations 
8. maintenance considerations. 

It is recognized that a large development effort is necessary to resolve these issues. 

8-6B Safety Considerations 

The safety philosophy and criteria developed for the steam cycle plant are 
largely applicable to the gas turbine variant, a major exception being the installation 
of the turbomachine within the reactor vessel. In-depth systems and safety analyses 
addressed the issue of having a very high energy rotating machine in close prox
imity to the reactor core. These studies led to the decision that failure of the 
turbomachine rotor, concurrent with a "safe shutdown" earthquake, be considered 
a design-basis event. Studies of the gas turbine indicated that the worst case was 
a failure of the rotor in one revolution of the machine. Transients associated with 
this failure mode are severe and have necessitated redesign of the core support 
floor to take the high-pressure loading. 

In 1981, at the time gas turbine plant studies were discontinued in the United 
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Fig. 8-31. Performance trends for CCGT plants with differing thermodynamic cycles. 

States, all of the safety issues were not resolved. In light of increasingly demanding 
safety goals, it is likely that new criteria would have to be developed for a gas 
turbine m the future, and these would surely have a considerable influence on the 
plant design features. 

8-6C Development 

Various development approaches have been reported,^'^^ having recognized 
that the singular most important component requiring development is the turbo
machine. It is germane to discuss the enormous technology base and ongoing 
development activities that are supportive of the introduction of a large helium 
turbomachine. 

For over 40 years, CCGT plants in Europe have operated in a combined 
power and heat production mode with fossil-fired sources. The wide range of 
existing CCGTs is illustrated in Fig. 8-32. The largest unit in utility service is 
the fossil-fired Oberhausen 2 helium turbine plant in West Germany, which was 
designed for 40 MW(e) and 54 MW(t) for district heating. 
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Fig. 8-32. An array showing the wide power range of existing CCGT gas turbine plants with extrapolation to nuclear CCGTs of the future. 
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The increasing activity in the nuclear gas turbine field has resulted in intensive 
helium turbomachinery design studies, and it is pertinent to review the related 
technology in this field. The portrayal of data in Fig. 8-33 shows that there is an 
established technology base for the design of helium turbomachinery, there having 
been several multistage axial flow turbomachines designed and operated over a 
wide power range. While the properties of helium are different from air, the 
established aerodynamic analytical design techniques from open-cycle air turbo
machinery are directly applicable. 

Two large helium facilities, which are regarded as key elements in the de
velopment effort for the HTGR-GT plant, are operational in West Germany: 

1. 50-MW(e) Oberhausen 2 Helium Turbine Plant. The EVO utility helium 
turbine power plant in West Germany (discussed in Ref. 68 and shown 
in Fig. 8-34) is fired with fossil fuel and was designed with the objective, 
in addition to the production of electric power and district heating, of 
acquiring from this prototype system experience useful in the design, 
construction, and operation of large-scale helium turbine systems. The 
selection of a relatively low primary system pressure of 28 bar, and a 
turbine inlet temperature of 750°C yields a large volumetric flow of the 
helium working fluid, which is of the same order of magnitude as large-
scale systems. Thus, the major components in the power conversion 
system, namely, the turbomachine, heat exchangers, and ducting, are 
similar to those for the HTGR-GT plant. 

Recognizing the "first-of-a-kind" nature of this large helium turbine 
plant, some difficulties were experienced in its initial operation. Thermal 
expansion problems in some of the large casings necessitated redesign 
of the bearing and buffer systems. Incorrect heat treatment of the rotor 
resulted in a permanent bow that limited rotational speed and power 
output. This was remedied by installing a new rotor, and the plant was 
put into service as a cogeneration unit (i.e., electric power plus hot water 
production for district heating). Pressure losses in the system were higher 
than estimated, and this resulted in a power output less than the rated 
value of 50 MW(e). 

2. High-Temperature Helium Test Facility (HHV). The HHV facility at 
Kemforschungsanlage in Julich, West Germany, is for experimental 
and developmental purposes only, and is designed for testing specific 
components of a nuclear gas turbine under representative operating con
ditions. The helium gas is circulated in the system by means of a turbo
machine driven by an electric motor. As a result of the compressor work, 
the helium can be heated up to 1000°C so that a heater fired by fossil 
fuels has been eliminated. The facility has operated successfully for 600 h 
with a turbine inlet temperature of 850°C. The turbomachine consists of 
two turbine stages that produce ~46 MW(e) and an eight-stage com
pressor that absorbs 90 MW(e), the difference being supplied by a 
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Fig. 8-34. View of the 50-MW(e) Oberhausen 2 helium turbine plant for combined power plus 
heat production. 

45-MW(e) synchronous motor. While shown as a 90-MW(e) plant in 
Fig. 8-33, the dimensions of the helium turbine are equivalent to a 
machine rating of 300 MW(e). The facility has the capability for testing 
hot gas ducts, heat exchanger modules, valves, and thermal insulation.^^ 

During initial operation of the HHV facility, an oil-ingress event 
occurred while the machine was in a cold condition. This was diagnosed 
as being a result of faulty machining of the large turbomachine castings. 
The oil penetrated the fibrous insulation in the ducting, and its removal 
proved to be a difficult and time-consuming operation. This experience 
could have lasting effects in that for future studies of helium turbo
machinery for a nuclear gas turbine plant, alternative bearings (gas or 
magnetic) would have to be considered to obviate the oil-ingress problem. 
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8-7 Conclusions 
As outlined in this chapter, the efficiency potential of the HTGR-GT has 

hardly been exploited, while the steam turbine has possibly reached the final stages 
of development. For the Rankine cycle plant, efficiency levels above —42% can 
be realized only with more complex steam turbine cycles. During the last two 
centuries, steam temperatures and pressures in the steam Rankine cycle have 
increased to ~566°C (I050°F) and 24.1 MPa (3500 psia), respectively. These 
conditions essentially represent upper limits as dictated by current economic factors 
for both the turbine and steam generator. 

In contrast to the above. Table 8-V clearly shows the temperature potential 
for the gas turbine (although now only four decades old). The gas turbine is a 
modem prime-mover and is expected to play a significant role in future electrical 
power generation with coal-fired (fluidized bed), solar, and nuclear (fission and 
fusion) heat sources. The data on Table 8-V are clearly not meant to imply 
obsolescence for the steam turbine; in fact, it will remain the mainstay of the 
utility industry in the foreseeable future. 

The CCGT power conversion system has been demonstrated in small plants 
in Europe over 40 years of operation in a cogeneration mode. 

The deployment of the high-efficiency HTGR, which can offer operational 
flexibility not possible with other reactor types, could contribute significantly to 
national energy goals. The HTGR steam cycle plant, with or without cogeneration 
features, could be demonstrated in a commercial size in the mid-1990s. The more 
advanced higher temperature HTGR options that require additional development 
are projected for initial demonstration in the early decades of the 21st cenmry. 
An extended period of development (particularly in the materials area) is necessary 
to make the higher temperature systems viable, and the benefits of a gas turbine 
plant operating in a combined power and heat mode (e.g., for large-scale district 
heating, process steam production, desalination, etc.) require institutional changes 
and a dedicated program of resource conservation. As mentioned in the text, the 
gas turbine is an ideal cogeneration plant and studies of an advanced 950°C variant 
have shown superior characteristics when operating in a combined electric power 
and process steam production mode.^° 

This chapter addressed the coupling of a large nuclear heat source with a 
helium gas turbine power conversion system. This coupling is clearly not limited 
to large systems; in fact, recent studies have been made on a lO-MW(e) plant.^' 
For special applications such as defense-related installations, where high-power 
plant efficiency is paramount (to permit extended operation with no environmental 
contact), the small nuclear gas turbine plant was shown to be an attractive power 
source. 

The ultimate application of the CCGT is projected to be its coupling to a 
fusion reactor.^^ As the HTGR-GT plant clearly benefits from prior steam cycle 
plant operation, the technology base for a fusion gas turbine plant would be its 
fission direct-cycle predecessor. 



TABLE 8-V I 

Comparison of Turbine Power Conversion Systems S 
a 

Prime Mover 

Design/operational status 

Machine type 
Power levels [MW(e)] 
Maximum pressure (MPa) [psia] 
Turbine inlet temperature (°C) [°F] 
Maximum blade temperature (°C) [°F] 
Blade tip speed (m/s) [ft/s] 

Blade matenal 
Operating environment 

Expected overhaul interval (h) [yr] 

Plant efficiency (%) 
Combined cycle efficiency (%) 
Performance improvement potential 

Long-term status/viability 

Utility Steam Turbine 
Two centuries of steam 

system operation 
Multistage axial flow 

Up to 1300 
24 1 [3500] 

up to 566 [1050] 
<538 [1000] 

>6I0 [2000] m 
low-pressure rear stages 

Forged femtic stainless steel 
Erosion, solids buildup 

35 000 to 45 000 [4 to 5 14] 

Up to 42 

— 
Small 

Will continue as mainstay 
utility prime mover in 

forseeable future 

Gas Turbines 
Industnal Open-
Cycle Turbine 
Four decades of 

operation 
Multistage axial flow 

Up to 100 
1 72 [250] 

up to 1149 [2100] 
816 [1500] cooled 

457 [1500] 

Cast nickel-base alloy 
Oxidizing combustion 

products 

= 40 000 [4 6] 

30 to 35 
>40 

Significant potential, 
high temperatures, 

utilization of ceramics 
and water-cooled 

blades 
Increasing industnal 

utilization, particularly 
for combustion of 
dirty fuels (in a 

fluidized bed 
combustor) 

Nuclear Gas Turbine 
(CCGT) 

Conceptual design 

Multistage axial flow 
Up to 600 

8 27 [1200] 
850 [1562] 

816 [1500] uncooled 
366 [1200] 

Cast nickel-base alloy 
Inert helium 

Projected 53 000 [6] 

43 
>50 

Significant for long-
term project 

Significant incentives 
for CCGT plant with 

operation through 21st 
century for fusion. 
solar, and coal-fired 

heat sources 
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9 

PROCESS HEAT HTGRS* 

9-1 Introduction 
The high-temperature capabilities of the high-temperature gas-cooled reactor 

(HTGR) offer a unique heat source for process heat applications not readily 
obtainable with other types of nuclear reactors Fossil-fuel shortages and escalating 
costs provide incentives for developing a nuclear process heat source and create 
an increased interest in synthetic fuels 

Most energy-intensive industnal processes require considerable steam and 
electnc power Cogeneration of electncity and steam is an advantageous blending 
of two well-developed technologies—electnc power generation with its high-
temperature high-pressure mlet steam and condensing cycle and industnal steam 
charactenzed by moderate pressures and temperatures with productive use of the 
heat of condensation 

The HTGR is well suited for the cogeneration option, since the present HTGR 
can deliver steam at temperatures up to 540°C (1000°F) and 17 MPa (2500 psia) 
The direct substitution of nuclear energy for fossil energy as the heat source would 
result in a daily savings of —16 000 barrels of oil" (energy equivalent) for each 
1170-MW(t) HTGR plant This chapter discusses design studies of systems that 
have the potential to achieve these goals by utilizing a nuclear heat source for this 
application as well as other uses in the nonelectnc field 

As shown in Table 9-1, U S energy demands rely heavily on petroleum and 
natural gas Over 70% of the bulk energy demands are met by these fuels at 
present 

*This chapter was contnbuted by Robert N Quade 
"One barrel = 42 gal = 0 16 m^ 

TABLE 9-1 
U S Energy Consumption in 1980 

Resources 

Petroleum 
Natural gas 
Coal 
Hydropower, other 
Nuclear 

Joules X 10'^ 

36 0 
21 7 
16 2 
40 
24 

80 3 

% 
45 
27 
20 
5 
3 

100 

299 
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TABLE 9-11 
Estimated Total Remaining Recoverable Fossil Fuel Resources 

in the United States 

Resources 

Coal 
Shale oil 
Crude oil 
Natural gas 
Natural gas liquids 

Joules X IQis 

37 700 
6 300 
2 200 
I 200 

100 
47 500 

% 
79 4 
13 3 
4 6 
2 5 
0 2 

100 0 

As shown in Table 9-II, over three-quarters of the estimated total remaining 
recoverable fossil fuels in the United States is in the form of coal However, coal 
currently accounts for only 20% of the energy consumed in the United States 

It IS unlikely that natural gas, which produces almost 30% of U S energy, 
can maintain its hold over such a large share of the energy produced in the United 
States Since oil is the predominant fuel used in the United States, it would be a 
logical alternative to take up most of the burden caused by reduced natural gas 
usage However, domestic resources are inadequate to meet the increased demand 
Coal and nuclear power remain among proven energy sources for meeting U S 
energy requirements 

With the many possibilities of application and the different HTGR config
urations under consideration, a general deployment strategy has evolved The 
chronology starts at steam cycle cogeneration plants (HTGR-SC/C) that are based 
on the proven technology of Peach Bottom and Fort St Vrain Core outlet tem
peratures are in the range of 700 to 750°C Higher core outlet temperatures of 
850°C follow with application to process heat (HTGR-PH) and the gas turbine 
(HTGR-GT) These conditions are somewhat beyond current technology in terms 
of matenal behavior for commercial life components Beyond this range, the very 
high temperature reactor (VHTR) at a temperature of 950°C can be considered 
At each of these levels, new processes are presented for potential coupling to the 
nuclear heat source A summary of these applications by reactor type is shown 
in Fig 8-1, p 251 

9-2 HTGR Applications and Design Commonality 
Clearly, it is impractical to tailor a reactor design for each use Three HTGR 

designs will handle most uses, as shown in Fig 9-1 HTGR-I is the steam cycle 
HTGR developed for electnc power generation with a portion of the turbine plant 
removed HTGR-II and III represent successively higher temperature versions that 
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Fig 9-1 HTGR models for study of process applications 

TABLE 9-III 
Materials Development Required for Various 

HTGR Helium Outlet Temperatures 

Helium Outlet 
Temperature 

760°C 

850 to 950°C 

950 -l-°C 

Development Areas 
Current steam cycle HTGR 

no new matenals development required 

HTGR-II development 
thermal bamer matenals 
metallic heat exchanger matenals 

HTGR-lII development 
improved fuel particles 
fuel management techniques 
thermal bamer designs and ceramic matenals 
ceramic heat exchangers 
refractory metals or ceramics for process heat exchanger 

have the capability of producing H2 by light hydrocarbon reforming (II) and water 
splitting, or steam carbon reaction (III). 

As the temperature rises, material problems become much greater. Table 
9-III summarizes the major areas that are affected. 
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9-2A Process Steam/Cogeneration 

A study' to estimate the potential process steam market in the United States 
showed that by the year 2000 a total of 52 sites could use steam equivalent to the 
output of an 1170-MW(t) cogeneration plant, 10 sites could use 2 x 1170 MW(t) 
[or a 2240-MW(t) plant], and II sites could use 3 x 1170 MW(t) [or a 3360-
MW(t) plant]. These numbers are upper limits because site-specific factors would 
reduce the usable number. 

9-2B Process Heat 

Synfuel production plants will have large process energy requirements and 
represent a large potential market for HTGR units. The process energy require
ments can be fulfilled by either fossil fuel or nuclear fuel. The nuclear fuel cycle 
costs are clearly lower than the fossil fuel costs—ranging from 25 to 70% of the 
fossil value. However, the other life cycle costs, e.g., capital charges and oper
ations/maintenance costs, must also be considered. The economic objective of 
application studies is to determine if the apparent economic advantages can be 
maintained when all other factors are considered. 

Major synfuel processes are coal liquefaction, coal gasification, and oil re
covery from shale. All of the synfuel processes basically involve the addition of 
H2 to the parent hydrocarbon. 

Liquefaction processes may be "direct" such as solvent refined coal (SRC), 
H-coal, or Exxon's donor solvent, or "indirect" such as coal gasification to make 
synthesis gas followed by catalytic recombination. Coal gasification to make a 
substitute natural gas (SNG) generally involves production of a synthesis gas 
(H2 + CO) followed by a methanation step to convert the syngas to methane 
(CH4). 

Oil recovery from shale involves the retorting of the shale rock to release 
the kerogen and subsequent hydrogen addition to make a syncrude product. 

Table 9-1V shows an estimate for the potential synthetic fuel market. By 
the year 2(XK), coal liquids production is projected to range from 32 to 112 X 10̂  
m^/day [200 to 700 x 10^ barrels per day (bpd)], and could increase to 320 to 
800 X 10^ m^/day (2 to 5 x 10^ bpd) by the year 2020. 

Shale oil is projected to have the greatest near-term potential because the 
technology is well developed and its product cost is nearly competitive at current 
oil prices. Its longer term potential, however, lags that of coal liquids primarily 
because the shale resource is concentrated and environmental constraints may hold 
production down. 

Synthetic "high-Btu" gas from coal is expected to play a less important role 
in the United States since the major demand for synthetic fuels is projected to be 
for liquids rather than gas. Recent increases in natural gas reserves and the good 
prospects for deep gas and enhanced recovery are expected to lower the demand. 
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TABLE 9-IV 
Synthetic Fuel Forecast for September 1981 

(Production in m /̂day and bpd crude oil equivalent) 

Coal Liquids 
10' m'/day 
10'bpd 
equivalent number of HTGRs^ 

Shale OU 
10' m'/day 
10'bpd 
equivalent number of HTGRs'' 

High Btu Coal Gas 
10' m'/day 
10'bpd 
equivalent number of HTGRs"̂  

1990 

8 to 32 
50 to 200 

1 to 4 

16 to 48 
100 to 300 

2 to 6 

6 4 
40 
1 

2000 

32 to 112 
200 to 700 

4 to 13 

96 to 192 
600 to 1200 

12 to 24 

6 4 to 48 
40 to 300 

1 to 7 

2010 

160 to 480 
1000 to 3000 

18 to 55 

160 to 288 
1000 to 1800 

20 to 36 

12 8 to 80 
80 to 500 
2 to 12 

2020 

320 to 800 
2000 to 5000 

36 to 90 

224 to 480 
1400 to 3000 

28 to 60 

24 to 160 
150 to 1000 

4 to 23 

"A 1170-MW(t) HTGR, 8800 m'/day (55 000 bpd) 
V 1170-MW(t) HTGR, 8000 m'/day (50 000 bpd) 
'A 1170-MW(t) HTGR, 6880 m'/day (43 000 bpd) 

9-3 Process Steam/Cogeneration Plant 
9-3A Reactor Plant Description 

To maximize the advantage of scale, but also provide sizes that can reach a 
large number of industrial sites, a modular approach has been adopted for the 
HTGR. An II70-MW(t) plant has two steam generator/helium circulator loops, 
a 2240-MW(t) plant has four loops, and a 3360-MW(t) plant has six. The 1170-
MW(t) HTGR plant size is similar to the operating 842-MW(t) Fort St. Vrain 
HTGR plant. 

Flexibility in the process steam temperature and pressure conditions is pro
vided by several possible combinations of turbine arrangements (topping, con
densing). A steam cycle diagram for the reference multipurpose plant is shown 
in Fig. 2-15, p. 63. Helium leaves the reactor core at a temperature of 693°C 
and goes to the steam generators. Steam is produced at 16.6 MPa and 538°C and 
passes through the high-pressure turbine. For a cogeneration mode, the process 
steam is extracted here and sent to the process. A fraction of the steam is sent 
through the intermediate- and low-pressure turbines and used for feedwater heat
ing. Considerable flexibility is obtained with the operation of the HTGR from 
cogeneration mode to noncogeneration mode by adding a low-pressure condensing 
turbine, as shown in the dotted portion of Fig. 2-15. This portion of the plant 
could be built initially if the process steam load is projected to occur well after 
plant construction, or could be added later if the initial process steam load should 
drop off. The HTGR plant operating in a cogeneration mode is identified as an 
HTGR-steam cycle/cogeneration (HTGR-SC/C) plant. 



TABLE 9-V 

HTGR Applications Survey 

Existing Industries 
petrochemical plants (Geismar, LA) 
refinery plant 
aluminum mill (Grammercey, LA) 
steel mill 

Petroleum Products Recovery 
in situ heavy oil recovery 
m situ oil sands recovery 
in situ shale oil recovery 

Synfuel Processes 
catalytic coal gasification—high-Bm gas (e g , Exxon process) 
coal liquids—SRC-Il 
coal liquids—H-Coal 
coal liquids—Exxon donor solvent 
syngas (slagging Lurgi)—methanol add-on 

Commercial 
Plant Size 

— 
390 000 bpd" 

720 000 tonne/yr 
6 5 X 10*' tonne/yr 

35 000 bpd 
46 000 bpd 
33 000 bpd 

43 000 bpd 
80 000 bpd 
81 000 bpd 
60 000 bpd 
72 000 bpd 

Process 
Steam 

Requirements 
[MW(t)] 

2745 
1929 
317 
296 

993 
1090 
1090 

1116 
989 
755 
577*' 
371 

Electncal 
Power 

Requirements 
[MW(e)] 

582 
111 
94 

240 

1 
83 

To be 
determined 

187 
122 
251 
260" 
105 

"1 bpd S 0 16 m'/day 
''Preliminary 
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9-3B HTGR Applications 

Table 9-V shows representative energy-intensive industries/operations and 
their energy requirements 

A review of the energy requirements of the applications surveyed suggests 
that the HTGR and the liquid-metal fast breeder reactor are the only nuclear energy 
sources capable of supplying industnal high-temperature steam requirements The 
light water reactor primary steam is limited to 288°C (550°F) 

9-3C HTGR-SC/C Comparative Assessment 

There are three main areas for companson of HTGR-SC/C plants with other 
energy alternatives economics, the environment, and conservation 

Table 9-VI shows an economic companson of the HTGR-SC/C with a coal-
fired cogeneration plant of comparable size and a No 2 oil-fired plant (nonco
generation) The companson indicates that the HTGR-SC/C has a significant (60%) 
steam cost advantage over the reference coal plant when both operate at a 70% 
capacity factor Although the nuclear plant has a higher initial capital cost, the 
fuel cycle costs are considerably lower over the life of the plant than for nonnuclear 
systems The economic advantage of a nuclear plant will depend on the particular 
cost of coal in the area and how this cost may vary relative to nuclear fuel in the 
future 

Another key economic consideration is the distance of energy transmission 
and the associated cost Remote siting of the HTGR from the user area may be 
required in some situations and would decrease the energy cost advantage due to 

TABLE 9-VI 
Companson of HTGR-SC/C with Coal- and Oil-Fired Plants* 

(Costs in millions of 1980 dollars levelized over 30 yr) 

Heat input to cycle (MW) 
Heat output in process steam (MW) 
Net electncal power output (MW) 
Total capital cost (1980 $ x 10*) 
Annual Costs (1980 $ x lO' 

levelized over 30 yr) 
fixed charges 
fuel 
operations and maintenance 
credit for electnc power 
total annual costs 

Steam cost ($/10' Btu) 
Unit steam cost (normalized to HTGR) 

HTGR 
Multipurpose 

1170 
1000 

150 
738 

61 
30 
25 

(35) 
81 

3 94 
1 0 

Coal 
Multipurpose 

1230 
1000 

157 
531 

44 
96 
32 

(37) 
135 
6 54 
1 6 

Existing 
No 2 Oil 

1000 
0 

Existing 

— 
281 
25 
0 

306 
14 88 
3 8 

*Oil 1000/0 82 = 1219 MW(t) input x 3 413 x 10* x 8760 x 0 70 = 25 5 x lO'^ 
Btu/yr Cost = $11 02/10^ Btu x 25 5 x lo'^ Btu = $281 x 10*/yr 
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the higher energy transmission cost. Space limitations or environmental restraints 
in the vicinity of a process plant may also require the remote siting of a coal-fired 
plant. 

Although significantly larger environmental issues exist for a coal-fired plant 
in comparison with an HTGR, quantitative data for comparison with an HTGR 
are yet to be developed. The environmental advantages of the HTGR will become 
more apparent when data are developed on CO2 effects, ash and sludge disposal, 
land use, atmospheric pollution, and other aspects. 

In an earlier cogeneration study ,̂  the energy savings due to cogeneration 
with an HTGR at a large petrochemical complex were estimated. The total esti
mated oil savings at the chemical complex were 2.34 x 10* m'/yr (14.6 million 
barrels/yr). Of this, 1.5 x 10* m^/yr (9.4 million barrels/yr) resulted from using 
a cogeneration plant and the remainder resulted from using an HTGR-SC/C plant. 

Other cogeneration applications offer similar possibilites for energy savings 
and for substitution of large volumes of fossil fuels. The petroleum recovery 
applications (heavy oil or oil sands) in particular require between 35 and 50% of 
produced oil as process fuel for steam production. Use of an HTGR would save 
this valuable oil for more beneficial uses. 

9-3D Issues 

There are several key issues that must be resolved to deploy nuclear cogen
eration projects, including project schedule length, backup power, siting, and 
institutional matters. New coal plants have long schedules (6 to 8 yr) for deploy
ment, and nuclear plants require even longer schedules. These long schedules 
present problems, particularly since industrial owners/users find it difficult to 
project energy needs over such long periods. Also the long schedules require large 
sums for interest during construction—a particular problem with high interest 
rates. Uncertainties due to licensing, leading to schedule delays and inflation, 
which lead to higher interest rates, have been a significant problem for current 
nuclear plants. 

Backup power provisions (for steam and electric power) are essential for 
cogeneration applications. These requirements can be met in several ways: by 
additional nuclear or fossil units that normally produce electric power but can be 
switched to the cogeneration mode, by use of existing fossil units, and possibly 
by energy storage systems such as the sensible energy transport system (SETS) 
using heat transfer salt. The SETS system uses a binary or ternary salt (potassium 
and sodium nitrate and sodium nitrite) heated by a secondary helium loop as the 
heat transport and storage system. The salt is usable in the range of 565°C (1050°F) 
to 200°C (390°F) and may be stored in quantities sufficient for outages up to 24 h. 

There are several options regarding siting of HTGR-SC/C plants. In general, 
close-in siting is preferred, and the unique safety features of the HTGR should 
be of benefit in this respect. Piping of the steam up to 32 km (20 miles) appears 
feasible in many cases. 

Institutional issues are a major consideration in the use of HTGR cogeneration 
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Fig. 9-2. Flow diagram for 850°C indirect-cycle HTGR process heat plant. 

plants. The institutional barriers in the United States for small non-utility-owned 
units have been substantially reduced and incentives defined by recent legislation 
and rulemaking. Some utility participation is now allowed in cogeneration projects. 
Changes allowing additional utility participation and a clear definition of what 
portions of the plant or product fall under price regulation need to be developed. 

9-4 Process Heat Plants 
9-4A SSCC Indirect-Cycle HTGR-PH Plant 

In this variant of the process heat plant, the reactor thermal energy is trans
ferred to the process plant via a secondary helium heat transfer loop; hence, the 
"indirect-cycle" designation. For the indirect-cycle concept, as for other HTGRs, 
the entire primary coolant system is contained in a prestressed concrete reactor 
vessel (PCRV). The steam generators are now replaced by intermediate heat 
exchangers within the PCRV. With the higher core outlet temperature, a lower 
core power density is used to limit the fuel temperature. The basic flow diagram 
for steady-state operating conditions is shown in Fig. 9-2. In the primary circuit, 
the thermal energy from the II70-MW(t) reactor core is removed by four inde
pendent loops. Each loop includes an intermediate heat exchanger (IHX), an 
electric-motor-driven helium circulator, and related instrumentation and controls. 
The primary helium temperature conditions (particularly the core outlet temper
ature of 850°C) were established to meet the requirements of the chemical process 
while staying within the structural limits of the Inconel-617 material used in the 
IHX. The pressure level of 5 MPa (725 psia) is consistent with approaches fol
lowed in the Fort St. Vrain design. The pressure level of the secondary helium 
is maintained only slightly above that of the primary system (thus preventing 
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leakage of reactor helium into the secondary circuit) in order to minimize the long-
term loading on the IHX, in which the combination of high temperature and 
material limitations requires a near-pressure-balanced operation for structural in
tegrity. 

The four secondary helium loops each consist of an IHX, reformer, steam 
generator, secondary helium circulator, and related piping, valves, and instru
mentation. During normal operation, secondary helium is heated to 793°C in the 
IHX and routed outside the PCRV to the reformer and then to the steam generator, 
which extracts the heat necessary for the process and auxiliary power generation. 
The secondary loop equipment (eight reformers, four steam generators, and four 
circulators) is installed in four prestressed concrete pressure vessels (PCPVs). The 
PCPV closely resembles the PCRV with regard to structural and construction 
features. 

9-4B 950°C Direct-Cycle HTGR-PH Plant 

In this variant of the process heat plant, the reactor thermal energy is trans
ferred directly to the process in the primary system. As in the previous case, the 
nuclear heat is used for the reforming process and to generate high-quality steam 
in sufficient quantities to satisfy both the process and electrical generation needs 
for operation of the nuclear plant and the reforming process. For this higher core 
outlet temperature application, the fuel cycle is reduced from 4 to 3 yr. 

The basic flow diagram for steady-state operating conditions is shown in Fig. 
9-3. To investigate the maximum potential of the VHTR, the direct-cycle reforming 
concept under discussion has a core outlet temperature of 950°C. This temperature 
increase from 850°C for the indirect cycle necessitates the use of more advanced 
technology in the nuclear heat source, which implies a longer schedule for real
ization of the first commercial-size plant. 

In the direct-cycle plant, all of the nuclear heat source and heat exchanger 
equipment is installed in the PCRV. In the plant discussed, four reformers, two 
steam generators, and four circulators are utilized for the I170-MW(t) variant. 
From Fig. 9-3, it can be seen that the reactor outlet gas flows directly to the 
convectively heated reformer, transferring 650 MW(t) to the process gas. After 
leaving the reformer, the primary helium flows through the steam generator and, 
via the circulator, is transported back to the reactor inlet at a temperature of 500°C. 
The maximum primary system pressure of 4.8 MPa (696 psia) is slightly less than 
for the indirect-cycle case, and selection was based on process plant considerations 
(particularly the reforming operation). A comparison of plant features for all of 
die HTGR designs is given in Table 8-1, p. 252. The material problems due to 
high temperature were outlined in Table 9-III. 

9-4C Components 

Two components are peculiar to the process heat reactor, the IHX in the 
indirect-loop version and the reformer in both versions. Current designs are de
scribed here. 
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Fig. 9-3. Flow diagram for 950°C direct-cycle HTGR process heat plant. 

Intermediate Heat Exchanger 

The function of the IHX is to transfer heat from a primary coolant loop to 
a secondary loop and, in addition, to provide a barrier to egress of fission products 
(possibly circulating within the reactor primary coolant) into the secondary helium 
loop. The IHX has been designed as a straight-tube heat exchanger with the primary 
helium flowing in a single pass inside the tubes and the secondary helium flowing 
across the bundle in a multipass cross-counterflow configuration. As shown in 
Fig. 9-4, the IHX is located entirely within the PCRV and is welded at the lower 
end to a liner extension support. (The upper end of the unit is attached to a primary/ 
secondary gas boundary dome via a bellows/seal assembly, which compensates 
for IHX axial thermal expansion.) 

Although normal operation is in a near-pressure-balanced condition, the de
sign basis is predicated on the loss of the secondary loop pressure. The current 
selection of tubing material for the 850°C plant design is Inconel-617. An extensive 
high-temperature materials program is in progress to obtain high-temperature data 
for potential materials in this application. The material selection and design of 
the IHX represent a substantial technical development effort. 
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Fig. 9-4. The IHX concept. 
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Steam-Methane Reformers 

The steam-methane reformer transfers the heat from the helium loop to the 
reformer feedstock in the presence of a nickel catalyst. It is, m effect, an axial 
counterflow convective heat exchanger, but with space provided on the tube side 
for the inclusion of the catalyst material. A shell-and-tube heat exchanger is 
utilized, which has tubes large enough to contain the catalyst matenal in stacked 
particle form. The feedstock is introduced on the tube side of the exchanger and 
flows over the catalyst particles while being heated by helium through the tube 
walls. The conversion reaction takes place during passage through the bed, re-
quinng that heat be convectively supplied to the tubes over the entire bundle 
length. 

In the case of the indirect-cycle plant, the reformers are installed in PCPVs; 
the hot secondary helium is introduced on the shell side at the hot end of the 
catalyst tubes, flows counter to the product gas around the tubes, and is discharged 
at the cold end. In the direct cycle, as the name implies, the high-temperature 
reactor helium flows directly into the reformer. The reformer is a bayonet tube 
design where the hot process gas is returned to the inlet end of the reformer via 
a central tube within the reformer tube. This arrangement permits regenerative 
heat transfer with the process stream being reformed. The chemical process of 
reforming will not be reversed since no catalyst is present in the retum tube. 

One of the major unresolved issues for process heat applications using re
forming is whether the reformer can be located within the primary coolant circuit. 
As described, both designs are being pursued. Table 9-VII shows a comparison 
of the advantages of each design. The conclusion may well be that it depends on 
the particular application. 

9-5 Process Heat Applications 
A large number of potential process heat applications can be envisioned for 

a nuclear reactor with a core outlet temperature of 800°C (1472°F) and above. 

TABLE 9-VII 
Internal Versus External Reformers 

Internal 
Advantages 
1 lower overall cost 
2 lower operating costs 
3 smaller reformers, smaller inventory of 

catalyst 
4 fewer operaUng parts 
5 less power required 
6 higher temperatures available 
7 hehum loop protected by PCRV 
8 more compact plant 

External 
Advantages 
I greater accessibility 
2 simpler reformer design 
3 fewer licensing problems 
4 versatility of extemal loop 
5 permits use of naphtha feed 
6 minimizes shutdowns 
7 faster plant construction 
8 double bamer for hydrogen/tntium 

diffusion 
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Fig. 9-5. Nuclear process heat applications. 

These applications can be broken into four categories, as shown in Fig. 9-5, which 
represent the bulk of the possibilities. These categories are discussed below. 

9-5A Synfuel Using Coal as a Feedstock 

Pipeline gas, reducing gas (H2 -I- CO), or light liquids (benzene, diesel, fuel 
oil) can be produced. A considerable number of processes are under development 
to produce synfuels from coal. These processes are basically of the hydrogen-
carbon type or the steam-carbon type. Most of the coal liquefaction processes are 
of the former (SRC-II, donor solvent, H-coal), whereas most of the gasification 
processes are of the latter (Lurgi, Koppers-Totzek). The HTGR-II with a core 
outlet temperature of 800 to 850°C (1472 to 1562°F) fits well with the hydrogen-
carbon processes since steam-light hydrocarbon reforming can be used for hy
drogen production. The steam-carbon reaction will require core outlet temperatures 
in the 950°C (1742°F) range. 

9-5B Nuclear-Chemical Energy Center 

To illustrate how the HTGR could effectively participate in the nuclear energy 
field for the intermediate time frame (1995 and onward), an example of a nuclear-
chemical energy center utilizing coal as a feedstock has been developed. Figure 
9-6 shows how the nuclear-chemical energy center can be integrated to serve the 
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needs of various users. The basic HTGR-PH plant receives coal liquids, uranium 
in the form of fuel elements, and water at the plant site. The basic chemical 
equations involved are: 

C* -f 2H2 * CH4 + heat (hydrogasification) 
CH4 -f- H2O -I- heat > CO + 3H2 (steam refonning) 
CO + H2O > H2 -I- CO2 (shift reaction) 

*Coal liquids are represented by carbon. 

The process plant output products shown in Fig. 9-6 are then sent to the 
users. Aromatics produced, primarily benzene, would be shipped off-site via 
pipeline or tank car. Liquid hydrogen could also be shipped via special truck or 
tank car. The direct reduction plant could include an electric furnace for the 
downstream production of steel with a portion of the HTGR electric output directed 
toward that end. 

DIRECT REDUCTION 
OF IRON ORE 

STEEL MILL 

Fig. 9-6. The nuclear-chemical energy center. 
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TABLE 9-VIII 
Typical Plant Products for a Twin 842-MW(t) HTGR 

Final Product 

Oil refinery 
Ammonia 
Aromatics 
Methanol 
Reduced iron ore 

pellets 
Pipeline gas 
Electricity for sale 

Total 

Electncity 
(MW) 

46 
49 

30 

256 
381 

Energy Center Product^ 
CH4 

15 

5 
154 

174 

ha 4- CO 
(MMSCFD)" 

72 
78 

113 

113 
20 

396 

CO2 

13 

28 

41 

CeHe 
(bpd)^ 

11 400 

11 400 

Customer 
Plant Capacity 

160 000 bpd' 
1500 ton/day 
11 400bpd'= 
1500 ton/day 

I 170 000 ton/yr 
154 MMSCFD" 

256 MW(e) 

^Energy center input 
Liquid coal 2 2 x 10* metnc ton/yr (37 500 bpd) 
Uranium 64 8 metnc ton/yr (71 2 ton/yr) UjOg (recycle) 
H2O 49 kg/s (1 12 X lO^gal/day) (H2 production only) 

"•l MMSCFD = 28 3 X lO' (standard) m^/day 
•̂ bpd = 0 16 m^/day 

Reasonable plant sizes, commensurate with today's technology, are shown 
for these uses in Table 9-VIII, which gives a breakdown of customer facilities, 
the approximate output quantity, and the quantities of gas sent to customer fa
cilities These values are matched by a twin 842-MW(t) HTGR This arrangement 
gives a very high degree of availability A representative heat balance on the 
nuclear-chemical energy center shows that the nuclear heat represents 35% of the 
heat input, with the remainder being supplied from the liquid coal as the chemical 
feedstock 

9-5C Oil Shale Recovery 

A commercial-scale installation has been studied to determine its total energy 
load in evaluating the apphcability of an HTGR to a commercial facility The 
study was based on surface retorting operations producing 8000 m^/day (50 (X)0 
bpd) of raw shale oil from 113 x I0~^ m^ per ton (30 gal/ton) of shale The 
kerogen (organic part of shale) was hydrotreated at the site using steam-methane 
reforming of the off-gas Table 9-IX shows overall energy demand which is in 
line with practical reactor sizes The advantages of using a nuclear reactor he m 
the production of hydrogen from a fraction of the resource that otherwise would 
not be fully utilized, increased process efficiency, and reduced air pollution 

9-5D Alternate Heat Transmission and Storage Systems 

The high-temperature capability of the HTGR-PH enables it to be coupled 
to several possible energy transport media for transport over long distances and 
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TABLE 9-IX 
Energy Demand for a Surface Shale Oil Operation with Hydrotreating*^ 

MW(e) MW(t) 

Mining/crushmg/retorting 
Reforming 
Hydrotreating 

Total 

72 6 
6.7 

13 6 
92 9 

492 
256 
49 

797 

•From Ref 3 
^Based on 8000 m'/day (50 000 bpd). 

Still provide good thermodynamic efficiency at the user end. Several transport 
fluids and systems have been examined. One is a chemical energy system wherein 
an endothermic reaction (steam-methane reforming) takes place at the nuclear heat 
system end and an exothermic reaction (methanation) at the user end.'* A second 
is the use of a sensible heat salt system that is heated to 540°C (1000°F) at the 
reactor end and transported to the user. The cooled salt is returned to the reactor. 
This system has the potential for relatively inexpensive energy storage and may 
be useful for electric power peaking applications.^ A third system would be a 
direct steam line to the users if distances are <30 km. A comparison of these 
altemate energy transport systems is shown in Fig. 9-7. 

9-5E Hydrogen Production by a Closed-Loop Thermochemical Process 

Extensive development work is proceeding in the United States and abroad 
on hydrogen production processes that utilize a series of chemical steps to separate 

30 

lu I S - - " 

OS-

CHEMICAL ENERGY 

DIRECT STEAM 

SENSIBLE ENERGY (SALT) 

USER STEAM CONDITIONS 
DIRECT STEAM 910°C/12 4 MPa (950°F/1800 psi) 
SENSIBLE ENERGY 5I0°C/12 4 MPa (950°F/1800 psi) 

CHEMICAL ENERGY 482°C/6 2 MPa (900°F/900 psi) 

50 100 150 200 

TRANSMISSION DISTANCE, km 

Fig. 9-7. Comparison of the cost of steam versus distance for vanous energy transport sys
tems. 



TABLE 9-X 
Pebble Bed and Prismatic Fuel Element Reactor Features 

Fuel element form and dimensions 

Fuel management 

Control and shutdown 
pnmary control 

backup shutdown 

Reflector 

Core performance 

Pnsmatic Element Core 

Right hexagonal prism, —360 mm across flats 
-790 mm height 

Graded-cycle, off-line refueling, one-fourth to 
one-third core annually for typical large unit 

Gravity control rods inserted into in-core 
channels 

Gravity feed of absorber granules into in-core 
channels 

Core boundary reflector elements can be replaced 
dunng normal refueling 

On-line adjustable fuel region flow-control 
onfices to compensate for radial age-peaking of 
graded cycle 

Core A/" is dictated by core onficing to achieve 
power/flow matching in the highest power region 

In-core instrumentation for power mapping 

Block-type fuel elements are subject to intemal 
stresses due to fluence and temperature 
differences withm the block envelope 

Pebble Bed Core 

60-mm-diam sphere 

Optional, once-through-then-out (OTTO) or 
multiple-pass cycle, on-line fueling, —3-yr in-
core fuel life 

High-thrust, ngid control rods dnve into pebble 
bed 

Gravity feed of absorber spheres (<IO-mm 
diameter) into interstices between fuel elements 

Core boundary reflector elements not routinely 
accessible for replacement 

Low radial power peaking factors due to axial 
flow and on-line refueling 

Pebble bed core is not onficed but inherently 
high pressure drop charactenstics result in core 
AP similar to a pnsmatic core 

Core instrumentation must be extemal to active 
core 

A very small fraction of fuel elements are 
expected to be broken by control rod insertion 
into the bed 
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water into hydrogen and oxygen by thermal means. Most of these processes need 
a high-temperature heat input step, which is often the decomposition of sulfuric 
acid. For instance, the sulfur-iodine process for thermochemical watersplitting is 
now under development. A bench-scale unit demonstrating all the major steps in 
this process has been constructed and is operating.* 

Watersplitting methods, when coupled to a nuclear heat system, provide a 
way of more than doubling synfuel production from a fixed quantity of fossil 
feedstock. These savings occur since none of the fossil source is used to provide 
heat for the process and no CO2 is produced in the hydrogen production process 
itself. In the longer term, hydrogen is a likely candidate for replacement of current 
liquid and gaseous fuels. 

9-6 Comparison of Prismatic and Pebble Bed HTGRs for 
Process Heat Applications 

As seen in previous chapters, an HTGR with a pebble bed core [pebble bed 
reactor (PBR)] has been developed in the Federal Republic of Germany, with one 
reactor in operation [the 15-MW(e) AVR] and another one to be commissioned 
in 1984 [the 300-MW(e) THTR]. In view of the satisfactory experience with high-
temperature operation of the AVR (950°C top helium temperature), a number of 
studies of PBR designs for high-temperature process heat applications have been 
performed. ̂ '̂  

A comparison of some of the different features of pebble bed and prismatic 
fuel element cores is given in Table 9-X. Comparison of the heat transfer char
acteristics of the pebble and prism fuel concepts shows no significant overall heat 
conductance advantage for the pebble bed system. The larger pebble surface heat 
transfer area and higher coolant-to-surface heat transfer film coefficient for the 
pebble bed are offset by the higher solid conductance characteristic of the prismatic 
geometry. However, some fuel temperature performance advantage for the PBR 
can be anticipated due to the radially flat power distribution, lower age peaking 
factor, and nearly ideal axial power shape achievable by a continuously fueled 
OTTO fuel management cycle (see Chapters 4 and 6). 

Some mechanical questions with large PBRs, such as insertion of control 
rods in the core or radiation damage to the radial graphite reflector, are as yet 
unsolved or unproven (before operation of the THTR in 1984-1985). It is, thus, 
too early to tell whether some of the advantages of the PBR, such as on-line 
refueling and flatter temperature profiles, could make the PBR as advantageous 
for process heat applications with larger plants as it could be with small modular 
systems. 
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10 

GAS-COOLED FAST BREEDER REACTOR 
THERMAL HYDRAULICS* 

10-1 Introduction 
Two basic types of fast breeder reactors (FBRs) have been considered: the 

sodium-cooled liquid-metal fast breeder reactor (LMFBR) and the gas-cooled fast 
breeder reactor (GCFR), which is helium cooled (see Table lO-I). The reference 
fuel for both systems is a mixture of PuOa and UO2, and at a later date will 
possibly be a mixture of PuC and UC. The specific power, or fissile loading, is 
comparable for LMFBRs and GCFRs, but the latter enjoys a higher breeding ratio 
and a lower "doubling time," the time required to double the initial fissile in
ventory. The compound doubling time of the GCFR system is expected to be less 
than the historical doubling time of electricity generation (—12 yr overall). A 
large number of energy strategy studies have been performed to look at the impact 
of various policies on ore requirements with various assumptions for nuclear power 
growth.'"^ It has been shown that high-gain breeders are required to terminate 
the consumption of uranium to feed a given nuclear program,'* and to limit the 

TABLE 10-1 
Comparison of Thermal and Fast Breeders* 

Breeding gain'' 
Doubling time (yr) 
Specific power [MW(e)/kg] 
Conservation coefficient'̂  

Fast 

LMFBR LMFBR GCFR 
PUO2 PuC PuOz 

0 2 0 3 0 45 
15 10 8 
0 335 0 335 0 32 
0 022 0 033 0 046 

Thermal 

MSBR^ 
Thorium 

0 07 
20 
0 665 
0 031 

*From Ref 1 
'Molten Salt Breeder Reactor 
''Breeding gam = breeding ratio - I 
'Conservation coefficient = breeding gam x (specific power)^ (inversely proportional to total 

amount of uranium required) 

*Chandu B Baxi contnbuted to this chapter 
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TABLE 10-11 
Simplified Comparison of Reactor Coolants 

Reactor type 
Average temperature (°C) 
Average pressure (MPa) 
Coolant temperature rise Ar (°C) 
Density p (g/cm') 
Specific heat Cp (J/g-°C) 
Flow velocity V (m/s) 
Heat transport per unit core 

frontal area p« Cp AT (W/cm ) 
Rod surface heat transfer 

coefficient h (W/cm^ °C) 
Average film drop AT" (°C) 
Heat transfer per unit rod surface 

area hAT (W/cm^) 

Coolant 

Water 

PWR 
300 

15 
30 
0 70 
5.3 
4 5 

50 000 

3 
20 

60 

Helium 

HTGR GCFR 
550 450 

5 10 
420 300 

0 003 0 0068 
5 2 5 2 

50 80 

33 000 84 000 

0 25 15 
120 100 

30 150 

Sodium 

LMFBR 
450 

0 5 
165 

0 80 
1 25 
6 

100 000 

10 
20 

200 

total uranium consumption of the Western World to a value close to the expected 
5-7 

uranium reserves. 
A simplified comparison of thermodynamic and heat transfer and transport 

properties of the three main reactor coolants is given in Table 10-11. Water and 
helium are typical coolants for thermal reactors, while sodium and helium are the 
two fast reactor coolants that have been primarily considered. In Table 10-11, 
typical operating pressures and temperatures have been chosen to represent con
ditions for pressurized water reactors (PWRs), high-temperature gas-cooled re
actors (HTGRs), GCFRs, and LMFBRs, respectively. It can be seen that the heat 
transport per unit core frontal area with helium is —85% of the value for sodium, 
requiring a core diameter —10% larger for the GCFR. Since the core dimensions 
of an FBR are extremely small compared to the total plant size, this is not a real 
penalty. In fact, a lower power density may be desirable in FBRs for safety 
reasons. Similar reasoning would apply for a comparison of helium and water in 
thermal reactors, showing that the cooling performance of pressurized helium is 
satisfactory. As a matter of fact, cooling properties that are too good could be a 
penalty in some cases. For instance, thermal shock problems are very severe in 
sodium-cooled reactors because of the excellent thermal conductivity of sodium; 
this is not the case with gas cooling. 

A broader comparison of sodium and helium as FBR coolants is shown in 
Table lO-III. It can be seen that the main advantages of sodium are its excellent 
thermal-hydraulic properties: low operating pressure, a maximum of —1 MPa 
(10 atm), and good natural convection properties for emergency decay heat re
moval. The main problems with sodium are its high induced radioactivity, re
quiring heavy shielding and an intermediate sodium heat transfer loop; its high 
chemical activity and its change of phase with three possible phases in case of 
incidents; its opacity, leading to complex inspection, maintenance, and refueling; 



GCFR THERMAL HYDRAULICS 321 

TABLE 10-111 
Ranking of Sodium and Helium as Fast Breeder Coolants 

Nuclear Reaction Cross Sections 
Effect on breeding ratio 
Doubling time 
Induced radioactivity 
Radiation stability 

Thermal-Hydraulic Properties 
Heat transfer 
Pumping power 

Systems Complexity 
Operating pressure 
Number of systems (loops) 
Matenals compatibility 
Refueling system 

Safety, as affected by 
Loss of coolant 
Loss of flow 
Possible coolant change 
Potential chemical reactivity 

Excellent 

Helium 
Helium 
Helium 

Helium, Sodium 

Sodium 
Sodium 

Sodium 

Helium 

Sodium 
Sodium 
Helium 
Helium 

Adequate 

Sodium 
Sodium 

Helium 

Helium 
Helium 
Sodium 
Helium 

Helium 

Poor 

Sodium 

Helium 

Sodium 

Sodium 

Helium 
Sodium 
Sodium 

and its propensity to induce high thermal stresses, particularly under transient 
conditions. In spite of all these problems, sodium-cooled FBRs have been buih 
in a number of countries as prototypes or demonstration plants, but no commercial-
size reactor yet exists except for the 1200-MW(e) Superphenix, under construction 
in France, with expected startup in 1985. 

Liquid metals such as mercury, sodium, and NaK, were chosen as coolants 
for the first fast reactors, which had small, high power density cores, without 
enough room for cooling with other coolants. When the core size of FBRs increased 
from a few liters to thousands of liters, the fraction of the core occupied by the 
coolant grew to —50% and other coolants could be considered besides sodium; 
namely, steam^ or gases. Superheated steam has good heat transfer properties at 
high pressure, but acts as a moderator and thus leads to a low breeding ratio. 
Besides, it is highly corrosive at high temperatures and no cladding material is 
available. Therefore, only pressurized gases have been studied in the past few 
years as alternative coolants for FBRs. Helium appears to be the preferred coolant 
for FBRs, although CO2 (Refs. 9 and 10) and even dissociating gases 
(N204?^2 N02<=^N2 -I- 2 O2) with a direct cycle have also been suggested in 
Europe.'°-'2 

Table 10-IV shows the various designs proposed for GCFRs. Besides the 
choice of coolant, two main types of fuels have been considered: metal-clad fuel 
very similar to fuel for LMFBRs, and advanced fuel using coated fuel particles 
similar to those employed'^ '̂  in HTGRs. Both the indirect (or steam) cycle and 
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TABLE 10-IV 
Main Types of GCFRs 

Coolant 

Fuel 

Cycle 

Country 

Helium 

Metal clad 
(PUO2-UO2) 

Steam 

GBRA" 
FRG 
Japan 

Switzerland 
US 

Direct 

FRG 
Switzerland 

Coated 
particle 

Steam 
or direct 

GBRA 

Metallic 

Steam 

USSR 

CO2 

Coated 
particle 

Steam 

GBRA 

N2O4 

Metal clad 
(PUO2-UO2) 

Direct 

USSR 

"Gas Breeder Reactor Association, association of European industnes headquartered in Brussels, 
Belgium 

the direct (or gas turbine) cycle have been studied for GCFRs as for thermal 
reactors. To obtain the most benefit from ongoing developments in thermal and 
fast reactor programs, the quasi-universal choice for GCFR designs is a reactor 
cooled by helium, using metal-clad (UO2-PUO2) fuel and producing electricity 
through a steam cycle.'°''^ Such a system is discussed in this chapter. 

10-2 GCFR System Design Description 

As indicated in Sec. 10-1, most designs utilize the same type of fuel elements 
as LMFBRs, i.e., metal-clad mixed (UO2-PUO2) rods within hexagonal metal 
ducts. The nuclear steam supply system for a GCFR is similar to advanced gas-
cooled reactor (AGR) and HTGR systems, i.e., the reactor core, steam generators, 
helium circulators, and core auxiliary cooling systems are all contained within a 
prestressed concrete reactor vessel (PCRV). Since the metallic fuel cladding is 
limited in temperature to 100 to 750°C, as opposed to an all-ceramic core in the 
HTGR, the outlet coolant temperature in GCFRs may be somewhere between 550 
and 600°C and a direct cycle would not be efficient. Therefore, reference GCFR 
designs utilize an indirect steam cycle, although there is the potential for helium 
gas turbine applications with advanced metallic or ceramic claddings. 

Studies have been made in various countries on GCFR demonstration plants, 
in the range of 300 to 750 MW(e), and of fiiU-size plants from 1000 to 1500 MW(e). 
Most of the design work in the United States has been performed for a 300- to 
350-MW(e) plant, while a I2(X)-MW(e) six-loop concept has been studied by the 
Gas-Cooled Breeder Reactor Association (GBRA) in Europe, to be preceded by 
a three-loop 6(K)-MW(e) demonstration plant. For all GCFR designs in Western 
Europe and the United States, the reactor core, blanket, and shielding are contained 
in a central cavity of the PCRV; steam generators, helium circulators, and core 
auxiliary cooling systems are located in pods within the concrete walls of the 
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PCRV. The active core is made up of hexagonal assemblies of stainless steel-clad 
fuel rods with artificial surface roughening to enhance heat transfer from the 
cladding to the coolant, as in AGRs. To balance the pressure between the inside 
of the cladding and the outside, a fuel venting system has been designed to operate 
under all steady-state and transient conditions. A coolant pressure of —10 MPa 
has been chosen in European and U.S. GCFR designs, which is higher than that 
for thermal gas-cooled reactors because of the higher core power density in all 
FBRs. This helium pressure can be compared to the water pressure of 15 MPa in 
PWRs. 

Table 10-V gives the main characteristics for typical 350- and I200-MW(e) 
plants designed by General Atomic. The hot spot mid-cladding temperature of 
700 to 750°C and the maximum linear rating of - 4 0 kW/m for the 350-MW(e) 
GCFR are comparable to the corresponding values for the LMFBR demonstration 
plants such as Phenix in France'* or the Prototype Fast Reactor in the United 
Kingdom,'^ while the breeding gain of 0.35 is much larger for GCFRs than for 
LMFBRs (0.1 to 0.2). A larger breeding ratio is expected in GCFRs since helium 
does not slow down appreciably or absorb neutrons compared to sodium; this 
leads to a harder neutron spectrum, preferable for PUO2-UO2 fuel. If one compares 
the performance of large GCFRs to large LMFBRs, such as the I200-MW(e) 
Superphenix now under construction in France, one finds about the same reactor 
rating; but the breeding gain of Superphenix is only —0.20, instead of 0.4 to 0.5, 
which leads to a compound fuel doubling time of some 25 yr while it could be 

TABLE 10-V 
Main Characteristics of GCFR Plants* 

(Mixed oxide fuel) 

Thermal power (MW) 
Helium pressure (MPa) 
Maximum mid-clad temperature (°C) 
Reactor inlet temperature (°C) 
Top helium temperature (°C) 
Number of main loops 
Net cycle efficiency (%) 
Active core 

volume (m^) 
length (m) 

Fuel rod diameter (mm) 
Average fuel ennchment (%) 
Reactor rating [MW(t)/kg-fissile] 
Average core power density (MW/m^) 
Maximum linear rating (kW/m) 
Breeding ratio (average) 
Compound doubling Ume (yr) 

3 6 0 MW(e) 

1090 
10 5 
VSO'' 
298 
524 

3 
33 

~7 
1 20 

8 
20 

- 0 5 

155 
33 to 40 

1 35 
25 

1200 MW(e) 

3600 
10 to 12 

750 
310 
565 

6 
33 

20 to 12 5 
1 2 to 1 06 

8 
- 1 3 

0 59 to 0 84 
180 to 290 
35 to 49 

1 38 to 1 57 
15 9 to 8 3 

*From Ref 17 
"700°C for initial operation at 300 MW(e) 
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—8 to 16 yr for large GCFRs. In general, the power density of LMFBRs is larger 
than for GCFRs (i.e., 300 MW/m^ for Superphenix) since too large a volume 
fraction of sodium in the core would decrease the neutronic performance of LMFBRs; 
therefore the fuel rods must be on a rather close pitch. The rods can be further 
apart in GCFRs and the clearance between fuel assemblies can also be larger than 
for LMFBRs in order to accommodate bowing and irradiation swelling of the 
metal ducts without significant neutronic penalty. 

The nuclear steam supply system (NSSS) for a 350-MW(e) GCFR plant is 
shown^' in Fig. 10-1. Helium flows up through the reactor core located in the 
central cavity of the PCRV, then flows down through the three steam generators 
located in separate cavities within the PCRV concrete walls. Helium then flows 
back to the 14-MW electric-motor-driven circulators mounted below the steam 
generators before retuming to the core. Three core auxiliary cooling loops are 
located in separate cavities within the PCRV, each with its own heat exchanger 
and electrically driven helium circulator. These loops are used for long-term 
shutdown cooling, backup for the main loops, or for emergency cooling. 

The PCRV is similar in design to the vessels of the Hartlepool and Heysham 
AGRs with prestressing by longitudinal tendons and circumferential wire wrap
ping, and reinforcement by steel rods. The major penetrations are closed by 
concrete closures designed to always be in compression and held in place by two 
structurally independent and redundant means. Flow restrictors are designed to 

CAHE 
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CIRCULATOR 

CONCRETE 
CLOSURE 

CONTROL ROD 
PENETRATION 
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MAIN 
CIRCULATOR 

REACTOR CORE 

Fig. 10-1. GCFR demonstration plant nuclear steam supply system. 
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CONTROL ASSEMBLY 

SHUTDOWN ASSEMBLY ' l ^ ' 

ELEVATION VIEW PLAN VIEW 

Fig. 10-2. GCFR upflow-core demonstration plant general configuration. 

provide an acceptable maximum rate of leakage in case of failure of such closures. 
Furthermore, a leaktight secondary containment building made of reinforced con
crete provides a backpressure of 0.16 MPa (1.6 atm absolute) after thermal equi
libration. The steel liner of the PCRV is insulated on the helium side by a thermal 
barrier similar to that of HTGRs (although operating at higher pressure and lower 
temperature). Cooling of the liner and penetrations is provided by cooling tubes 
on the concrete side, as in all PCRVs. 

The configuration of the 350-MW(e) GCPTl reactor core is shown in Fig. 
10-2. The active core of the GCFR consists of 169 assemblies; 150 of these are 
fuel assemblies, 15 are control assemblies, and 4 are shutdown assemblies. 

The central core region is surrounded by a radial blanket region of fertile 
material. The radial blanket consists of 162 hexagonal blanket assemblies arranged 
in three concentric rows around the active core. Fertile blanket material is also 
included in the fuel assemblies, above and below the active core (upper and lower 
axial blankets). The radial blanket is surrounded by 138 hexagonal reflector/shield 
assemblies arranged in two concentric rows. 

The control and shutdown rod assemblies are located on the centers of regions 
that consist of a central control (or shutdown) assembly surrounded by six fuel 
assemblies. Removal and replacement of assemblies during refueling is accom
plished through the penetration in the closure plug provided for the drive mech
anisms. Each seven-assembly region is serviced by one of the penetrations. In the 
regions out-board of the control and shutdown assembly locations, additional 
penetrations are provided in the closure plug to service the blanket and reflector/ 
shield assemblies. 

The GCFR fuel assembly design is similar to designs employed in LMFBRs, 
particularly the fuel rod design. The fuel rod employs the same materials and has 
similar geometry and operating conditions as those being developed in intemational 
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Fig. 10-3. GCFR fuel assembly. 

LMFBR programs. The unique characteristics incorporated in the GCFR fuel 
assembly design include the following: 

1. roughened fuel rod cladding to enhance heat transfer to the helium coolant 
2. pressure-equalized and vented fuel rods, which essentially eliminate any 

pressure-induced stresses on the cladding from either the primary coolant 
system pressure or from fission gases generated within the rods 

3. a large fuel rod pitch-to-diameter ratio relative to that commonly em
ployed in the LMFBR designs, which gives an acceptable pressure drop 
with helium. 

The fuel assembly is hexagonally shaped, 194 mm across flats and 5 m long. 
A cylindrical inlet nozzle, 172 mm in diameter by —675 mm long, is located at 
the bottom end. The inlet nozzle fits into a mating hole in the core support grid 
plate. The assembly rests on the conical surface, which forms the transition 
between the cylindrical and hexagonal shapes (see Fig. 10-3). 

Contained within the assembly is a 2870-mm-long fuel bundle consisting of 
265 fuel rods. The fuel rods are 8 mm in diameter and are located on an 11-mm 
triangular pitch. The rods are fastened to a grid manifold at their lower ends and 
are laterally spaced by 12 spacer grids positioned at selected axial locations along 
the length of the rods. The spacer grids are retained in position by means of six 
hanger rods. The hanger rods are stmctural members containing no fuel material. 
A hexagonal flow duct is provided around the rod bundle for channeling the coolant 
flow through the rod bundle. 

An exit end nozzle is provided on the top end of the assembly. The exit 
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nozzle is used for handling the assembly and contains a fixed-area replaceable 
orifice. The orifice is designed to be changed at refueling outages. 

The blanket assembly design is essentially the same as the fuel assembly, 
except that the blanket rod bundle consists of a smaller number of larger rods. 
Other than the rod bundle, the radial blanket assembly is designed to use the same 
major components as the fuel assembly. These major components include the inlet 
nozzle, grid plate shielding, assembly charcoal trap, exit shielding, flow duct, 
and exit nozzle. The fixed-area replaceable orifice would be specific to the blanket 
assembly and would contain mechanical discrimination characteristics to prevent 
a blanket orifice from being assembled on a fuel assembly. 

The blanket rod bundle consists of 61 rods, 21.7 mm o.d. by 2880 mm long. 
Each rod consists of a cladding tube, a stack of depleted UO2 cylindrical pellets, 
a pellet holddown spring at the top of the pellet stack, and end plugs. The blanket 
rods are pressure-equalized and vented in the same manner as the fuel rods, except 
that, due to the low fission product yield, a fission product trap is not included 
in each blanket rod. An assembly trap is, however, included in the inlet nozzle 
region. 

The blanket rods are arranged on a much smaller pitch-to-diameter ratio than 
the fuel rods. As a result, a wire-wrap spacer system, rather than spacer grids, 
as used in the fuel assembly design, is used to maintain spacing in the rod array. 

The control and shutdown assemblies have the same extemal configuration 
as the fuel and blanket assemblies, and many of the major components are the 
same or are only slightly modified. The flow duct and inlet nozzle stmctures are 
the same as used in the fuel and blanket assemblies, and the grid plate shielding 
and exit nozzle design are slightly modified. 

The control rod consists of a bundle of control pins contained within a guide 
duct having upper and lower end fittings. The composite, consisting of the guide 
duct, control pins, and end fittings, is designed to move up and down in the flow 
duct, while always remaining wholly within the flow duct. 

The control pin bundle consists of 55 pins, 16.8 mm o.d. by 13(X) mm long. 
Each pin consists of a cladding tube, a stack of B4C poison pellets, a pellet 
holddown spring, and end plugs. The control pins are attached to the upper end 
fitting and are laterally spaced by five spacer grids. Six tie rods are provided in 
hexagonal comers of the bundle to maintain the axial spacing of the spacer grids. 
The control pins are vented directly to the helium coolant. 

The reflector/shield rod bundle consists of 19 rods, 40.1 mmo.d. by3I80 mm 
long. Each rod consists of a cladding tube, a boronated graphite column, and end 
plugs. The rods are attached to a grid at their lower end and are laterally spaced 
by wire wraps. The reflector/shield rods are vented directly to the helium coolant. 

10-3 Surface Roughening 
Artificial surface roughness has been used in gas-cooled reactors, first in the 

United Kingdom for the AGRs and later in GCFR designs, to improve heat transfer. 
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The surface roughness increases the friction factor and the heat transfer coefficient 
from the rod surface to the coolant. 

10-3A Performance Index 

The thermal performance of surface-roughened GCFR fuel elements can be 
defined as the ratio of the thermal power to the pumping power (see Nomenclature 
on p. 357): 

^ ^ (10.1) 

Since 

A' iMAp/pir\) 

Q = MCpiTi - Tl) = aiTw - T)PL 
M^ fL 

and 

St 
aA 

MCp 

Eq. (10.1) reduces to: 

Q SI^P'L\TW - T)' 3 St̂  

- = -2 P.pCp J . (10.2) 

Equation (10.2) shows that for a given heat transfer surface area, PL, a given 
thermal power, Q, a given film temperature drop, Tw — T, and a given coolant, 
pipCp^, the thermal performance is proportional to St^/f. Thus, the increase in 
Stanton number due to roughness is more important than the increase in friction 
factor/(Ref. 22). 

10-3B Types of Roughness 

The roughness on the fuel rods of the GCFR consists of ribs ~0.13 mm in 
height (see Sec. I0-6H), with a pitch-to-height ratio of —12, and a width-to-
height ratio of 3.5. Various types of roughness have been considered for the 
GCFR. These are: 

1. transverse versus multistart spiral ribs 
2. square versus trapezoidal ribs 
3. ribs manufactured by various manufacturing processes, such as electro

chemical etching, mechanical grinding, and electrochemical grinding^ 
4. two- or three-dimensional roughening. •* 

Figure 10-4 shows how the Stanton number multiplier (Stff/Stx) and friction 
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Fig 10-4 Stanton number versus friction factor for roughened rod bundles (referred to values 
for smooth rods) (Ref 25) 

factor multiplier ifR/fs) vary with the geometry of the roughness rib, defined as 
the ratio of distance between nbs compared to nb height ip - b)/hR 

After considenng the manufactunng, economic, and performance aspects, 
transverse nbs of a trapezoidal section (Fig 10-5), manufactured by a mechanical 
gnnding process, were selected^^ for GCPTls 

10-4 Thermal-Hydraulic Codes 
Two pnncipal codes are used in the thermal-hydraulic design of the GCFR 

core assemblies The first code,^^ CALIOP, is used for core parametric and scoping 
studies The second code,^^ COBRA*GCFR, is for detailed thermal-hydraulic 
analysis and design of the assemblies 

10-4A CALIOP Code 

The CALIOP computer program is a design tool for fast breeder core systems 
that considers core system geometries, thermal hydraulics, and reactor physics 
The code is used for initial core parametnc and scoping studies, core assembly 
coolant onfice evaluations, and initial fuel management calculations 
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(p = 1 56 ± 0 1 mm b = 0 45 ± 0 05 mm) 

Fig 10-5 Roughness configuration for GCFR fuel rods 

The thermal hydraulics and neutronics included in CALIOP are simplified 
representations of rather complex phenomena and core charactenstics The intent 
of the simplified and analytical approach is to provide a fast and economic means 
for studying the impact of a large number of different core design and performance 
objectives This means that calculational accuracy has been somewhat compro
mised in favor of calculational speed and cost Still, high confidence in the 
calculated results is required to reach conclusions that should remain valid when 
more detailed thermal-hydraulic and physics calculations become available on 
specific core designs 

A number of options are available in the CALIOP code For example, for a 
given power level, core AP. number of fuel elements, number of rods per element, 
core length, blanket thickness, and maximum permissible hot spot temperature, 
CALIOP will determine the fuel rod pitch-to-diameter ratio and the core outlet 
temperature The preliminary configuration of the core assemblies obtained by the 
CALIOP code is analyzed in detail by the thermal-hydraulic subchannel code 
COBRA*GCFR 

10-4B COBRA*GCFR Code 

The COBRA*GCFR code^* is a thermal-hydraulic subchannel analysis code 
that has been adapted for GCFR applications from the COBRA-IV code^' devel
oped for light water reactors (LWRs) and LMFBRs The code calculates flow, 
pressure, and temperature distnbutions by subdividing the assembly into sub-
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Fig. 10-6. One-twelfth-scale section model of the GCFR fuel assembly. 

channels. Figure 10-6 shows a subdivision used for GCFR fuel assembly analyses. 
The principal features of the COBRA*GCFR code include thermal-hydraulic treat
ment of smooth, rough, and wire-wrapped bundles; rod circumferential heat con
duction; radiation heat transfer; and buoyancy effects. 

The preliminary verification of the COBRA*GCFR code was achieved through 
a series of benchmark calculations where code calculations were compared to 
those of other existing codes and experimental results. The COBRA*GCFR results 
have shown good agreement at all flow ranges in these benchmark calculations. 
Figure 10-7 shows one such comparison with the 12-rod BR-2 calibration exper
iments conducted at the Institute of Neutron Physics and Reactor Research in 
Karlsmhe, West Germany.̂ "^ These experiments are out-of-pile thermal-hydraulic 
tests, conducted in pressurized helium, for calibrating a 12-rod bundle used for 
radiation tests in the BR-2 test reactor at Mol, Belgium. 

10-5 Thermal-Hydraulic Correlations 
An extensive review of thermal-hydraulic correlations for GCFR assemblies 

is presented in Ref. 25. The following is only a brief summary. 
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Fig 10-7 Comparison of BR-2 calibration expenments and COBRA*GCFR analysis (a) bun
dle pressure drop and (b) rod surface temperatures 

10-5A Laminar Flow 

For GCFR-type rod bundles, the Darcy friction factor is given by^' 

K_Tw 
"' Re TB ' 

(10 3) 

where K depends on the pitch-to-diameter ratio ip/d) 
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K = -128 -f- 260ip/d) - mpldf (10.4) 

by^ :̂ 
Similarly, for fully developed laminar flow, the Nusselt number is given 

(10.5) Nu = -13.7 -I- 2A.lip/d) - 5ip/d)^ . 

10-5B Turbulent Flow 

During turbulent flow (Re > 10 000), different correlations apply for smooth 
and for rough surfaces. 

Smooth Surface 

The following correlation is recommended for smooth bundles in the p/d 
range from 1.3 to 1.5 (Ref. 25): 

0 32i / = 1.04 [0.0056 + 0.5 (Re)"^^^] . (10.6) 

The Nusselt number in the smooth region is calculated by the Petukov-Roizen 
correlation.^^ However, acceptable (±10%) results are obtained by using the 
Dittus-Boelter correlation^^: 

Nu = 0.023 Re° * Pr° '̂  . (10.7) 

Rough Surface 

The friction factor and Stanton number in the rough portion of the bundle 
are calculated by integration of the logarithmic velocity and temperature profiles 
(Ref. 25): 

and 

M+ = 2.5 ln(>' + / 0 + Rih^) 

f+ = 2.5 In ( y ^ / O + G(/i + ) 

(10.8) 

(10.9) 

The Rihw) and Gihw) functions depend on the microscopic description of the 
roughness (i.e., type of roughness, pitch, width, and height of the roughness. 

34. etc.). For the GCFR roughness shown in Fig. 10-5, these functions are : 

hR 
Rih^) = Roi + 0.4 In 

V/1+ \TB 

O.OKro - ri) 
2 

with 

Roi = 4.0 -I-
2.75 

ihw) 0 256 

(10.10) 

(10.11) 
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Rih^) « 5.5 + 2.5 ln(^B ) 

and 

with 

and 

Gih:) = goPr'''{f^ 
0.01(r2 - n) 

0.053 

0.24 ^0 = 4.45ih: )"'•'" + 
10.3 

( O 0.7 

(10.12) 

(10.13) 

n = 0.5 helium and air 

n = 0.0 for CO2 . (10.14) 

The integration of the velocity profile, Eq. (10.8), for an intemal channel of 
a rough rod bundle with triangular pitch gives the following relation between the 
friction factor and Rih^) (Ref. 35): 

= Rih:) + 2.5 In ^^5-—^ - B 
f h 

(10.15) 

where 

B = 
3.75 + 1.25 rp/n 

1 + roln 

and 
1/2 

Similarly, integration of the velocity and temperamre profile gives the relation^ :̂ 

Nu //8 
St = 

Re • Pr l-I- \///8 [ G ( 0 - /?(C)] 
(10.16) 

Typical relations for / and Nu versus Re for rough and smooth surfaces in 
the GCFR fuel assembly bundle are shown in Figs. 10-8 and 10-9, respectively. 

10-5C Transition Flow 

It is recommended that laminar flow correlations be used for rough and smooth 
surfaces for a Reynolds number <20(X). The respective correlations suggested for 
smooth and rough surfaces should be used for fully turbulent flow for a Reynolds 
number > 10 000. In the range of 2000 < Re < 10 000, it is recommended that 
a linear interpolation between the laminar and mrbulent values for / and St be 
used. 
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Fig 10-8 Relation between the Nusselt number and Reynolds number for a typical GCFR 
fuel assembly geometry 
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Fig 10-9 Relation between the Darcy friction factor and Reynolds number for a typical GCFR 
fuel assembly geometry 
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10-5D Other Considerations 

Due to the gas coolant and the roughening of the fuel rods, some consid
erations other than the direct use of thermal-hydraulic conelations enter into the 
analysis of GCFR assemblies. Some of these are discussed below. 

Effect of Spacers on Heat Transfer Coefficient 

Due to disturbance of the boundary layer and an increase in the level of 
turbulence in the immediate vicinity of the spacers, the heat transfer coefficient 
is enhanced. The effect is of differing magnitudes for rough and smooth rods and 
is also a function of the spacers. The correlations for this effect are available in 
Ref. 25. 

Biot Number Effect 

The enhancement of the heat transfer coefficient due to roughness is not 
uniform axially across the rib pitch, but varies by a large factor. The values of 
the Stanton number obtained from Eq. (10.16) are the average values over a pitch 
of the rib for a case with very large conductivity of the cladding (or very small 
conductivity of the gas). For the real cases, the Stanton number is modified with 
the Biot number, Bi, defined as: 

Bi = —^ , (10.17) 
kc 

where 

a = heat transfer coefficient 

hR = rib height 

For the GCFR rib described in Sec. 10-3B, the Stanton number for finite 
conductivity is obtained by: 

St = (1 - C X Bi) Stoc , (10.18) 

where 

St = actual Stanton number 

Bi = Biot number 

St=o = Stanton number obtained from Eq. (10.16) 

C = 1.2. 

10-6 Thermal-Hydraulic Design Considerations 
Some important aspects of thermal-hydraulic design considerations for GCFR 

core assemblies are discussed below. 
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10-6A Hot Spot Analysis 

Nominal temperatures are predicted by thermal-hydraulic analysis of GCFR 
assemblies using subchannel codes. Uncertainties such as a change in geometry 
from nominal dimensions or uncertainties in thermal-hydraulic correlations, prop
erties, physics calculations, etc. are not included. All of these uncertainties can 
be accounted for by defining hot spot factors that are applied to the nominal 
temperatures to calculate the hot spot temperatures. For the GCFR demonstration 
plant, the hot spot midwall cladding temperature is limited to 750°C by material 
considerations. 

To calculate the midwall hot spot cladding temperature, three hot spot factors 
are defined: 

Fch = channel hot spot factor 

Ff = film hot spot factor 

Fci = cladding hot spot factor. 

The midwall hot spot cladding temperature is obtained as follows: 

Tc = T,„ -\- iAT)ch X Fch + (AT)/ x Ff + iAT)ci x F,, , (10.19) 

where 

Tc = hot spot midwall cladding temperature 

T,n = coolant inlet temperature 

iAT)ch = channel temperature rise to the location of hot spot 

(AT)/ = film temperature drop at the location of hot spot 

iAT)ci = nominal temperature drop from midwall cladding to surface at the 
location of hot spot. 

The hot spot factors are calculated by using a semi-statistical method. In this 
method, the uncertainties are divided into two groups: (a) uncertainties that occur 
randomly (e.g., manufacturing and assembling tolerances, material properties, 
and correlations), which are treated as statistical subfactors and (b) those that 
occur nomandomly (uncertainties in calculations and measurements), which are 
directly added as cumulative subfactors. The subfactors are combined by a method 
similar to the one used for the Clinch River FBR. Table 10-VI summarizes the 
hot spot factors calculated for the GCFR fuel assembly. The 2o- deviations are 
used for all but faulted operating conditions (see Sec. 4-ID). 

10-63 Plant Size 

The plant size is selected depending on plant purpose (i.e., reactor experi
ment, demonstration, commercial application) and component feasibility. For 
GCFR demonstration plants, sizes of 800 to 11(X) MW(t) have been considered; 
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TABLE 10-VI 
Hot Spot Factors for GCFR Fuel Assembly 

Turbulent flow 
3(7" 
2(T 

Laminar flow 
3CT 

2cr 

Channel 
Fc 

1 131 
1 U l 

1 236 
1 187 

Film 
F, 

1 361 
1 311 

1 212 
1 173 

Cladding 
Fci 

1 195 
1.153 

1 138 
1 116 

V = standard deviation, thus, 2CT indicates 97 72% confidence level and 3CT indicates 99 87% 
confidence level. 

for commercial plants, usually six loops with —600 MW(t) each have been eval
uated. 

10-6C Component Technology 

Component technology has an impact on key components that results in limits 
on major operating conditions. For example, the pressure containment capability 
of the reactor vessel introduces an upper limit for the primary system pressure; 
the circulator power limit influences the allowable core pressure drop; and fuel 
handling and assembly duct dilation considerations impose limits on fuel assembly 
size. 

10-6D Fuel Life Goals 

Fast breeder fuel economics require long fuel in-pile times and have resulted 
in fuel life goals equivalent to bumups of —100 MWd/kg heavy metal. This goal 
has a direct impact on fuel assembly components, such as assembly and duct size 
and duct wall thickness. For the GCFR demonstration plant, 70 MWd/kg has been 
recommended. 

10-6E Material Limitations 

Overall plant economics dictate high temperatures for the working fluid, 
which results in fuel and fuel cladding temperatures as high as feasible. Both 
temperatures are limited by material properties. For proper fuel performance, the 
centerline temperature must stay below the melting point; for the cladding tem
perature, long-term effects of radiation at high temperatures and interaction with 
the fuel are important. Cladding irradiation tests for the LMFBR and GCFR have 
focused on feasibility demonstrations of a maximum cladding temperature of 7(K) 
to 750°C; maximum linear ratings range from 329 to 395 W/cm (10 to 12 kW/ft) 
for the GCFR, which results in centerline fuel temperatures well below the melting 
point of mixed oxide fuel. 
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For the GCFR demonstration plant core, a hot spot cladding temperature of 
750°C had been selected. This is higher than the 730°C indicated in the Clinch 
River breeder reactor analysis. However, it should be remembered that the hot 
spot temperature is the maximum temperature considering all possible uncertain
ties. The nominal maximum temperatures should be compared for the different 
breeder concepts; this temperature is lower for the GCFR as shown in Table 
10-VII. 

TABLE 10-VII 
Comparison of Cladding Temperatures 

LMFBR GCFR 

Maximum hot spot cladding 
temperature ("C) 730 700 to 750 

Maximum nominal cladding 
temperature (°C) 660 600 to 640 

10-6F Core Configuration and Core Assembly Designs 

A large number of core design and operating parameters are dictated by plant 
economics and component technology. Key parameters that remain to be deter
mined are: fuel and radial blanket rod diameter, rod pitch, number of rods per 
assembly, and core length. These parameters strongly affect the thermal as well 
as the nuclear performance, which is measured by breeding ratio and doubling 
time. The parameters are selected based on sensitivity studies. 

10-6G Thermal-Hydraulic Core Assembly Design and Performance 

Using the nominal operating data obtained with CALIOP in the scoping study, 
detailed assembly analyses are conducted using the subchannel analysis code 
COBRA. A typical fuel assembly model for COBRA analyses is shown in Fig. 
10-6. This detailed design analysis results in determination of parameters such as 
edge channel size; location and diameter of grid spacer support rods; flow, pressure, 
and temperature distributions; and wire-wrap pitch for the radial blanket. 

The description of the thermal-hydraulic design of fuel and radial blanket 
assemblies is given in Table 10-VIII. During the evolution of core assembly design, 
careful attention must be given to an efficient use of the pressure drop in various 
portions of the assembly. Although a very compact assembly design is desirable, 
the pressure drop associated with each component has to be minimized. The 
pressure drop distribution obtained for the current fuel assembly design is shown 
in Table 10-IX. The largest portion of the pressure drop (—45%) is caused by the 
rough rod bundle; a rather large fraction is caused by the grid spacers (—22%). 
The pressure drops in the inlet and outlet regions are caused mainly by shielding 
requirements. 
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TABLE 10-VIII 
GCFR Core Assembly Design and Performance 

Fuel Assembly 
Active core height (mm) 
Number of fuel rods per assembly 
Fuel rod 

diameter (mm) 
pitch (mm) 

Duct-to-rod clearance (mm) 
Roughness height (mm) 
Roughness pitch (mm) 
Maximum assembly flow (kg/s) 
Reynolds number 
Inlet temperature (°C) 
Outlet temperature, maximum assembly (°C) 

Radial Blanket Assembly 
Rod 

diameter (mm) 
pitch (mm) 

Wire-wrap pitch (mm) 
Maximum assembly flow (kg/s) 
Reynolds number 

1 200 
265 

8 
11 5 
2 87 
0 13 
1 56 
6 6 

90 300 
293 
561 

22 2 
24 2 

300 
1 5 

40 000 

TABLE 10-IX 
Pressure Drop in Various Parts of the GCFR Fuel Assembly* 

Region 

Inlet 
Lower axial blanket 
Core region (rough) 
Upper axial blanket 
Spacers 
Acceleration 
Outlet 

AP (%) 

8 3 
4 9 

43 8 
7 1 

22 6 
2 1 

11 2 

*For a three-loop demonstration plant 

10-6H Fuel Rod Roughness Configuration 

Through an extensive research program at the Federal Institute of Reactor 
Research in Switzerland, the optimum roughness configuration has been deter
mined.'̂ '* The thermal-hydraulic correlations for the optimum roughness shape are 
applied when fuel rod diameter and pitch are selected. Subsequently, a calculation 
is performed to determine the optimum roughness height. Results of these rib 
height calculations for the current demonstration plant core are shown in Fig. 
10-10. 
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Fig. 10-10. Effect of rib height on three-loop GCFR demonstration plant performance. 

10-61 Edge Channel Design 

In the GCFR reference design, the fuel assembly edge channel is composed 
of rough fuel rods and a smooth flat duct wall. For this design, a large edge 
channel is required because: 

1. 

2. 

3. 

Under low power and flow conditions, the relative heat input to the edge 
channel increases while the relative flow rate is reduced. These disad
vantages are slightly counterbalanced by overcooling under normal op
erating conditions. 
In-pile creep causes the duct to dilate more midway along the flats than 
at the comers. The relative impact of this dilation can be reduced by 
making the channel large and by including flow resistances to avoid 
excessive overcooling of the edge channels. 
Mechanical design requirements of the grid spacers require a relatively 
thick edge band, which results in a flow blockage in the edge channel 
that tends to be larger than that in interior subchannels. This, in tum. 
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leads to flow redistributions with modification of the heat transfer at the 
spacer level, and creates sawtooth-type fuel rod temperature distribu
tions, as shown in Fig. 10-11 for the temperature difference between 
two diametrically opposite sides of a rod. From a flow and temperature 
distribution point of view, uniform relative flow blockages are desirable. 
This can be achieved by large edge channels. 

4. Due to fabrication tolerances of duct inner diameter and outer spacer 
dimensions, the possible edge channel geometry covers a wide range. 
The fractional variation of the edge channel due to the fabrication tol
erances can be minimized by using large edge channels. 

The above findings have led to the recommendation of a large nominal edge 
channel. The duct-to-rod clearance selected is 80% of the rod-to-rod clearance. 
However, this large edge channel would lead to a temperature difference across 
the edge rods of ~75°C and a temperature difference swing associated with the 
sawtooth temperature distribution of 32°C, which, together with radiation-induced 
differential metal swelling, would lead to unacceptable fuel rod bowing and to a 
fuel rod life equivalent to ~80% of the life goal of 70 MWd/kg. Analytical studies 
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10-11. Rod diametral temperature difference along the length of the fuel rod. 
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have shown that roughening of the inner duct surface results in additional flow 
resistance sufficient to reduce the temperature difference and the difference swing 
to 53 and 24°C, respectively, and reduce bowing such that a rod life equivalent 
to a bumup of 70 MWd/kg could be reached. The need for a roughened duct 
strongly depends on the fast fluence and on the metal swelling correlation; both 
are associated with a relatively large uncertainty. 

10-6J Effect of Fabrication Tolerances on Fuel Rod Life 

The temperature gradients across edge and comer fuel rods are strongly 
affected by the fabrication tolerances. Deviations from nominal design due to 
fabrication tolerances lead to large positive and negative flow area deviations in 
the edge channel and to unacceptable rod bowing and fuel life reduction effects. 
In the case of stacking of positive tolerances, a large temperature gradient develops 
across the edge rods; and in the case of stacking of negative tolerances, the 
temperature gradient swing due to spacer solidity^ effects reduces the fuel life. In 
addition, the negative-tolerance case develops excessive temperatures during low-
flow operation. 

A comparison of data from Table lO-X shows that selections of 80% edge 
spacing and roughened duct surfaces alone do not sufficiently correct the detri
mental effects of fabrication tolerances on the edge rod performance. Depending 
on the ultimate swelling correlations and the fast fluence at end of fuel life, a 
drastic reduction of duct and spacer fabrication tolerances may be required. 

TABLE 10-X 
Effect of Fabrication Tolerances on GCFR Edge Fuel Rod 

Temperature Distribution 
(Smooth duct wall, 80% nominal edge spacing) 

Fuel Rod Temperature 
Stack-up of Temperature Difference 
Fabrication Difference Swing 
Tolerances (°C) (°C) 

Plus 107 — 
Nominal 76 3 32 
Minus 44 44 

10-6K Advanced Design Considerations 

Because of the different hydraulic characteristics of the different flow chan
nels within the rod bundle, uniform temperature distributions at all flow conditions 
cannot be achieved. Advanced design alterations have been proposed to compen-

'Solidity is defined as the ratio of spacer frontal (blockage) area to the free flow area of the channel 
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sate for, or to correct, nonuniform rod temperature distributions. The introduction 
of roughness on the inner surface of the flow duct represents a substantial im
provement in the thermal-hydraulic assembly design and performance. A further 
design improvement is seen with flow mixing vanes, which are successfully em
ployed in LWR cores. The use of mixing vanes in the GCFR fuel assembly may 
enhance coolant mixing and result in more uniform coolant temperatures at all 
flow conditions. 

Both design features have been proposed because of their potential for re
ducing temperature differences within fuel assemblies at all flow conditions. In 
addition to increasing the fuel rod life expectancy, there are several other attractive 
advantages. Because of smaller differences between maximum and average tem
peratures, the mixed mean core outlet temperature will be increased and coolant 
flow and pumping power requirements will be decreased. In addition, mixing 
vanes may have a favorable impact on hot spot factors. 

10-6L Fuel and Blanket Assembly Orificing 

Depending on the life of the core assemblies and their location in the core, 
the fuel and blanket assembly power vary by a large factor from the average 
values. To obtain a maximum mixed mean core outlet temperature, the assemblies 
are orificed to control the flow through the individual assembly. Ideally, each core 
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assembly can be orificed so that the mass flow through the assembly is just enough 
to keep the midwall hot spot temperature below 750°C during a particular cycle. 
However, this requires a large number of orifice sizes; hence, a trade-off must 
be made between the number of orifice sizes and the thermal performance. 

Figure 10-12 shows the results of such a study for the GCFR fuel assemblies. 
With a continuously adjustable ideal orificing, a mixed mean core outlet temper
ature of 544°C is possible. With fixed but ideal orificing, the mixed mean outlet 
temperature is reduced by 10°C to 534°C. Neither of these options is feasible due 
to the large number of orifices required. Reducing the number of orifices for the 
fuel assemblies reduces the outlet temperature. Since the reduction in the mixed 
mean outlet temperature, by using 5 types of orifices compared to 50, is quite 
small (i.e., 3°C), the GCFR demonstration core would have only 5 orifice groups 
for the fuel assemblies. A similar study indicates the choice of 5 groups for the 
radial blanket assemblies. 

10-7 Safety Analyses 
The GCFR has several characteristics that enhance its safety. The following 

design features are of particular interest: 

1. a single-phase, nonradioactive, transparent coolant, helium, which has 
a small reactivity effect and is chemically inert (as in an HTGR) 

2. an integrated primary circuit in a PCRV without exposed large primary 
coolant piping, like all recent gas-cooled reactors in Europe and the 
United States 

3. vented fuel, which removes any significant pressure drop across the 
cladding and greatly reduces the radioactivity in the primary coolant 
circuit 

4. upflow through the core, which has been incorporated to provide natural 
circulation residual heat removal (RHR) as a backup to the three forced-
circulation RHR systems. 

Since one of the significant differences between GCFRs and LMFBRs is the 
use of a pressurized coolant, depressurization accidents, although of low proba
bility, must be considered for GCFRs, rather than loss-of-coolant accidents. Also, 
because of the low core heat capacity, coolant flow must be maintained to remove 
the residual heat, either with forced circulation or possibly with natural circulation. 

We therefore discuss two thermal-hydraulic aspects of the GCFR connected 
with its safety: transient problems during rapid depressurization and the role of 
natural circulation for RHR. 

10-7A Residual Heat Removal Following Depressurization Accidents 

If a postulated leak were to occur, the primary coolant would start to flow 
into the containment building, which contains air of —20 times the PCRV 
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volume. ' A signal that there is low primary coolant pressure, high containment 
pressure, or high containment radioactivity actuates the reactor trip and the con
tainment isolation. The safety-related event sequence assumed here includes loss-
of-site power (LOSP), which simultaneously disables the main loop cooling system 
(MLCS). An LOSP accident results in coastdown of main circulators and startup 
of emergency diesel generators. The primary coolant pressure decreases expo
nentially, and the leakage flow is choked during most of the blowdown period. 
When the coolant pressure decreases below a set value [e.g., 2.07 MPa (300 psia)], 
the plant protection system (PPS) logic initiates the core auxiliary cooling system 
(CACS) that is designed for all RHR systems including the design-basis depres
surization accident (DBDA). 

For a slower depressurization in which the pressure [2.07 MPa (300 psia)] 
to switch on the CACS is reached later, the PPS initially selects the safety cooling 
system (SCS), one of the two safety RHR systems. The SCS pony motors are 
powered to prevent the main circulator speed from coasting down and to maintain 
a prescribed value for the SCS operation. As pressure decays, the pony motor 
accelerates, providing a roughly constant mass flow rate, until the maximum pony 
motor speed is reached. When the pressure reaches a value below the setpoint 
value [2.07 MPa (300 psia)], the cooling mode is automatically transferred to the 
CACS. 

When the CACS is called upon, the full design torque is applied to the 
auxiliary circulators. The auxiliary circulator pressure head forces the auxiliary 
loop isolation valve open and the main loop isolation valve closed. Thus, the 
helium circulation loop switch is accomplished. Also, the water pumps are started 
for the pressurized water loop between the core auxiliary heat exchanger (CAHE) 
and the auxiliary loop cooler (ALC). The core decay heat, carried by helium to 
the CAHE and transported by water to the ALC, is ultimately dissipated into the 
atmosphere by a fan or natural draft of air through the ALC. 

The typical core flow rate, core thermal power, and the pressure transients 
following the DBDA are shown in Fig. 10-13 (Ref. 38). Figure 10-14 shows the 
maximum hot spot temperatures for the fuel and the blanket rods following this 
transient. 

The primary coolant pressure becomes equal to the containment pressure after 
~3 min of blowdown. The typical temperatures and pressure responses of the 
containment atmosphere following the DBDA are shown in Fig. 10-15. Following 
the blowdown stage, air ingress occurs gradually into the primary coolant due to 
inhalation of the containment air mixture as the coolant inside the PCRV cools 
and contracts. 

The transient responses of the reactor system to depressurization accidents 
were analyzed with the FASTRAN computer program. This program simulates 
dynamics of the GCFR primary and secondary coolants of the main cooling systems 
as well as the auxiliary safety systems under pressurized and depressurized con
ditions. For the blowdown phase of depressurization, the primary coolant system 
is modeled with gas volumes that respond according to the perfect gas law and 
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Fig 10-15 Containment building gas pressure and temperature following a DBDA 

the energy and mass conservation equations These volumes are connected by 
paths that represent the components of the system, namely, the reactor core, the 
steam generators, the helium circulator, and a leak path to the containment Each 
of these components is, m tum, dynamically modeled by its goveming equations 

The core thermal response, particularly the maximum cladding temperatures 
of the fuel and the blanket rods, following a most severe DBDA is shown in Fig 
10-14 The results are obtained with the conservative model and assuming op
eration of two out of three auxiliary cooling loops It is shown that the peak of 
the conservatively calculated hot spot cladding temperature of the maximum-
powered typical fuel rod is ~ 100°C lower than the tentative cladding damage limit 
of 1300°C and 170°C lower than the cladding melting point of 1370°C 

The GCFR blanket rods are, in general, at much lower temperatures than the 
fuel rods dunng normal full-power operation However, blanket cooling becomes 
more important at low-flow conditions after reactor trip due to decay heat and 
flow redistributions between core and blanket regions The maximum blanket 
cladding temperature, shown in Fig 10-14, is lower than the fuel cladding value 
The blanket rod diameter is much larger and therefore responds more slowly than 
the fuel rods, as also seen in Fig 10-14 

To provide greater insight into the safety margins supplied m the design, the 
result of the conservative model is compared with that of the best-estimate model 
in Fig 10-16 The difference between the maximum fuel cladding temperatures 
obtained by the conservative and the best-estimate models is 280°C, indicating 
that the cumulative combination of all the uncertainty margins employed in the 
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Fig. 10-16. Effect of cumulative uncertainty margins in a conservative model and number of 
cooling loops on the hot spot fuel cladding temperature during a DBDA. 

conservative model results in a large safety margin. The best-estimate model, 
using all three loops, indicates further reduction of the cladding temperature by 
100°C. 

10-7B Residual Heat Removal by Natural Circulation (Pressurized 
Coolant) 

The three independent means of forced circulation RHR employed by the 
GCFR demonstration plant are shown schematically in Fig. 10-17. These systems, 
listed in the order of their intended sequence of operation, are: 

1. the main loop cooling system (MLCS) 
2. the shutdown cooling system (SCS) 
3. the core auxiliary cooling system (CACS). 

The MLCS consists of the main loop helium circulators, isolation valves, 
the steam generators, and the normal secondary plant components associated with 
operation of the steam turbines at power. During periods in which electrical power 
is not produced, steam bypasses the turbine and is desuperheated before flowing 
to the condenser. 

The SCS is an independent safety class system designed to remove decay 
heat through the steam generators in the event of failure of the circulator motors, 
the feedwater system, or the condenser of the MLCS. Components include a 
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separate safety class IE powered pony motor on the mam circulator shafts, separate 
steam generator feed pumps and circulating water pumps, and the SCS water/air 
heat exchanger, as shown m Fig 10-17 

The CACS is a second safety class decay heat removal system Each of three 
CACS loops IS compnsed of an electncally dnven auxiliary circulator, a check 
valve, and a helium-to-water heat exchanger, the CAHE The water from the 
CAHE is circulated through a pressunzed water loop with pumps and a pressunzer, 
and the heat is rejected to the atmosphere by air from fans in the ALC, which is 
a heat exchanger made of banks of finned tubes 

The CACS design incorporates natural circulation capabilities on the helium, 
water, and air sides as a backup to normal forced-circulation capabilities Core 
decay heat is transported by the pnmary coolant helium to the pressunzed water 
cooled CAHE, which is elevated 10 m above the core Heated water from the 
CAHE reaches the ALC located 34 5 m above the CAHE by natural circulation 
in the pressunzed water loop The heat from the ALC is ultimately rejected to 
the atmosphere by natural draft of air through a 23-m chimney For a total loss-
of-forced circulation accident, the natural circulation capability of the CACS 
provides cooling for an indefinite penod if the pnmary coolant is pressunzed 

Natural circulation RHR has been adopted as an engineered safety feature of 
the GCFR The GCFR design goal is for natural circulation to provide passive 
short- and long-term RHR to the ultimate atmosphenc heat sink 

The CAHEs and the steam generators have been located above the core This 
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provides the possibility for natural circulation in either main or auxiliary coolant 
loops or simultaneously in both. Natural circulation in the auxiliary loops has been 
identified as the preferred mode of operation because of the system simplicity 
possible while achieving the design goal of a totally passive RHR train to the 
ultimate heat sink. This goal is achieved by designing gravity-actuated primary 
coolant isolation valves, providing elevation differences between the CAHEs and 
the ALCs, and by adding an air draft chimney to the ALC. 

The isolation valves have been designed to integrate natural circulation into 
the hierarchy of RHR systems. During normal operation, the pressure head of the 
main helium circulator keeps the main loop isolation valves open and the auxiliary 
loop isolation valves closed. Upon loss of forced circulation in the main loops, 
the main circulators coast down. When the circulator pressure head reaches a 
small value (typically at 9% circulator speed when all circulators are in operation), 
the main loop isolation valves are closed and the auxiliary loop isolation valves 
are opened by gravity. If the main loop valves fail to close during auxiliary loop 
natural circulation, flow bypassing the core is limited to a small amount by 
buoyancy forces in the main loop. This self-isolation feature of main loops is a 
function of relative CAHE, steam generator, and upper main loop cross-duct 
elevations. Criteria for these elevations have been established to assure that the 
self-isolation feature is maintained in the design. 

Design criteria have been developed to maintain flow path and ducting con
figurations that provide adequate natural circulation startup potential and low flow 
resistance and also avoid potential thermal traps. The effort to eliminate or min
imize flow paths requiring the rise of cold gas or the downward flow of hot gas 
not only ensures startup under all conditions but also limits the uncertainty of the 
computational models employed in the analysis. 

The natural circulation analysis was performed using two GCFR system 
codes, RATSAM and FASTRAN. 

The RATSAM program^^ numerically solves a set of ordinary differential 
equations and relations goveming the entire flow system. The program's analytical 
model assumes that the primary coolant system can be broken down into a series 
of subvolumes, or nodes, interconnected by flow paths. The transient forms of 
conservation of mass and energy, as well as the equation of state, are then applied 
to the nodes, while the transient conservation of momentum with the buoyancy 
term is applied to the interconnecting flow paths. Specifically, the program cal
culates the transient coolant pressure, temperature, and flow throughout the pri
mary coolant system, taking into account the dynamic behavior of the circulators 
and valves, the actions of the plant protection systems, and the heat transfer 
between coolant, core, steam generators, CAHE, and reactor intemals. 

The FASTRAN code models the transient performance of the GCFR and its 
associated cooling systems under pressurized and depressurized conditions. The 
FASTRAN program incorporates detailed models of the reactor core with kinetics, 
the steam generators, the main circulators, and the entire auxiliary cooling loop 
(which includes the auxiliary circulator and drive motor, the CAHE, the ALC, 
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and all interconnecting piping). Point model neutron kinetics and reactivity effects 
of the grid plate, fuel, coolant, etc. are included. Safety, plant protection, and 
control system actions are all modeled. Also, FASTRAN divides the CACS (nat
urally circulating) water system into a number of volume nodes with both thermal 
and fluid inertia effects being modeled. For pressurized conditions, FASTRAN 
divides the primary system into two volume nodes. In computing the primary 
coolant flow, fluid inertia, which is modeled in RATSAM, is ignored and flow 
around the loop is assumed to be constant. Typically RATSAM, excluding core 
nodes, models the auxiliary loop using ten nodes as compared to two nodes used 
in FASTRAN. However, due to the low fluid inertia of the GCFR and a generally 
uniform temperature profile in the auxiliary loop after initial startup of natural 
circulation, the FASTRAN model simplifications are justified. Figure 10-18 il
lustrates the good agreement obtained between FASTRAN and RATSAM results 
for an identical natural circulation transient. 

The performance of the GCFR following a complete loss of forced circulation 
was analyzed first for a base case. Sensitivities to the assumed base case conditions 
were then determined by varying individual assumptions. 

The initiating event of the base case is a total loss of drive power to the main 
circulators. The main circulators immediately begin coasting down, followed by 
a reactor scram due to a high power-to-flow ratio. However, it is also assumed 
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that the SCS pony motors are unavailable In addition, an extremely conservative 
assumption is made that none of the three CACS circulators start Ninety seconds 
after the loss-of-circulator drive power, core flow decays to < 10% The low flow 
then allows the main loop isolation valves to shut by gravity while the auxiliary 
loop isolation valves fall open The temperature profile existing in the auxiliary 
loop rapidly induces natural circulation between the core and the CAHEs This 
helium coolant flow is found to increase from nearly 0 to 3 5% of its normal 
design flow in ~3 s Simultaneously, the increased heat load to the CAHE in
creases the natural circulation in the CACS water loop and in the natural draft 
chimney These natural circulation flows are found to maintain hot spot fuel 
cladding temperatures below 620°C (The maximum hot spot cladding temperature 
at the design point is 700°C, the faulted temperature damage limit for the cladding 
is 1300°C ) The maximum temperature reached in the CACS pressunzed water 
loop IS 185°C (The saturation temperature of the water loop is 302°C ) 

It IS assumed in the above case that all gravity-actuated isolation valves are 
successfully repositioned after 90 s of main circulator coastdown The sensitivity 
to this assumption was evaluated by considering a number of variations from the 
base case 

1 While later transfer times that make full use of circulator coastdown can 
have a marked effect in limiting cladding temperature rise, natural cir
culation alone is capable of preventing damage very shortly after scram 
without utilizing full circulator coastdown 

2 Cladding temperature is relatively insensitive to the number of auxiliary 
loops available 

3 The effect of a common mode failure of the loop isolation valves to 
operate correctly was analyzed by considering two limiting cases all 
three auxiliary loop isolation valves open early before completion of 
main circulator coastdown, and the main loop isolation valves fail to 
shut after completion of mam circulator coastdown The peak fuel clad
ding temperatures for multiple auxiliary and main loop valve failures 
may be shown to be acceptable, within ~100°C of the temperature for 
the base case 

10-7C Comparison of Natural Circulation Properties of Coolant Gases 

It has been shown that natural circulation cooling of upflow GCFR cores 
with pressunzed helium is satisfactory for RHR, and that a depressurized GCFR 
may be cooled by forced circulation with the shutdown cooling system or with 
the core auxiliary cooling system Natural circulation of depressurized helium in 
the pnmary loop is not sufficient, although natural circulation in the secondary 
water loop and the tertiary air loop is adequate The possibility of injecting another 
gaseous coolant to replace atmosphenc helium has been considered in order to 
accomplish RHR in the pnmary loop with natural circulation at atmosphenc or 
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low (equilibrium) pressure. Carbon dioxide is the primary candidate in view of 
its widespread utilization in Magnox reactors in Europe and of its good natural 
circulation properties.'*'̂  We shall derive simplified equations for natural circulation 
cooling'*' and compare CO2 and helium in the case of GCFRs. 

For an elevation difference, AL, between core midplane and heat sink, the 
pressure drop induced by a coolant temperature rise, AT, is: 

Ap = gAL^pav AT , (10.20) 

where p is the coolant expansion coefficient and pav is its average density. The 
system pressure drop in a channel of hydraulic diameter d and length L may be 
expressed as a function of the flow velocity, u: 

fZL 
Ap = •'—- Pa.U^ , (10.21) 

2d 
where Z is the ratio of total system pressure drop to core friction pressure drop, 
and/ is the friction factor. 

Equations (10.20) and (10.21) could be combined to yield an expression for 
the dimensionless elevation difference: 

AZ. fZu^ fZv^ , 
— = — — = - ^ — Re^ , (10.22) 
L 2g^dAT 2g^d^AT 

with the flow Reynolds number 

ud 
Re = — . (10.23) 

V 

The Grashof number may be written (Af being the film temperature drop): 
.3 

Gr = g^At-2 . (10.24) 
V 

The importance of natural convection (induced by the temperature difference Af) 
compared to forced convection during natural circulation is indicated by the ratio: 

For instance, natural convection effects in a GCFR have been found to be negligible 
when Gr/Re^ < 3 x 10"^ 

Combining Eqs. (10.22) and (10.25), we find simply: 

Gr fZ At (AL\ ' ' 
^ = — , (10.26) 
Rt^ 2 AT\L J 

i.e., Gr/Re^ will be small, or natural convection relatively unimportant, for large 
values of the relative elevation difference, AL/L, which induces forced convection 
flow. 
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Substituting At/AT = I —r-j] (see Ref. 41) into Eq. (10.26) yields: 

AL ( f \d(Gv\~' 

where St is the flow Stanton number. Except for liquid metals, one finds the 
approximate correlation for turbulent flow on smooth surfaces as 

^ = (Pr)''' , (10.28) 

and therefore Eq. (10.27) gives a simple expression for the ratio of elevation 
difference to hydraulic diameter: 

AL ,,, / Gr \ ~ ' 
- . Z ( P r ) - ( ^ ^ j . (10.29) 

About 5 % of the nominal reactor power must be removed right after shutdown. 
Assuming the same coolant temperature rise, the Reynolds number will be 5% of 
its design value. For most reactors, the flow will still be turbulent and therefore 
the friction factor can be approximated for smooth surfaces by: 

/(Re) = 0.184 (Re)"° ' . (10.30) 

Equation (10.22) may now be written, using Eq. (10.30) and also Eq. (10.23) 
for Re, as: 

L ~ lOpAT \d) gd lOgrf' ^AT \AAT] p(pavCp)' ^ ' ^^^'^^^ 

since the thermal power can be written 

Q = payuACpAT , (10.32) 

where Cp is the coolant specific heat (at constant pressure). 
The last term indicating dependence on coolant properties may also be written 

with the Prandtl number, Pr = p.Cp/K, orv = K ?x/pavCp. 

v " ' _ (ATPr)"' 

|3(p,vCp)'' ^iPa.Cpf • ^^°-^^^ 

For given temperature, Tav, and pressure, p, conditions, we find the following 
dependence on gas properties: 

^ ~ ( / ^ P r ) ° ^ ( l - ^ y ^ , (10.34) 
^ \ y/ p 

since ^ ~ T" and pav Cp ~ (I — 1/7)"' p Tav^, where 7 = Cp/Cv 
As an example, the elevation difference, AL, required with CO2 is found to 

be only 11% of the elevation required with helium for the same core geometry. 
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coolant temperature rise, and thermal power. Similarly, for a given elevation, the 
CO2 pressure need only be about one-third of the pressure required with helium. 

In the laminar regime, which would occur for low afterheat power, the 
correlations for friction factor and Nusselt numbers are, respectively, for one-
phase flow of nonmetallic fluids in rod bundles with p/d = 1.4 (Ref. 26): 

/ = 120/Re and Nu a 10 . (10.35) 

Hence, we find the following relation for the Stanton number: 

Nu 10 / 
St = = = —^— . (10.36) 

Re Pr Re Pr 12 Pr 
Equations (10.22) and (10.29) read, respectively. 

AL 60 Zv^ Re 

L g^d'AT 

and 

(10.37) 

AL / Gr \ 
- = 1 . 5 Z P r ( ^ - , j . (10.38) 

With the Reynolds number from Eqs. (10.23) and (10.32), Eq. (10.37) reads: 

AL _ 60ZvQ 

T " gp,AT^d^Apa,Cp ' ^^°'^^^ 

Therefore, the dependence on coolant properties is given by the expression 

AL V 
L PpavCp 

which yields the following relationship for gases: 

(10.40) 

2 ^ 3 
AL vTav / 1 \ Ta. 

^ - ( / s T P r ) 1 - - - ^ , (10.41) 
^ Pav Cp \ y/ P 

to be compared with Eq. (10.34) for turbulent flow. 
We thus find that the elevation difference with CO2 is only —1/30 of the 

value required with helium, or else, for a given elevation, the pressure required 
with CO2 is only —18% of the pressure with helium (for laminar flows). 

Under some conditions, the flow of helium could be laminar while the flow 
of CO2 is turbulent because of the higher Reynolds number. In such a case, the 
ratio of pressures for CO2 and helium would be somewhere between 18 and 33% 
(Ref. 40). It has also been found that —2% residual heat could be removed with 
2 atm (absolute) CO2 natural circulation and a 10-m elevation difference; less than 
0.01% afterheat would be removed with 2 atm of helium under similar conditions. 
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Thus injection of CO2 into a shutdown depressurized GCFR core may be adequate 
for RHR by natural circulation, although transition from helium to CO2 cooling 
should be further studied 

NOMENCLATURE 

Symbol 
A = cross-sectional area 
Bl = ah/kc, Biot number, characterizing the fin efficiency of a roughness rib (di

mensionless) 
b = width of the roughness nb 
Cp = gas specific heat at constant pressure 
DH = AA/P, hydraulic diameter of the coolant channel 
d — diameter of the rod in a rod bundle 
/ = 2{T/PB)UB, friction factor evaluated at the gas bulk temperature, TB (dimen 

sionless) 
Gih^,Pr) = G(h^) for gases, function defined by Eq (10 9) 
Gr = Grashof number, g^At d^/v^ 
hR = height of the roughness nb 
h^ = hu*/vB = /i/D/, [ReaC/fl/S)"^], dimensionless height of roughness nbs, rough

ness cavity Reynolds number 
K = coefficient in Eq (10 3) 
k = gas thermal conductivity 
kc = thermal conductivity of the wall of the rod 
L = length of the coolant channel 
M = mass flow rate 
A' = pumping power 
Nu = Nusselt number, oDh/k 
Pr = Prandtl number, \xcp/k 
p = axial pitch of the repeated roughness nbs, pitch of rods, coolant pressure 
Ap = pressure difference 
Q = heat generated 
q = heat flux 
r = radius 
Re = Reynolds number, UBPaDh/p-a, evaluated at the gas bulk temperature (di

mensionless) 
Rih^) = constant in the turbulent velocity distribution of Nikuradse, equal to the gas 

velocity of the tip of the roughness nbs divided the friction velocity (di 
mensionless) 

Roi = value of R(h^) in the region of fully rough flow, v/hereR{h^) is independent 
of h'^ and reduced to TW/TB = 1 and hn/y = 0 01 (dimensionless) 

St = Stanton number (dimensionless) 
T = temperature of the gas at the considered point, K 
t^ = (Tw — T)pBCpBU*/q, dimensionless gas temperature 
u = velocity of the gas 
M"̂  = u/u*, dimensionless gas velocity 
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u* = V T / P friction velocity 
y = radial distance from the wall 
y = length of the velocity profile 
> ^ = VU*/VB, dimensionless radial distance from the wall 

Greek 
a = convective heat transfer coefficient between wall surface and bulk gas 
T) = efficiency of the circulator 
fj, = gas dynamic viscosity 
V = gas kinematic viscosity 
p = gas density 
T = shear stress at the wall 

Subscripts 
B = gas properties evaluated at the gas bulk temperature, TB 
R = rough 
S = smooth 
W = gas properties evaluated at the wall temperature, Tw 
W = gas proj)erties evaluated at the wall temperature, Tw, average between the 

temperature of the surfaces surrounding the coolant channel 
x = at the section x 
1,2 = the inner and outer regions, respectively, of an annulus or inlet and outlet 
0 = at the plane of zero shear 
Superscript 
- = average value 
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11 

GAS COOLING OF FUSION REACTORS* 

11-1 Introduction 
Fusion IS the nuclear reaction between the nuclei of light atoms, such as 

hydrogen, whereby two light nuclei will fuse to form a heavier nucleus and release 
energy Fusion powers the stars and a number of possible reactions are known to 
exist As a form of nuclear power, fusion shares with fission the nuclear char
acteristics of high energy release per reaction, large fuel supply, high capital cost, 
and the requirement of dealing with radiations Because of the potential to tap 
the unlimited fuel resource of deutenum in the sea and the potential for achieving 
a very low inventory of radioactive materials, fusion is often considered the 
ultimate form of nuclear power ' This chapter reviews the thermal-hydraulic as
pects of helium cooling applied to fusion power reactor systems 

11-lA Fusion Energy Concepts 

The basic fusion reactions shown below were known even before the dis
covery of fission 

iD -h ?D -^ iHe + on -¥ 3 21 MeV 

-^]T + \p + 4 02 MeV , 

?D -I- ?T -^ iHe + on + 11 6 MeV , 

and 

iD -t- ^He -^ 2He + Ip -^ \S 3 MeV 

To get the nuclei to fuse, they must overcome the strong mutual Coulomb 
bamers between them This may be accomplished by heating them to very high 
temperatures (—10 million K or even higher) Since matter is ionized at those 
temperatures, basic studies of high-temperature plasmas are involved 

The cross sections for the three fusion reactions as a function of the particle 
energy or temperature (since 1 keV corresponds to —10 K) are shown in Fig 

*K R Schultz, G R Hopkins, and C P C Wong contnbuted to this chapter 
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Fig. 11-1. Nuclear fusion reaction cross section as a function of relative particle energy. 

11-1. This figure clearly shows that the cross section for the deuterium-tritium 
(D-T) reaction at temperatures of the order of 100 million K is —100 times higher 
than the cross section for the two deuterium-deuterium (D-D) reactions. Further
more, its energy production is higher. The reaction involving tritium and deuterium 
is thus most likely to be developed first. While deuterium is readily available at 
reasonable cost (heavy water costs from 50 to 100 $/kg), tritium must be produced 
artificially. In a fusion reactor, the reaction chamber needs to be surrounded by 
lithium components where neutrons coming from the fusion reaction will react 
with lithium to generate tritium. Natural lithium is 7.4% ^Li and 95.6% ^Li: 

n -h fLi -* iT -I- ^He -I- 4.8 MeV 

and 

n -^ IU-*]T + 2He -I- o" - 2.8 MeV . 

A fusion reactor will consist of a central vacuum chamber containing the reacting 
D-T plasma. The first wall, which receives a high energy flux (20 to 100 W/cm^) 
and must be cooled, will be surrounded by a blanket where the 14-MeV fusion 
neutron will be absorbed in lithium to breed tritium. The blanket, which must 

20 40 60 80 100 
DEUTERON ENERGY. keV 
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also be cooled, will be surrounded by radiation shields to protect the extemal 
reactor systems. 

The plasma could be confined by using magnetic fields or by inertial con
finement. It is necessary to maintain a very hot gas within the vacuum chamber, 
without allowing any appreciable amount of gas to reach the chamber walls to 
avoid cooling the plasma. Since enough reactions must occur to produce fusion, 
the so-called "Lawson criterion" ^ must be satisfied, i.e., the product of the ion 
number density, n, and the confinement time, T, must be such that m =̂ lO''* 
s/cm^ at an ion temperature of at least 10 keV. This may be accomplished by 
achieving a very high density for a short time (inertial fusion) or a lesser density 
for longer time (magnetic fusion). 

Magnetic Confinement 

Several magnetic confinement schemes have been proposed to constrain hot 
plasma under conditions that could lead to fusion reactions. The effect of a 
uniform magnetic field is to prevent the plasma as a whole from expanding as 
each charged particle moves in a circular or helical path around the lines of force. 
Since the plasma is composed of all charged particles, the magnetic field exerts 
a pressure, ~ / /^ /8IT, that is balanced against the plasma pressure, ~nKT, due to 
thermal motion of the particles. As an example, a magnetic field of 15 T (150 kG) 
exerts a pressure of 750 atm, which can theoretically hold a plasma of density 
6 X lO' cm~^ at a kinetic energy of 10 keV. Not only must the plasma be kept 
away from the containment walls, but it must always be first heated to some 
minimum operating temperamre (to start the fusion reaction) and maintained against 
various instabilities and losses. These problems have led to the design of a number 
of different configurations for achieving magnetic confinement. The mirror ma
chine consists of a magnetic bottle, built by shaping the coils around a straight 
tube in such a way that the particles are reflected back from the mirror ends by 
stronger magnetic fields at each end as shown in Fig. 11-2. Because the ends of 
the magnetic bottle are not closed, the mirror suffers from a fairly short confinement 
time. A new concept called the "tandem mirror" promises to improve this by 
effectively squeezing the ends still more tightiy. 

The leading magnetic fusion confinement concept at the present time is the 
tokamak concept, first developed in the Soviet Union, where the plasma is main
tained inside a vacuum chamber by a constant toroidal magnetic field and is heated 
by joule heating due to a curtent produced by another set of coils. This current 
creates a poloidal field, which also helps stabilize the plasma (see Fig. 11-3). 

Inertial Confinement 

Inertial confinement includes the laser pellet reactor concept '* and other 
concepts that use electron beams and ion beams to rapidly heat and compress 
small pellets of D-T fuel to temperatures and densities necessary for fusion to 
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Fig. 11-2. Evolution of mirror fusion ideas. 

occur. Plasma heating energy in the form of laser light is delivered to a D-T fuel 
pellet in a nanosecond (10 s) within a cavity surrnunded by a blanket. A pellet 
compression ratio of 10"* leads to an implosion heating process resulting in ignition 
of the central region. The compression is produced by reaction from rapidly 
accelerated outer layers, resulting from their rapid vaporization by the laser. A 
thermonuclear bum front propagates outward and ignites additional fuel. In view 
of the low efficiency of laser light absorption and laser designs, energy multipli
cation factors by the fusion process of 250 or more are required as well as high 
cavity pulse rates (1 to 10 per second). Various inertial fusion concepts differ by 
the way energy is transported to the pellet (laser light, electron beam, light ion 
beam, or heavy ion beam). The energy deposition from the microexplosion of the 
pellet may be accommodated at the cavity inner wall using several possible design 
concepts. In the "wetted wall" concept, the laser cavity is defined by a porous 
metal wall wetted with lithium. In the lithium waterfall concept, the laser cavity 
is defined by streams of falling lithium. The space between the streams allows 
motion to help attenuate the microexplosion stresses on the containment vessel. 
Very advanced energy storage systems will also be required for energy transfer 
times of 3 to 5 p,s and repetition rates of 10^ to 10^ pulse/yr. 
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Fig. 11 -3. Schematic of the tokamak device developed for the study of heating and confinement 
of plasmas at the Kurchatov Institute in the Soviet Union. 

Main Problems of Fusion Technology 

A number of outstanding technological problems remain to be solved before 
fusion power can be proven feasible. They have been summarized by D. Steiner^ 
under three major headings; 

1. Power balance. Fusion reactors can be viewed as power-amplifying 
devices with the power amplification depending on: Q, the plasma am
plification factor; on T]heating, the heating power input efficiency; and on 
Tlthermai, the blanket thermal efficiency. For instance, in a tokamak, fuel 
and heat power requirements should not exceed —10% of the total power 
release and the system duty factor should be —80%, with bum times of 
40 s or higher. The net system efficiency is given by 

2. 

rinet 
' n e t electnc 

"fusion 
= (1 -I- I/G)Tlthermal 

1 

ti 'n heating 

Reactor design requirements. The D-T cycle is based on tritium breeding 
in the blanket. Tritium handling and recovery technology need further 
development, and demonstration of extremely low leakage of tritium in 
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large and hot systems is required Development of large superconducting 
magnets and associated systems must lead to acceptable capital costs 
Magnets of 8 to 16 T (80 to 160 kG) with an energy stored in the field 
of —2 X lO" J will be required for tokamak fusion reactors High-
power neutral beam injection into the plasma as additional heating (to-
kamaks) or to compensate for end losses (mirror) still requires further 
development Much progress has been made in the past few years in 
plasma heating of tokamaks with neutral beams and also with radio-
frequency and compression heating 

Materials considerations Erosion of the surface of the first wall by the 
plasma particles may limit its useful life and the resulting impurities 
might severely affect the plasma Vanous schemes have been proposed 
to protect the vacuum wall from erosion processes due to plasma-particle 
sputtenng Deletenous changes in matenal properties, such as embnt-
tlement and swelling, anse in fusion reactors as well as m fast breeders 
from neutron-induced atomic displacements and gas production The 
radiation effects that are most severe in the vicinity of the first wall are 
caused by 14-MeV neutrons, and are difficult to simulate with sufficiently 
high flux without a fusion reactor Furthermore, the rate dependence of 
this radiation damage must be investigated for pulsed systems Induced 
radioactivity in blanket stmctural matenals can create problems for decay 
heat removal (as in fission reactors) and raises senous questions of 
maintenance, handling, and disposal of first-wall and blanket modules 
However, the possibility exists to use matenals that do not exhibit sig
nificant long-lived activation products such as aluminum, carbon, and 
silicon carbide (SiC), thus virtually eliminating concerns about radio
activity and decay heat removal This concept requires further research 
and development on these matenals 

11-lB Fusion Energy Recovery 

Assuming a fusion reaction has been obtained that produces more energy 
than is needed to initiate the reaction, there remains the problem of fusion energy 
recovery In the D-T fusion reaction, 80% of the reaction energy is earned by 
the 14-MeV fusion neutrons These neutrons escape from the plasma and deposit 
their energy as bulk heating in the matenals that surround the plasma chamber 
The remaining 20% of the energy is carried by the alpha particle and the majority 
of this will be deposited in the plasma itself Transport of the energy from the 
plasma occurs by particle diffusion and photon transport processes (x rays, etc ) 
and results in a surface heat flux to the walls of the plasma chamber In currently 
evolving reactor designs, the fusion energy deposition results in maximum bulk 
heating rates between 25 and 400 MW/m^ and average surface heat fluxes between 
50 and 800 kW/m^ Energy deposited in the plasma chamber wall, the blanket. 
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and the shield must be recovered at temperatures high enough to allow efficient 
power production. 

In addition to the requirement of efficient energy recovery, the first-wall/ 
blanket/shield region of the reactor must also use the fusion neutrons to breed 
tritium from lithium (in order to fuel the fusion reaction), and must provide 
shielding to protect the rest of the reactor system (such as magnets), the operating 
personnel, and the public from radiation. These elements form the plasma chamber 
vacuum boundary, and must be a part of the stmctural support system for the 
reactor. 

The time distribution of energy production for inertial confinement fusion 
concepts includes an "on-time" of <1 ms with a repetition rate of 1 to 10 events 
per second. Magnetically confined fusion concepts range from lO-ms pulsed sys
tems through cyclic operation where the "on-time" is much longer than the "off-
time," up to steady-state devices. In addition, off-normal events such as disrap-
tions from plasma instabilities and mnaway electron conditions can periodically 
occur. The energy content of the plasma is dissipated on a small region of the 
first wall in times less than a millisecond, resulting in very high heat fluxes. Thus, 
most components in the plasma chamber need to withstand not only relatively 
high steady-state heat fluxes but also the periodically pulsed high heat loads. 

To accomplish these multiple design requirements is a challenging task. Each 
of the requirements has temperature constraints. The blanket breeding material 
must be hot enough to allow tritium recovery but cool enough to prevent tritium 
leakage and material degradation. The response of stmctural materials to the severe 
radiation environment is strongly temperature dependent and strict temperature 
control is needed. Because of these multiple design requirements and thermal 
constraints, the thermal-hydraulic design of first-wall/blanket/shield systems is a 
critical aspect of fusion reactor design. A variety of coolants have been proposed 
for fusion reactors, including gases, liquids, and liquid metals. The design concepts 
range from the exotic (such as boiling liquid metals) to the conventional (pres
surized water). At this time, the early 1980s, an apparent consensus appears to 
be forming in the fusion design community that the preferred coolants for fusion 
power reactor applications will be pressurized water (subcooled or boiling), pres
surized helium, and liquid metal (lithium or LinPbgs). Fairly complete and rea
sonably detailed designs have been performed using each of these candidates and 
the analysis of these designs shows that viable reactor designs could be developed 
based on any of them. We will examine the applications of helium cooling to 
fusion power reactors in this chapter. 

11-lC Gas Cooling of Fusion Reactors 

Gas-cooled reactor technology has been pursued since the very early days of 
the nuclear program. A wide variety of gases have been proposed for use in gas-
cooled reactors including CO2, helium, dry steam, hydrogen, nitrogen, and ni
trogen oxide. The technical aspects of gas cooling have been reviewed in the 
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previous chapters and in Refs 6 and 7 The application of gas-cooled technology 
to fusion power systems is discussed in Refs 8 and 9 Because of its high heat 
capacity (compared to other gaseous coolants), high some speed, and chemical 
inertness, helium has generally been the preferred choice of coolant for high-
temperature gas-cooled systems and will be used as a basis in the following 
discussion on gas-cooled fusion reactors 

Advantages of Helium Cooling 

The pnnciple advantages of helium cooling for fusion reactors are summarized 
in Table 11-I Helium is the most inert of all proposed coolants It has very small 
nuclear interaction cross sections and is virtually transparent to neutrons at the 
densities found in reactor systems This property allows excellent neutron economy 
to be achieved, which is important since fusion reactor blankets must breed tntium 
Helium IS a noble gas and is chemically inert Reactions with most matenals, 
including liquid lithium, during both normal and accidental conditions are not of 
concem Because helium is a gas, no phase changes are possible, thus the heat 
transfer regime is stable in both normal pressunzed operation and in the event of 
depressunzation A complete loss-of-coolant accident cannot occur for a gas-
cooled system although loss-of-coolant-pressure and loss-of-coolant-flow accidents 
are, of course, a possibility that must be considered This is particularly important 
for fusion reactor blankets, which require extensive piping 

For magnetically confined fusion systems, the fact that helium is nonmagnetic 
and nonconductive is an advantage Even with a high level of impunties, helium 
will not support electromagnetic effects On the contrary, a liquid-metal coolant 
flowing in the magnetic field of a fusion reactor could lead to a very high pressure 

TABLE 11-1 
Advantages of Helium Cooling for Fusion Reactors 

• Helium Charactenstics 
Chemically inert 
Neutronically inert 
No phase changes 
Negligible gravity effects 
Nonmagnetic 
Nonconductive 

• Developed Technology 
Heat transfer 
Power conversion 
Punfication (including tnUum recovery) 

• Maintenance Advantages 
No activaUon 
No isolation 
No trace heating 
No intermediate loop 
Transparent 
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drop, thus requiring a high coolant inlet pressure. Because of the low density of 
helium coolant, gravitational effects are quite small compared to normal flow 
forces. As a consequence, the heat transfer in a helium system is not greatly 
affected by gravitational orientation. This can allow axisymmetric blanket designs, 
which can be quite compact and can allow full coverage of the plasma chamber 
surface. 

Helium heat transfer and thermal-hydraulic correlations are adequately under
stood for both steady-state and transient conditions, and power conversion equip
ment (steam generators, circulators, etc.) has been developed. High thermal ef
ficiency for energy conversion is possible because of helium's high-temperature 
capability at modest pressure (compared to water cooling). Helium purification 
systems have been successfully developed and include the capability for tritium 
recovery from the helium stream. 

Helium cooling has several advantages from a reactor maintenance point of 
view that are important for fusion reactor designs. Visual observation is possible 
since helium is transparent. Since helium does not activate, only impurities are 
of concem with regard to coolant radioactivity. The helium circuits do not need 
to be isolated from ambient conditions during maintenance operations. Air can 
be allowed into the helium system ducting. Air could be used in some designs 
for residual heat removal during postulated accident conditions and during sched
uled fuel changeout and transport operations, possibly making use of the circulators 
and heat exchangers designed for normal operation. 

Problems with Helium Cooling 

The disadvantages of helium cooling are summarized in Table 11-11. The 
principal disadvantage of all gas coolants is their low volumetric heat capacity. 
To achieve adequate heat removal with acceptable coolant pumping power re
quirements, pressures in the range of 40 to 80 atm appear to be needed. The heat 
transfer coefficient that may be obtained at reasonable flow velocities in a helium-
cooled system is generally smaller than that found in liquid-cooled systems and 
hence the temperature differential is larger, leading to higher fuel and cladding 

TABLE 11-11 
Disadvantages of Helium Cooling 

• Low Volumetnc Heat Capacity (16 kJ/m'' K at 5 MPa and 500°C) 
Modest pressure required (~4 to 8 MPa) 
Lower heat transfer coefficients, larger temperature differentials than with water or 

liquid metals 
Significant pumping power requirements (~2 to 5% of thermal power) 
Natural circulation cooling only feasible when pressunzed 

• Low Neutron Attenuation (Radiation Streaming) 
• Leak Tight Confinement Required 
• Less Reactor Expenence than with Water Reactors 
• Possible Local Limitation of Helium Availability and/or Higher Cost 
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temperatures. Because of the high volumetric flow rate needed, the power required 
to operate the helium circulator can be high. With the pressure drops encountered 
with a steam cycle power conversion system, the pumping power is on the order 
of 2 to 5% of the reactor thermal power. Most of this power is returned to the 
helium as it is compressed, and by using steam-driven circulators, the electrical 
conversion losses can be avoided. 

Because of the low volumetric heat capacity of helium, natural circulation 
cooling is more difficult to achieve (refer to Chapter 10). Although natural cir
culation can provide adequate shutdown (afterheat) cooling when the coolant loop 
is pressurized, it usually cannot be counted on in the depressurized state shortly 
after shutdown. Afterheat cooling may not be required in fusion reactors with low 
activation materials. Cooling by thermal radiation could also be considered. 

The low-density helium results in little neutron attenuation. Additional shield
ing must be provided to compensate for neutron streaming. 

The propensity of helium to leak from small holes and to diffuse may prove 
to be a slight disadvantage, although all welded and brazed joints with thorough 
checking of components should prove adequate to control leakage. The leakage 
of tritium into the helium coolant stream on the other hand should prove less 
troublesome in separation than for the case of water as a coolant. 

Despite the fact that gas-cooled reactor technology has been deployed com
mercially, and two HTGR plants. Peach Bottom and Fort St. Vrain, have been 
operated in the United States, experience is much less extensive than that enjoyed 
by water-cooled technology. A potential concem for helium-cooled systems in 
the mid-21st century is the possibility of resource limitation.'° Helium is presently 
extracted from natural gas, which will be in increasingly limited supply in the 
future. Helium can be extracted from the atmosphere but at a higher cost." The 
helium produced in the fusion reactions of a fusion reactor would amount to —1% 
of the power conversion system helium inventory each year, which could only 
account for routine losses. The initial inventory will still have to be provided, 
however, but its costs should not have any significant effect on the total power 
cost. 

Application to Fusion Reactor Blankets 

In the application of gas cooling to fusion reactors, maximum benefit must 
be taken of the advantages of gas cooling and the disadvantages must be avoided 
as much as possible. Caution must be used in any performance comparison because 
the blanket designs of systems using different coolants will differ considerably. 
The pressure, temperature, and materials characteristics of the blankets must be 
adapted to the coolant choice and thus differences in blanket performance may 
be due to a number of different effects. Nevertheless, the nuclear performance of 
helium-cooled blankets can be superior to that of alternative coolants because 
helium is essentially transparent to neutrons. 

The desire to minimize pumping power and pressure drop in a gas-cooled 



GAS-COOLED FUSION REACTORS 371 

system leads to use of a relatively large coolant temperature rise, AT, in the 
blanket in order to minimize the flow rate required. A minimum helium temperature 
rise of — 100°C is needed to match helium and water temperature profiles in the 
steam generator. In blankets with metallic stmctures, an upper limit on AT of 
—300°C is imposed by materials temperature limits. The power density profile 
found in a blanket peaks strongly at the first wall and falls off quite rapidly with 
distance from the plasma, as shown in Fig. 11-4 for a helium-cooled fusion blanket 
design.'^ The combination of steep power density profile and large coolant tem
perature rise calls for a radially outward coolant flow path. Coolant is brought 
into a plenum just behind the first wall and then flows radially outward through 
the blanket. This can lead to fuel material temperature profiles that are quite flat, 
as shown in Fig. 11-5. The first wall can also be cooled at the same time with 
the full flow of cold inlet coolant. This allows an acceptable first-wall temperature 
without the complication of additional flow paths. 

Gas coolants have safety-related advantages because a total loss of coolant 
is not possible. Although loss-of-coolant pressure greatly reduces cooling capa
bility, active cooling can be maintained by forced circulation of low-pressure 
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Fig 11-5 Typical gas-cooled blanket temperature distribution (from Ref 12) 

helium or even with air, if necessary, in the event of a major coolant boundary 
failure This feature may prove to be particularly important to the achievement 
of adequate blanket cooling system redundancy and reliability The safety advan
tages of a coolant that cannot change phase are expected to contribute greatiy to 
protection against loss-of-cooling accidents This is particularly important given 
the awkward geometnes and convoluted coolant boundary topologies generally 
associated with fusion reactors 

An area of concem for gas-cooled fusion reactors is that of the primary 
coolant piping Because of the large volumetric flow rates required for gas cooling 
and the need to minimize pressure drop, the coolant ducting can be quite large 
In large gas-cooled fission reactors, the reactor and primary coolant loop ducting 
are contained within a prestressed concrete reactor vessel (PCRV) but the PCRV 
does not appear adaptable to most fusion reactor geometries As a consequence, 
distnbuted piping will be needed This raises the concerns of providing adequate 
space for large ducts in the fusion reactor geometry and availability of large 
diameter (^ 1-m) high-pressure piping Because of the low coolant density, seismic 
concems appear to be manageable, despite the large duct size 

11-2 Design of Gas-Cooled Fusion Reactor Systems 
The energy of the fusion reactor is deposited by charged particles and electro

magnetic radiation on the first wall that surrounds the plasma chamber and by the 
fusion neutrons in the first wall, blanket, and shield The arrangement of these 
components into the first-wall/blanket/shield system is shown schematically in 
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Fig 11-6 Fusion reactor first-wall/blanket/shield schematic 

Fig 11-6 The design of these fusion system components must be optimized 
according to the coolant chosen 

11-2A First-Wall Designs 

All of the emissions from the plasma are incident on the first wall These 
include low-energy electromagnetic radiation, neutrons, electrons, and the par
ticles compnsing the plasma including hydrogen, deutenum, tntium, helium, and 
impunties The particles are either charged particles or neutral atoms Particle 
emissions from the first wall produced by interaction with plasma can be a major 
source of impurities for the plasma The design of the first wall to meet all 
functional requirements including adequate lifetime is one of the most difficult 
challenges in fusion reactor development 

The energy source for the first wall is a surface heat flux from the radiation 
and particles, and a volumetnc heat source for the neutrons About 20% of the 
total fusion power output appears somewhere in the first-wall region as a surface 
heat flux, 80% is transported via the neutrons The neutron wall load in fusion 
designs typically ranges from 2 to 5 MW/m^ A 14-MeV neutron energy flux 
normalized to 1 MW/m^ emanating from the plasma corresponds to a first-wall 
surface heat flux of 0 25 MW/m^ The energy deposition from the 1 MW/m^ 
neutron flux is nominally —10 MW/m^ and with a 10-mm first-wall thickness this 
gives an equivalent heat load of 0 1 MW/m^ Thus the surface heat flux is usually 
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the controlling design factor for the first wall Some systems with suppressed 
plasma radiation losses and localized energy deposition through divertors and 
limiters can reduce the first-wall surface heat load by about one order of magnitude 
although the volumetnc source from neutrons remains 

Radiation damage rates to the first wall can be high The pnmary I4-MeV 
neutron flux produces high atomic displacement damage rates in matenals and, 
in addition, transmutation rates can be high since the neutron energy is above the 
threshold for many charged-particle reactions Helium generation within the first-
wall matenal through (n,a) reactions is thought to be one of the most severe 
damage sources 

The neutron slowing down and diffusion in the blanket region behind the 
first wall produces an additional neutron flux component, which actually accounts 
for —90% of the total fast flux in the first-wall region Most of the displacement 
damage is generated by the flux component with energies >0 1 MeV The thermal 
neutron flux is usually much depressed due to the high thermal neutron capture 
cross section of the lithium used in the blanket for tntium breeding 

Another problem is erosion of the first wall, which occurs from sputtenng 
caused by particle impingement In the worst case (10~^ sputtenng coefficient 
and 0 1-keV particle energy), erosion rates could be a millimeter every few days, 
which obviously is not acceptable 

There are several options for reducing this erosion rate '^ The flux of particles 
can be reduced by increasing the energy of the particles stnkmg the wall from 
0 1 to 10 keV, giving a factor of 100 decrease in number of particles Sputtenng 
rates do not change as fast with energy in this range so a net gain is achievable 
If some means could be found to reduce the particle flux to only that required for 
plasma particle balance and spread them out to 100% of the plasma chamber 
surface, then reductions of 10 000 can be projected Another option would be to 
reduce the particle energy below 0 1 keV to a range below sputtenng thresholds, 
this should also provide a factor of 100 reduction Utilization of a divertor to 
direct the particles away from the wall to an extemal region dunng either all or 
only part of the operating cycle would also be an effective method 

Steady-State Behavior 

Several design options are available for cooling the first wall Thermal ra
diation cooling can be employed with matenals that operate at high temperatures 
As an example, the entire first wall could be a thin liner, which would be heated 
on the plasma face and cooled by radiation to a suitable sink temperature on the 
other face Temperature limits of 1500 to 1900°C appear allowable for SiC and 
carbon matenals and these in tum would allow neutron power flux levels of I to 
2 MW/m on the first wall, a reasonable power density range The heat sink for 
this radiation-cooled first wall is usually the front face of the breeding blanket 
and the heat is convectively transported from there 
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Convective cooling of the first wall can take on two general forms. One is 
a free-standing panel of a tube bank-type stmcture that is intemally cooled. The 
other common approach is to incorporate the first-wall integral with the front face 
of the blanket. Designs for both cases have been developed. 

Some advantages of the independent first wall, separate from the blanket, 
are a simpler design with only one function to satisfy and potentially easier 
replacement. It is projected that the first wall will require more frequent replace
ment than the blanket due to the more severe environment at the plasma interface. 
It thus seems desirable to avoid removal and replacement of an entire blanket 
module for a fault only in the first wall. On the other hand, the additional cooling 
liner and connections within the plasma vacuum chamber where space and coolant 
leakage are severely limited is a penalty that must be weighed against the other 
advantages. 

The choice of coolant for the first wall involves the same criteria as the choice 
for the blanket. Helium coolant ranks high providing high-temperature materials 
are utilized. Candidate high-temperature materials are stainless steel, refractory 
metals, and carbon and SiC ceramic materials. 

The high thermal conductivity materials such as aluminum and copper have 
been considered for the first wall because of the lower thermal stresses with high 
heat fluxes. These operate best with water cooling. A disadvantage with aluminum 
is that water exit temperatures are so low, — 80°C, that power conversion is not 
practical. This could require rejecting up to 25% of the fusion reactor power 
output. 

The design methodology for first-wall components with surface heat flux 
using helium cooling is relatively straightforward. A cylindrical tube, for example, 
would be heated on one side only with an uneven heat source distribution over 
180 deg. Temperature distributions and thermal stresses are calculated for surface 
and volumetric heat sources.'"'^ Minimization of total stress with a suitable 
combination of tube wall thickness and diameter is readily done, though possible 
wall erosion over the first-wall operating lifetime must be taken into account. 

The maximum heat flux through a tube wall may be either temperature or 
stress limited. In addition, radiation-induced swelling (or shrinkage), which is 
temperature dependent, may limit temperature gradient and therefore heat flux. 
Smaller tube diameters and tube wall thicknesses reduce stresses and temperatures. 
It is found that 5- to 10-mm-diam tubes with wall thicknesses of a few millimeters 
can accommodate suitable heat fluxes with acceptable temperature and stress 
limits. Heat flux versus temperature for convective cooling with helium is shown 
in Fig. 11-7 with the temperature limits for some commonly considered first-wall 
materials. Note especially the very much higher heat fluxes for SiC and carbon. 

We conclude that suitable designs can be made for steady state using present-
day materials for convectively cooled first walls with the helium coolant at an 
acceptable pressure (20 to 80 atm), a pressure drop =sl atm, and pumping power 
^ 5 % of thermal power. 
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Ref. 16). 

Transient Behavior 

First-wall temperature responses during the plasma bum were determined in 
many of the blanket studies. '̂ ~^° The wall temperature depends on several factors 
including: heat load, coolant inlet temperature, mass flow rate, and coolant prop
erties; and the thermal characteristics of the wall. Due to its low thermal capac
itance, the first wall responds quickly to changes in heat load and surface con
ditions. This reponse is strongly influenced by thermal lag in the coolant. 

For a helium-cooled wall. Fig. 11-8 shows typical variations—over a bum 
cycle—of the maximum wall temperature and the temperature drop across the 
wall. The temperature drop across the wall results in thermal stress, and 
cyclic thermal stress can be the life-limiting factor for the first wall due to cyclic 
fatigue or crack propagation. These results are strongly design dependent, and 
Table 11-III summarizes the findings from several design studies. The heat flux 
capabilities of first-wall tube arrays are compared for helium- and water-cooled 
designs with cyclic stresses for combinations of wall temperature limits and max
imum fatigue life cycles; heat fluxes of 0.5 to 1 MW/m^ on 1- to 2-mm-thick 
stainless steel tubes appear to be acceptable'^ and lifetimes corresponding to 
20 MW-yr/m^ can be achieved. 

In summary, the thermal behavior of the first wall during normal transient 
operation is critically important to wall lifetime in pulsed, magnetically confined 
reactors, and is determined by the strong interplay between the coolant, wall, and 
blanket and the plasma bum cycle. 
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Fig. 11-8 First-wall temperature vanations for helium-cooled wall with a burn time of 106 s, 
a dwell time between burns of 19 s, and a wall load of 1.3 MW/m^ (from Ref. 18) 

TABLE 11-111 
Transient Responses of First Walls in Pulsed Reactors 

Coolant 

Helium" 
Helium'' 

H2O' 

Boiling H2O'' 

Wall 
Load 

(MW/m^) 

1 3 
40 

1 0 

4 3 

Neutron 
Burn 
Time 

(s) 
106 

1140 

65 

225 

Dwell 
Time 

(s) 
19 
60 

15 

20 

Material 

Inconel 718 
Type 316 

stainless steel 
Type 316 

stainless steel 
Titanium alloy 

Max/Min 
Surface 

Temperature 
{"C) 

620/350 
452/200 

402/321 

400/300 

Max/Min 
Wall AT 

CC) 
122/13 
71/<1 

48/2 

100/0 

"From Ref 18 
''From Ref 19 
'̂ From Ref 20 
••From Ret 17 
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11-2B Blanket Designs 

The fusion neutrons emitted by the plasma must be slowed down and captured 
in order to recover their kinetic energy, breed tritium, and protect the magnets 
and other reactor systems. Capture of the neutrons occurs in the blanket and shield 
that surround the fusion plasma. 

The fusion blanket is a relatively complex stmcture that has to fulfill three 
basic functions: generate tritium for the D-T fuel cycle, capture the heat generated 
in the blanket zone and deliver it efficiently to a power generation system, and 
aid in the attenuation of neutrons and gamma radiations. The shield is a much 
simpler stmcture that has the function of protecting the superconducting magnets 
from radiation damage and providing shielding for the reactor personnel and the 
general public. The maximum volumetric power generated in the shield is about 
two or three orders of magnitude lower than that generated in the blanket; thus, 
the heat-transfer design in the shield is much simpler and is not considered. 

General Design Considerations 

In the design of a fusion reactor blanket, the following issues must be con
sidered and are of particular concem for helium-cooled blankets. 

1. Adequate tritium breeding. For a D-T fuel cycle reactor, the breeding 
of tritium from lithium or a lithium compound is essential. The average tritium 
breeding ratio, which can be defined as the ratio of the total number of tritons 
generated in the blanket to the number of tritons consumed in the fusion reaction 
must be in the range of 1.05 to 1.10. The required local tritium breeding ratio 
for a particular design will depend on the fraction of the plasma chamber surface 
covered by the breeding blanket and the loss of tritium in the extraction cycle in 
the blanket. The amount of stmctural materials in the blanket zone must be 
minimized to reduce parasitic capture of neutrons. 

2. Efficient energy recovery. The nuclear heat in a blanket has to be ex
tracted and transferred to a power conversion system. The temperature levels in 
the blanket are limited by the temperature limits for the stmctural^' materials, 
breeding materials, and coolant. The coolant outlet temperature must be maximized 
within these limits, while the pumping power required must be minimized by 
careful attention to the coolant pressure drop around the primary loop. Since the 
low volumetric heat capacity of helium results in a large volumetric flow rate, 
careful attention must be given to keeping the pressure drop small. 

3. Good shielding property. A secondary, yet important, function of the 
blanket is its use as a part of the reactor neutron and gamma shield system to 
supplement the shield behind the blanket. Since helium is transparent to neutrons, 
helium-cooled blankets must be designed with minimum void fraction, and ducting 
must be arranged to reduce neutron streaming. Because of space restrictions, 
especially on the in-board side of a tokamak plasma, the design must aim at the 
reduction of overall blanket and shield thickness. 
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4. Sourui structural design. Besides designing for all normal loads during 
the lifetime of the blanket (for helium cooling, the coolant pressure load is probably 
the largest), the critical questions of material property degradation from radiation 
damage, the effect of magnetically induced loads, and the effect of earthquake 
loads have to be considered. The front of the blanket will experience a very high 
fluence of fast neutrons, ~ I to 5 x 10̂ ^ n/m^ per year, and many materials will 
experience significant swelling due to radiation damage. Careful and ingenious 
designs are usually required to reduce the effect of neutron-induced swelling of 
metallic stmctural elements in order to increase blanket life. Furthermore, the 
fraction of stmctural material in the blanket has to be minimized in order to reduce 
parasitic neutron capture. 

5. Ease of maintenance. Because of radiation damage to the fusion reactor, 
the blanket maintenance and replacement of blanket modules must be as simple 
as possible while still satisfying all the stmctural, vacuum boundary, and geometric 
constraints. 

6. Materials considerations. Even though material damage data from fusion 
neutrons are not available, data from fission reactor experience show that radiation 
damage will be a major concem. Materials selection must include consideration 
of the blanket lifetime. This includes lifetime considerations for stmcmral and 
breeding materials, and required electrical and/or thermal insulation materials. 
Compatibility between all blanket materials at their interfaces has to be considered 
in order to increase blanket life and reduce the chances of radioactivity release to 
the public. This is an area of major advantage for helium since it is chemically 
inert. 

7. Safety concerns. Fusion power will produce radiations and therefore will 
involve radioactive materials: tritium fuel and activation products from the inter
action of the fusion neutrons with the materials in the first-wall blanket and shield. 
The decay of these radioactive materials will produce some degree of afterheat. 
In optimizing safety and minimizing hazard to the workers and the general public, 
the bred tritium must be confined, the potential hazard from the coolant should 
be minimized, and the amount of induced activity from blanket materials should 
also be minimized. Again, helium has unique advantages here since it does not 
activate, does not bum, and can never be completely lost in an accident. Circulation 
of depressurized helium/air will guarantee cooling capability at all times. 

8. Economy. All costs of the selected blanket have to be included: capital 
cost, operation, maintenance, decommissioning, and disposal costs. To minimize 
the total cost, it is important that the blanket power density be as high as possible 
and that the blanket use simple designs. 

Helium-Cooled Blanket Design Options 

Using helium as a coolant, the thermal-hydraulic problems involved in the 
blanket design are important and will impact the other features of the design. If 
these problems can be solved satisfactorily, helium offers some clear advantages 
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over other candidate coolants such as liquid lithium, molten salt, and water. Helium 
is not subject to magnetohydrodynamic effects, which cause additional pumping 
power requirements, reduce the heat transfer efficiency, and may exacerbate cor
rosion problems. A major advantage of helium is its chemical inertness. All of 
the candidate breeding materials are chemically reactive with water. 

However, helium has some disadvantages. It requires high volumetric flow 
rates. The consequences are the requirement for larger coolant tubes in order to 
keep the pumping power within reasonable limits. The heat transfer characteristics 
are poorer than those of the other candidate coolants. The design for a helium-
cooled fusion reactor will look quite different from a water-cooled reactor. It will 
be characterized by the larger coolant manifolds. A major emphasis on the key 
thermal-hydraulic design problems is needed to use the clear advantages and to 
minimize the disadvantages of helium as a fusion blanket coolant. 

Inlet/outlet temperatures selection: Generally, a lower coolant inlet temper
ature permits a higher neutron wall load for a given stmcture temperature design 
limit. A low helium inlet temperature also allows a larger coolant temperature 
increase from the blanket inlet to the outlet, which is important because a large 
AT results in a smaller coolant flow rate and smaller tubes and requires less 
pumping power. The lowest inlet temperature limit is given by the steam generator, 
which should operate under economic conditions. To have an acceptable pinch 
point temperature difference in the steam generator, the minimum helium tem
perature is limited to ~250°C. 

To reach a maximum thermal conversion efficiency, the coolant outlet tem
perature from the blanket should be as high as possible. The outiet gas temperature 
is limited by the maximum allowable stmctural material temperatures. Unfortu
nately, these limits are too low to take advantage of the full potential of helium 
as a blanket coolant. By arranging the coolant flow path to go from the highest 
to the lowest heat-loaded parts of the blanket, the temperature drop between 
stmcture and coolant becomes small in the gas outiet region. Therefore, the coolant 
outlet temperature can be as high as ~550°C, the maximum stmcture temperature 
design limit for most stmctural materials being considered for fusion blankets. 
The resulting maximum gas temperature rise from the blanket inlet to the outlet 
is ~300°C. For a typical 3400-MW(t) fusion reactor design, these conditions 
require a helium flow rate of —2400 kg/s. Development of higher temperature 
materials, such as ceramics, would allow for higher temperatures and more ef
ficiency with helium cooling. 

Pressure level selection: The impact of the coolant pressure level on the 
blanket performance is very complex and also depends on the chosen design 
concept. The pressure level primarily affects these blanket characteristics: pumping 
power, space requirements for manifolding, wall thicknesses, neutronics impact 
of the stmcture, and helium leakage. 

The pumping power for helium is almost inversely proportional to the coolant 
pressure squared. Therefore, from this point of view, a pressure level as high as 



GAS-COOLED FUSION REACTORS 381 

possible is desired. The space requirements for manifolding and thus the overall 
blanket thickness can also be reduced by a higher coolant pressure. 

The wall thickness of the tubes, the pressure vessel, and the first wall will 
increase with an increasing coolant pressure level. The first-wall thickness allowed 
by thermal stress will be a strong limiting factor for the maximum allowable 
coolant pressure. The required larger first-wall thickness for higher pressures 
causes larger thermal stresses. If the wall thickness exceeds a certain value, the 
thermal stresses rise more than the stresses caused by the pressure load decline 
for a given pressure level. For a typical tokamak design, the coolant pressure is 
limited to —8 MPa or less to keep the stresses in the first wall within the design 
limit. Coolant pressures of —3 to 5 MPa have been used in typical helium-cooled 
fusion reactor design studies. With these pressures, the pressure drop through a 
fusion blanket and its associated manifolds and piping can be kept to below 
100 kPa. The primary coolant ducting and steam generator will add —40 and 
30 kPa, respectively, for a total of ^170 kPa. This pressure drop will require a 
pumping power of —2.5% of the reactor thermal power. 

Coolant flow path: It is important to put the cold (inlet) coolant near the first 
wall where the heat load is highest. Similarly, because the AT across the blanket 
is large with helium in order to minimize the required flow rate, pressure drop, 
and pumping power, the hot outlet coolant must be kept toward the back of the 
blanket where the heat load is low. These considerations dictate the use of radial 
outward coolant flow for helium-cooled designs. 

In the design of a fusion reactor blanket, two basic approaches can be taken 
when helium is used as the coolant. They are the high-pressure module and low-
pressure approaches, as illustrated in Figs. 9a and 9b. 

Figure 9a illustrates a high-pressure module design, with the high-pressure 
boundary at the outer wall, withstanding a helium pressure of —50 atm. It is a 
relatively simple design but it has the disadvantage of requiring a relatively thick. 

Fig. 11-9. Fusion blanket (a) high- and (b) low-pressure module schematics. 
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highly stressed, metallic wall. The second zone is the breeding material zone; 
it can consist of solid breeders (for example Li20) in the form of plates, rods, 
or balls or of liquid breeders (lithium or LiPb) contained in tubes—depending 
on the selection of tritium extraction and on the detailed hydraulics design. 
Blanket designs that use this approach are described in Refs. 12, 18, and 21. A 
typical helium-cooled blanket design using plate-type breeder geometry is shown 
in Fig. 11-10. The coolant helium goes to the front of the blanket module along 
the module sides; tums around at the top; and then goes through the clad breeder 
plates and leaves at the back of the module. This blanket is discussed further 
in Sec. I1-3A. Figure 9b illustrates a low-pressure module blanket design where 
the high-pressure helium at —5 MPa is contained in small reentrant pressure tubes. 
The advantage of this design is its requirement of a minimum metallic stmcture, 
which reduces parasitic absorption and would reduce the concem of waste disposal. 
The disadvantage of this design is its complicated plenum connections. The breed
ing material zone of the low-pressure module can be sintered solid breeders, but 
it can also be stationary liquid metals like lithium or LiPb eutectic. 

At present, the most commonly proposed stmctural material is stainless steel. 
The most commonly considered solid breeding materials are Li20 and LiAlOi. 
The latter would require a neutron multiplier like beryllium to increase the blanket 
neutron population. Liquid lithium is a prime candidate for a liquid breeder but 
introduces concems because of vigorous chemical reactions with air or water. The 
LinPbga eutectic appears attractive as a liquid breeding material because of its 
adequate tritium breeding and its low reactivity with water, being more similar 
to lead than to lithium metal. 

11-2C Safety Issues 

In the design of fusion reactors, as in the design of fission reactors, the safety 
of the public and the plant personnel is of paramount importance. Fusion is a 
nuclear reaction and results in the production of nuclear radiation and the potential 
for production of radioactive materials. Unlike fission, where the reaction products 
are inevitably radioactive, the primary D-T fusion reaction itself produces no 
radioactive products. The fusion neutrons, however, will activate stmctural reactor 
materials, producing radioactive materials. These materials are hazardous because 
of their radioactivity, and also, as a result of their decay, produce afterheat that 
could act as a mechanism for release of the radioactivity by melting or vaporization 
of the reactor materials—if no cooling were available. Because the choice of 
materials can greatly influence the amount of radioactivity produced, there are 
two complementary approaches that can be taken for fusion reactor safety. The 
first is to reduce the quantity of radioactivity by the choice of the reactor materials; 
the second is to provide engineered safety systems to protect against accidents 
that might release the radioactive materials. The use of helium cooling can con
tribute beneficially to both of these approaches. 
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Fig. 11-10. A fusion reactor (a) blanket module and (b) blanket module cross section. 
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Reduction of Radioactivity 

The radioactivity generated through neutron captures depends on the choice 
of constmction materials used.^^ With Type 316 stainless steel, for example, the 
activation is within a factor of 10 of the fission products activation from a fission 
reactor for times up to —50 yr after shutdown. With low-activation materials such 
as carbon and SiC, primary radioactivities are reduced by a factor of 10^. In fact, 
impurities with a practical limit of a few parts per million limit the reduction to 
— 10 .̂ The amount of radioactivity is directiy reflected in problems of decay heat 
removal, biological hazards from potential releases of radioactive materials to the 
environment, long-term waste disposal, and personnel access limitations to the 
fusion reactor for maintenance. 

Figure 11-11 shows the radioactivity, biological hazard potential, and after
heat as a function of time after shutdown for a 3000-MW fusion reactor. ̂ ^ Three 
general categories of materials can be identified: conventional materials like stain
less steel give values about a factor of 10 less than those of a fission reactor; 
reduced activation materials like vanadium offer a further reduction of about a 
factor of 5 at shutdown and then decay to innocuous levels in a few decades, 
which would greatly reduce waste management concems; and low-activation ma
terials like aluminum, magnesium, and silicon alloys and the ceramics (graphite 
and SiC) offer further reduction at shutdown, and decay to innocuous levels within 
a few hours to a few days after shutdown. This rapid decay could make significant 
improvement in the safety characteristics of the reactor and, if low impurity levels 
can be achieved, could allow contact maintenance over the entire reactor within 
a few weeks after shutdown. 

The decay heat effects are illustrated^^ in Table 11-IV for several candidate 
materials under adiabatic conditions. The first row shows that neither carbon nor 
SiC will melt and that cooling following shutdown is not necessary. The metals, 
on the other hand, will melt in times ranging from minutes to hours. The second 
row shows the time at which cooling may be terminated with no further concem 
for melting. Note especially that stainless steel requires cooling for 30 yr to prevent 
melting. Thus there is a great incentive to consider low-activation materials for 
fusion reactor application. 

Helium coolant can contribute to these approaches to reduce radioactivity. 
Helium itself does not activate and is chemically compatible with the reduced 
activation materials. It is ideally suited for the high-temperature ceramics and with 
strict impurity control is well suited for use with vanadium, which is very sensitive 
to oxidization. Because of the low temperature limits of aluminum alloys and the 
high temperatures needed to use helium effectively, helium is not well-suited to 
aluminum alloys. 

Engineered Safety Systems 

The second, complementary approach to fusion reactor safety is the conven
tional one of providing engineered safety systems to prevent accidents from oc-



TABLE 11-IV 

Post-Shutdown First-Wall Heating Characteristics 

(1.5 MW/m^ wall loading; 2 yr of operation) 

Adiabatic meltdown time 

Post-shutdown cooling cutoff time 

Afterheat at shutdown (MW/m') 

Melting point (K) 

OperaUng temperature (K) 

Specific heat, Cp (J/kg K) 

Density (kg/m^) 

Graphite 

00 

0 

Nil 

3370 
(sublimes) 

1500 

1900 

2 X 10' 

SiC 

00 

0 

0 9 

2900 
(decomposition) 

1300 

1286 

3 2 X 10' 

First-Wall Matenal 

Aluminum Alloy 

17 min 

7 days 

1 1 

890 

423 

963 

2 7 x 1 0 ' 

Type 316 
Stainless Steel 

2 h 

30 yr 

0 6 

1700 

673 

460 

7 8 X 10' 

Titanium Alloy 

3 h 

l y r 

0 4 

1920 

673 

565 

4 4 X 10' 
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curring and to mitigate their consequences. This approach includes use of multiple 
barriers between the hazard and the environment, use of redundant cooling sys
tems, etc. Helium has both advantages and disadvantages in this area. 

A disadvantage of helium is its low density, especially under depressurized 
conditions. The pumping power required to circulate the coolant of density p with 
a mass flow rate m can be written approximately: 

so large auxiliary pumps are needed for pumping low-density helium. Natural 
circulation uses the density difference, Ap, between heat source and heat sink, 
separated by a height h, to provide a driving force for continued circulation: 

Ap = gApiT)h . 

Because of helium's low density, an adequate pressure difference, Ap. cannot be 
achieved with reasonable heights in the depressurized state. 

An important safety advantage of helium is the fact that it cannot change 
state or be completely lost. Fusion reactors will inevitably have a complex ge
ometry with the blanket surrounding the plasma chamber and will have distributed 
piping from the reactor to the power conversion system. There will thus be the 
possibility for a pressure boundary failure. In the event of a pipe break or first-
wall mpture, the helium coolant may become depressurized. But a complete loss 
of coolant is not possible. Auxiliary circulators can be provided that can circulate 
an adequate amount of helium or even air to remove afterheat in either the pres
surized or depressurized mode. Coolant will continue to be circulated through the 
system, across pipe breaks if necessary, assuring adequate afterheat removal. 
Because of the awkward geometries associated with fusion reactor blanket coolant 
paths, this safety advantage is expected to be important. 

Summary of Safety Aspects 

The safety analysis of fusion systems is in a preliminary state, as is consistent 
with the present state of fusion reactor design. It is clear, however, that the 
hazardous inventories and afterheat levels are at least an order of magnitude lower 
than those associated with fission systems. If alternative materials are used to 
reduce the level and duration of radioactivity, still further advantage may be gained. 
By using conventional engineered safety systems, a very safe reactor may be 
designed. Indeed, the environmental and safety advantages of fusion have been 
raised as a primary reason for its development.' Use of a helium coolant will be 
beneficial to both radioactivity reduction and design of engineered safety systems. 

11-3 Applications of Fusion Energy 
Fusion is an energy source with virtually limitless resources—the deuterium 

in the oceans. Because the energy released from the fusion reaction is primarily 



TABLE 11-V 

Design Data for Fusion Reactor Studies 

Year published 

References 

Net electncal power [MW(e)] 

Reactor configuration 

First-wall radius or 
plasma 1/2 width (m) 

Plasma shape/configuration 

Structural matenal 

Breeding matenal 

Peak neutron wall loading (MW/m^) 

Tntium breeding ratio 

Blanket energy multiplication 

Coolant 
inlet temperature (°C) 
outlet temperature (°C) 
coolant pressure (MPa) 

Structural matenal, Tniax (°C) 

Power conversion system 

Thermal cycle efficiency 

DEMO 

1978 

18 

307 

Torus 

1 27 

Doublet 

Inconel 718 

Ll7Pb2 

1 6 

1 04 

1 07 

Helium 
275 
585 

5 

600 

Helium/steam 

39% 

STARFIRE-H2O 

1980 

21 

1200 

Torus 

1 94 

D-shape 

PCA'' 

a-LiA102 

3 6 

1 2 

1 9 

Pressunzed H2O 
280 
320 
15 2 

< 4 2 3 

PWR type 

36% 

STARFIRE-Hehum 

1981 

12 

1200 

Torus 

1 94 

D-shape 

Inconel 718 

L12O 

4 0 

1 2 

1 11 

Helium 
250 
550 

5 

550 

Helium/steam 

39% 

FRM 

1981 

23 

15 7 

Cylinder 

0 65 

Compact torus 

Inconel 718 

L12O 

6 1 

1 16 

1 11 

Helium 
357 
585 
5 6 

600 

Helium/steam 

39% 

MRFRM 
Aluminum Alloy 

1981 

24 
393 

Cylinder 

2 

Compact torus 

Aluminum alloy 
-1- SiC 

L12O 

6 3 

1 03 

1 05 

Helium 
316 
686 
2 8 

687 

Helium/steam 

35% 

MRR 

1982 

25 

90 

Cylinder 

1 25 

Compact torus 

SiC 

L12O 

4 0 

1 09 

1 19 

Helium 
417 
750 
2 8 

829 

Closed-cycle 
gas turbine 

37% 

'Pnme candidate alloy—titanium-modified stainless steel 
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in the form of highly energetic neutrons, the potential exists for applications that 
make use of these neutrons for additional fission reactions or for capture and 
recovery of the kinetic energy that they carry. Electricity may be generated from 
fusion-produced heat with conventional thermal plants. In addition, the neutrons 
may be used to breed fissile fuel for fission reactors and also to obtain very high 
temperature process heat. These applications are described in this section. 

11-3 A Electricity Production 

Table II-V summarizes the parameters of some electricity-producing fusion 
reactors. All of them are cooled by helium except the STARFIRE-H2O design, 
which is cooled by pressurized H2O. 

The Doublet demonstration power reactor (DPR), which is illustrated in Fig. 
11-12, is a power reactor designed to demonstrate all the technologies required 
for a prototype commercial reactor. It has a Doublet plasma, the shape of which 
is maintained by a set of field-shaping coils close to the plasma chamber. The 
tritium breeding material is LiyPba. The reactor blanket modules are pressurized 

BIOLOGICAL SHIELD 

EVACUATED MAINTENANCE SPACE 

Fig. 11-12. General arrangement of the Doublet DPR. 
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Fig. 11-13. Blanket module for the Doublet DPR. 
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Fig. 11-14. STARFIRE reactor design. 

cylinders forming the first wall of the reactor (Fig. 11-13). The cylindrical intemals 
are removable wedge-shaped LivPbi plates forming the tritium breeding and heat 
gathering zone of the blanket. 

The STARFIRE-H2O reactor, which is illustrated in Fig. 11-14, is the most 
detailed and up-to-date tokamak commercial fusion reactor design. It has a steady-
state D-shaped plasma and employs total remote maintenance with modular design. 
The blanket is cooled with pressurized water. It has a conventional water/steam 
power cycle with no intermediate coolant loop and no thermal energy storage. It 
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has a modular design with once-through pressurized cooling tubes. The STAR-
FIRE-He blanket, which is a helium-cooled design based on the STARFIRE-H2O 
reactor (see Figs. Il-lOa and 11-IOb), is described later in more detail to show 
the thermal-hydraulics design of both the first wall and the blanket. 

The field-reversed mirror (FRM), the moving ring field-reversed mirror 
(MRFRM), and the moving ring reactor (MRR) designs were sponsored by the 
Electric Power Research Institute with the aim of designing small reactors with 
an electrical power output of ~ 100 MW(e). 

The FRM is a single-cell reactor^^ that requires neutral beam injection to 
maintain the steady-state plasma ring density, energy, and current. The blankef 
shield design makes use of the metallic shield rings to form the high-pressure 
helium plenum. It is a pressurized module design with coolant helium flowing 
between LiaO plates clad with Inconel-718. 

The MRFRM (Ref. 24) and MRR (Ref. 25) reactors have a low-activation 
blanket design with hands-on maintenance behind the blanket as the goal. The 
cylindrical geometry of the reactors was fully utilized for reactor maintenance. 
The MRFRM blanket uses water-cooled aluminum-alloy-6063 T6 as the stmctural 
material, and SiC-clad LiaO tubes (with helium cooling) as the tritium breeding 
zone design. This is also a high-pressure module design. The MRR blanket is an 
all-ceramic blanket design, that uses small concentric SiC helium tubes at high 
pressure (28 atm) and large SiC modules containing LiaO at low pressure. The 
hot helium is coupled directiy to a closed-cycle gas turbine because of the potential 
advantages (see Chapter 8). 

In addition to these U.S. designs, a number of attractive fusion reactor 
conceptual designs with helium cooling have been developed in the intemational 
fusion engineering community. These include: FINTOR in Italy, JXFR in Japan, 
and MKIIA in the United Kingdom.^^"^^ 

STARFIRE-He Design 

The blanket module used in this design'^ is a pressurized canister with the 
integrated semicircular first wall facing the plasma, the solid breeder material 
canned in rectangular tubes forming breeder plates, and the coolant manifold 
integrated into the rear of the module (Fig. U-IOa). The cold inlet coolant is 
directed immediately through the inlet distribution channels and the side flow paths 
to the first wall. This guarantees efficient cooling with the lowest possible first-
wall temperatures and allows the highest neutron wall load. The coolant then 
reaches the front of the breeding zone, flowing between the breeder plates, to the 
collection channel and the outlet manifolds. The stmcture temperatures can be 
kept nearly constant within the whole module and the coolant outiet temperature 
is close to the maximum allowable stmcture temperature. Figure 11-10b shows a 
cross section of the blanket module with its main dimensions. 

The important parameters influencing the blanket design are the helium inlet 
and outlet temperatures and the coolant pressure level. Generally, a lower coolant 
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inlet temperature permits a higher neutron wall load for a given stmcture tem
perature design limit and also allows a larger coolant temperature increase from 
the blanket inlet to the outlet, a smaller coolant flow rate, and less pumping power. 
The minimum helium temperature is limited to 250°C and this value was selected 
to be the coolant inlet temperature to the blanket. The outlet gas temperature is 
limited by the maximum allowable stmctural material temperatures and was se
lected to be 550°C. 

The impact of the coolant pressure level on the blanket performance is com
plex and depends on the chosen design concept. The pressure level influences 
mainly the pumping power, space requirements for manifolding, wall thickness, 
neutronics, and helium leakage. For the design study, a moderately high coolant 
pressure of 5 MPa was chosen. The coolant flow rate for the whole reactor with 
a total thermal power in the blanket of 3700 MW and a coolant temperature rise 
of 300°C is 2372 kg/s. Of the total energy, 20% is deposited at the first wall and 
—70% in the LiaO breeder zone. 

To design a first wall that is capable of keeping the temperatures within the 
limit required with a minimum pressure drop and a reasonable flow channel 
dimension, a grooved wall was chosen. The convective heat transfer can be 
enhanced by increasing the transfer surface (see Table 11-VI). 

The thermal-hydraulic concems for the breeder plates are the determination 
of the plate thickness and the cooling of the plates. From the neutronics point of 
view, a plate thickness as large as possible is desired in order to have a high 
breeder material fraction. But the plate thickness is restricted by the following 
temperature limits: breeder centerline, 910°C; breeder surface, 600°C; and cladding 

TABLE 11-VI 
Grooved First-Wall Design Parameters for STARFIRE-Helium 

Wall matenal 
Neutron wall load 
Surface heat load 
Volumetnc heat generation 
Groove width 
Fin thickness 
Groove height 
Wall thickness 
Equivalent wall thickness 
Outside wall maximum temperature 
Inside wall maximum temperature 
Average wall temperature 
Helium coolant maximum temperature 
Reynolds number 
Heat transfer coefficient 
Fin efficiency 
Coolant velocity 
Coolant fnction pressure drop 
Coolant pressure drop ratio AP/P 
Coolant pressure 

Inconel 718 
4 MW/m^ 
1 MW/m^ 

48 MW/m^ 
1 mm 
1 mm 

3 5 mm 
2 mm 

3 75 mm 
550°C 
440°C 
495°C 
320°C 
12 900 

5995 W/m^-K 
35 7% 
62 m/s 

3 7 X lO* Pa 
0 74% 

5 0 MPa 
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TABLE 11-VII 
Breeder Plate Design Parameters for STARFIRE-Helium 

Breeding matenal 
Cladding matenal 
Neutron wall load 
Maximum volumetnc heat generation 
Dimensions 

plate thickness 
height of plate 
cladding tube height 
cladding tube thickness 
coolant flow gap width 

Coolant parameters 
pressure 
inlet temperature 
outlet temperature 
Reynolds number 

inlet 
outlet 

Nusselt number (laminar flow) 
coolant velocity 
coolant pressure drop 

Breeder plate temperatures 
centerline L12O maximum/minimum 
surface L12O maximum/minimum 
surface cladding maximum/minimum 

L12O 
Inconel 718 
4 MW/m^ 
35 MW/m' 

13 mm 
350 mm 
45 mm 

0 25 mm 
1 mm 

5 MPa 
3 2 0 ^ 
545°C 

2700 
2220 
8 235 

12 9 m/s 
3650 Pa 

760/570°C 
595/540°C 
550/520°C 

surface, 550°C. The maximum volumetric heat generation occurs at the edge of 
the plate near the first wall and is 35 MW/m^. The coolant temperature at this 
location is 320°C. The coolant flows through the gaps between the plates from 
the front to the rear of the module. To reach a small void fraction, a small gap 
width is also necessary. The minimum gap width was limited to I mm. Because 
it is not possible to reach fully turbulent flow conditions (Re > lO'*) and because 
it is desirable to avoid the transition flow regions, a minimum number of 18 plates 
is required to be in the laminar flow regime. A plate thickness of 13 mm was 
chosen in order to keep all temperatures within the design limits. The resulting 
number of plates to complete the breeder zone width is 20. The breeder plate 
design parameters are summarized in Table 11-VII. 

Thermal barriers to minimize heat transfer from the hot outlet to the inlet 
coolant streams are of great concem for the overall performance of the proposed 
blanket design with its compact geometry. Thermal barriers using stagnant helium 
as an insulation between two shrouds were used. They reduce the heat flow between 
the coolant channels by a factor of 5 and the maximum recuperation effect is less 
than a 5°C increase for the inlet coolant flow. 

The total pressure drop in the blanket and the integrated coolant manifolds 
adds up to 93.1 kPa. The total primary coolant pressure drop is given by the sum 
of the losses in the blanket, the sector lines, the ring ducts, the steam generator 
piping, and the steam generators themselves. The total pressure drop in the primary 
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helium loop is 160 kPa and the Ap/p ratio is 3.2%. The ideal pumping power 
required for the whole loop is estimated to be 2.5% of the total reactor thermal 
power. 

A helium-cooled, solid breeder blanket design that fits into the STAR-
FIRE tokamak fusion reactor has been developed that is capable of bearing a 
4 MW/m^ neutron wall load with a pumping power for the whole primary loop 
of 2.5% of the total thermal power. This good performance has been reached 
primarily because high coolant velocities are restricted to locations where they 
really are needed, due to either heat transfer requirements or space limitations. 
This compact design requires a low stmcture fraction and has a small overall 
blanket thickness of only 86 cm. In spite of the relatively wide coolant temperature 
range, it is possible by means of an appropriate flow routing to keep the stmcture 
temperature differences small and to hold the breeder material temperatures within 
the recommended range for adequate tritium release. 

11-3B Process Heat/Synfuels 

While the main direction of the world fusion development program has been 
toward central station electricity generation, modest programs have been pursued 
to explore the application of fusion power to various synthetic fuel production 
processes. An initial survey was performed of candidate fusion chemical 
applications.^^ Production of hydrogen was identified as a particularly attractive 
application and a number of hydrogen production processes were identified for 
coupling to the fusion heat source. 

A potential hydrogen production application for commercial fusion reactors 
is to generate high-temperature process heat in the blanket region. The basic 
motivation for this application is the utilization of the penetration capability of 
the fusion neutrons, which in the D-T fuel cycle carry ~80% of the fusion energy, 
in order to separate physically the high-temperature zone and the reactor stmcture. 
The high-energy neutrons can penetrate the low- or moderate-temperature first-
wall stmctural material and deposit their energy in a thermally insulated, non-
stmctural, very high temperature zone. Thermochemical water splitting^^' ^' and 
high-temperature electrolysis^^ appear to be processes in which the very high 
temperature capabilities of fusion could be usefully applied. 

In designing a high-temperature synfuel fusion reactor, the main potential 
problem areas to be investigated are: the temperature-energy distribution of the 
heat delivered to the synfuel process, the tritium breeding and handling concems, 
concems about materials compatibility at high temperatures, the requirements for 
efficient heat removal, and the need to avoid radioactivity contamination of the 
hydrogen product. A high-temperature modification of the sulfur-iodine cycle (for 
thermochemical water-splitting), which was adapted to the fusion heat source, ' 
was found to have a good "heat line" match. Thirty-five percent of the process 
heat was delivered to the chemical cycle at 1773 K and the remaining 65% at 
873 K. The very high peak temperature allows over 95% decomposition of the 
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H2SO4 into H2O, SO2, and O2 without requiring a catalyst. Use of a rapid quench 
to T < 1250 K retains over 90% of the SO2/O2 product in the separated form. 
The very high temperature also allows larger temperature differentials to be used 
in the synfuel process with considerable equipment and components savings pos
sible due to reduced heat transfer surface requirements and reduced need for energy 
recuperation between process steps. 

The materials problems associated with fusion synfuel production are difficult 
because of the very high temperature and corrosive process fluid, which is a 
mixture of SO3, SO2, O2, and steam. High-temperature-zone design concepts 
employing a nonbreeding refractory ceramic material such as SiC were found to 
be necessary. The heat recovered from energy deposited in the tritium breeding 
zones is limited to considerably lower temperatures (~873 K) by the nature of 
breeding materials available and the need to control tritium mobility, leading to 
a blanket concept with multiple thermal zones and multiple coolant flows. The 
design concept focused on indirect heat transfer with a high-temperature helium 
coolant and extemal heat exchangers, thus allowing product radioactivity to be 
controlled or eliminated. Two helium streams are needed for removing the heat 
from the medium-temperature (—873 K) tritium breeding zones and from the high-
temperamre (~I773 K) process heat zone. Helium is unique in this application; 
it is chemically inert, transparent to neutrons, and does not become activated. 
Thus very high temperatures can be achieved and product radioactivity can be 
controlled. 

Adequate tritium breeding, a maximum fraction of nuclear heating in the 
high-temperature zone, and maximum blanket energy multiplication are among 
the most important goals and requirements for the .nuclear design of a synfuel 
blanket. A three-zone blanket concept, where the helium-cooled high-temperature 
zone is placed between two tritium breeding zones was found to achieve the best 
performance toward the design goals. When Li7Pb2 is employed as the breeding 
material, and when the zone thicknesses are optimized so that a tritium breeding 
ratio of 1.1 is obtained, the fraction of nuclear heating in the SiC high-temperature 
zone was found to be 0.40, providing an excellent "heat line" match for the 
sulfur-iodine cycle. 

The high-temperature sulfur-iodine thermochemical water-splitting cycle is 
an extension of the moderate-temperature water-splitting cycle that is currentiy 
being developed for HTGR nuclear fission and solar heat source applications. 
Thus it appears that the application of fusion energy to production of hydrogen 
for synfuels could be accomplished by extending process technologies that are 
already being developed for other applications. 

11-3C Fusion-Fission Hybrid Reactors 

A fusion-fission hybrid reactor is simply a fusion reactor with a blanket of 
fertile and/or fissile material around it to intercept and utilize the neutrons released 
in the fusion reaction process. The neutrons may be used to cause fission, thus 
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enhancing the energy and neutron production of the fusion reaction or may be 
captured in fertile materials to produce fissile fuel. In most potential applications, 
a combination of energy and fuel production is obtained. 

The Hybrid Reactor Concept 

The fusion-fission hybrid concept was first proposed^^ in 1954. An excellent 
summary of earlier work may be found in Ref. 34 while a recent review is given 
in Ref. 35. 

The fusion-fission hybrid concept is of interest primarily as a potential copious 
source of fissile fuel. An abundant extemal source of fissile material would allow 
continued use of existing thermal reactor technology beyond the depletion of low-
cost uranium reserves. Both the energy and the fuel produced in a hybrid blanket 
are valuable products that could help fusion become economically attractive and 
may allow the performance requirements imposed on the fusion driver to be relaxed 
somewhat. Easier fusion performance requirements and enhanced economics could 
allow earlier application of fusion power than would be possible via electrical 
power production by pure fusion alone. Recognizing the continuum of modes 
between fuel production and energy production, the definition "fuel-producing 
hybrid" is used for reactors whose main product is fuel, "energy-producing 
hybrid" if the main product is energy, and "fuel and energy hybrid" if both 
products are important. 

The energy-producing hybrid would produce and consume fissile fuel in situ. 
producing energy as its only extemal product. A hybrid reactor design study done 
at Princeton Plasma Physics Laboratory explored this concept.^^ The energy-
producing hybrid provides a challenging design environment, high power density, 
high fissile fuel bumup, high afterheat level, and a significant radioactive inventory 
with concomitant safety concems. It appears that the bred fuel would be better 
used in an extemal fission bumer reactor where additional fertile conversion can 
improve fuel utilization. 

In the fuel- and energy-producing hybrid, fissile fuel is the primary product 
although significant amounts of energy may be produced by fast fission of the 
fertile material. The best overall blanket performance in terms of fuel and energy 
produced can be obtained from this sort of fast-fission hybrid blanket. ̂ ^ Fast-
fission uranium and thorium blankets have been designed for tokamak and mirror 
fusion drivers. 

The fuel-producing hybrid attempts to minimize the energy production in the 
blanket by suppressing fission.^^ Neutron multiplication through in,2n) reactions 
are used to improve breeding performance. The intent in suppressing fission is to 
simplify safety and blanket design considerations by operating at low power density 
with low afterheat. In a fission-suppressed blanket (a tandem mirror hybrid 
reactor),^^ fuel production rates comparable to fast-fission blankets can be obtained 
(—0.6 to 0.8 atoms per fusion neutron). The lower energy production of the 
fission-suppressed blanket allows the fuel production per unit thermal power to 
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be quite high and thus the modest energy production is counterbalanced by the 
larger number of fission bumer reactors that a hybnd reactor of fixed thermal 
power can support Although the fission-suppressed hybnd has a higher capital 
cost than the altemate fast-fission hybrid, the total system electricity cost is the 
same This means that the safety advantages, less stnngent design requirements, 
and reduced technology development needs of the fission-suppressed hybnd blan
ket may be obtained without economic penalty The fuel-producing fission-sup
pressed hybnd reactor appears to lead toward the optimum symbiosis of fusion 
and fission reactors 

The average performance charactenstics of typical hybnd blankets are shown 
on Table 11-VIII The blankets can produce significant amounts of fissile fuel If 
this fuel IS assumed to be burned in a thermal spectmm fission reactor, a large 
number of bumer reactors could be supported by each hybnd reactor The lower 
breeding performance of the thonum blanket is offset by the higher value of the 
bred ^̂ ^U as a fuel for thermal bumer reactors"" Use of more efficient thermal 
converter reactors, such as the HTGR, can further enhance the hybnd reactor 
support ratio, as shown 

Gas-Cooled Hybrid Designs 

In the application of gas cooling to hybnd reactors, maximum benefit must 
be taken of the advantages of gas cooling "̂^ The fact that helium is virtually 
transparent to neutrons will allow better nuclear performance than with other 
coolants Companng helium and boiling water for use with a uranium-fueled 
hybnd blanket for the commercial tokamak hybnd reactor,'*^ it was found that the 
helium-cooled design produced 30% more bred plutonium and 5% more blanket 

TABLE 11-VIII 
Typical Fuel Production Hybnd Blanket Performance Characteristics 

Charactenstics 
Fuel producUon 

(atom/fusion neutron) 
Energy multiplication (M) 
Fuel production 

(kg/MW fusion-yr) 
Fuel production 

[kg/MW(t)-yr]^ 
Support ratio*" — 

(Pei-bumer/Pei-hybnd)— 
-LWR 
-HTGR 

Fast-Fission 
Uranium 
Blanket 

(Ref 40) 

1 5 
10 4 

65 

0 76 
40 
— 

Fast-Fission 
Thonum 
Blanket 

(Ref 39) 

0 75 
30 

32 

1 25 
96 

20 7 

Fission-Suppressed 
Thonum 
Blanket 
(Ref 39) 

0 40 
1 3 

1 7 

1 16 
89 

19 2 

"Thermal power = fusion neutron power x blanket energy multiplication + fusion alpha power 
•"Assumed fuel consumption [kg/GW(e) yr] LWR-Pu, 533 kg, LWR-^^U, 360 kg, HTGR-"'U, 
168 kg 
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TABLE 11-IX 
Gas-Cooled Hybrid Blanket Safety Characteristics* 

Safety Charactenstics 

Time to melt 
fuel 
first wall 

Biological hazard 
potential 
(km^ of air) 

Probabilistic relative 
nsk (rem/yr)^ 

Uranium 
Fast-Fission 

15 min 
50 mm 

10" 

3 X 10"' 

Thonum 
Fission-Suppressed 

11 5 h 
2 h 

10'" 

7 X 10"*^ 

Thonum 
Fission-Suppressed 

Fertile Dilute 

not applicable 
8 to 10 h 

10' 

not available 

*From Ref 46 
"Accident dose x probability of accident, summed over all accidents 

power. A similar helium/water comparison for a thorium-fueled blanket for the 
demonstration tokamak hybrid reactor showed that the helium-cooled design could 
produce 19% more bred ^̂ ^U and 37% higher blanket power at the beginning of 
life, although a thicker blanket was required. 

An important consideration for hybrid blankets is afterheat removal. Like a 
fission reactor, the hybnd blanket will have fission product decay heat and will 
need to be cooled actively after shutdown to maintain acceptable fuel temperatures. 
The time required for the fuel to reach its melting point if none of the decay heat 
is removed ("adiabatic melt time") has been used as a measure of the sensitivity 
of various hybrid designs to loss-of-cooling accidents.^^ This measure is very 
conservative because it ignores coolant flow coast-down, natural convection, ra
diation, and conduction within the blanket, each of which will help limit fuel 
temperature rise. Adiabatic melt times ranging from a few minutes to tens of hours 
have been reported for various hybrid blankets^' (see Table II-IX). It is possible 
that afterheat concerns can be eliminated by use of fission-suppressed blanket 
designs. Although preliminary safety analysis of hybrid reactors has 
begun,''^'''*^ the state of hybrid reactor design has not yet progressed to the point 
at which detailed accident initiation and progression analysis can use probabilistic 
risk assessment techniques to calculate subsystem reliability targets. Nevertheless, 
the safety advantages of a coolant that cannot change phase are expected to 
contribute to protection against loss-of-cooling accidents. 

11-4 Conclusions 
From this review of gas-cooled fusion reactor concepts, some general con

clusions and observations may be made. Helium gas is attractive as the coolant 
for fusion systems and technically viable designs have been developed. Helium 
is chemically inert, nonmagnetic, and nonconductive, which greatly reduces ma-
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terials compatibility concems. It is neutronically virtually transparent to neutrons, 
giving excellent breeding performance. Helium undergoes no phase changes in 
the temperature range of interest, experiences negligible gravity effects, and even 
in the case of primary coolant boundary failure, will not be completely lost. These 
features facilitate blanket design and offer safety advantages by mling out the 
possibility of a loss-of-coolant accident. But designs must also take into account 
the disadvantages of helium: a low heat capacity, a low heat transfer coefficient, 
a high pumping power, and transparency to neutrons, which, though it improves 
breeding, leads to additional shielding requirements. 

Viable design concepts using helium cooling have been developed for all 
potential fusion applications. These applications include electricity production, 
generation of high-temperature process heat for synthetic chemical fuel processes, 
and breeding of fissile materials. In several of these concepts, the use of helium 
is essential to their success in meeting the design objectives. An example of this 
is high-temperature process heat production where the very high temperatures 
preclude use of a coolant not chemically inert. In other applications, such as 
electricity production, helium is one of several potentially viable coolant candi
dates. 

As a result of the various design studies summarized in this chapter, it is 
clear that the choice of coolant will strongly affect the entire design. For helium 
cooling, the design concept and configuration must be arranged in such a way as 
to take advantage of the many favorable characteristics of helium and to minimize 
the impact of the disadvantages associated with its use. When this design opti
mization is done, it is clear that helium can be a very attractive choice as a coolant 
for fusion reactors, making full use of the technology developed for fission systems. 
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APPENDIX A 

Conversion Table 

(Five figure accuracy based on U.S. metric practice, reference ASTM 380-76.) 

Acceleration 
1 m/s^ = 3.2808 ft/s^ 

9.8067 m/s^ = 32.174 ft/s^ (standard gravitational acceleration) 
Density 

Energy 
1 kg/m^ = 0.062428 Ib/ft̂  

I J = 0.23885 cal (Intemational Table) 
1 J = 9.4782 X lO"'* Btu (Intemational Table) 
1 J = 0.73756 ft-lbf 
1 J = 2.77778 X 10"^ kWh 

Flow (mass and volumetric) 
I kg/s = 2.2046 Ib/s 

Force 

Heat 

I m^/s = 2118.9 ft'/min 
I m^/s = 15850 gal(U.S.)/min 

1 N = 10̂  dyn 
1 N = 0.22481 Ibf 
I N = 0.10197 kgf 

1 J/kg = 4.2992 X I0~* Btu/lb (specific energy) 
I J/kg-K = 2.3885 x lO"'* Btu/lb-°F (specific heat capacity) 

1 W/m-K = 0.57779 Btu/h-ft-°F (themial conductivity) 
1 W/m^-K = 0.17611 Btu/h-ft^-°F (tiiermal conductance) 

Length, area, volume 
1 m = 39.370 in. 
I m = 3.2808 ft 

1 m^ = 10.764 ft̂  
I m^ = 35.315 ft̂  

Mass 

I m^ = 264.17 gal (U.S.) 
1 m^ = 1000 liter 

I kg = 2.2046 pound (avoirdupois) 
1000 kg = I tonne 
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Power 
1 w = 9.4782 x 10""* Btu/s (Intemational Table) 
1 W = 3.4121 Btu/h (Intemational Table) 
1 W = 1.3410 X 10"^ hp (550 ft-lbf/s) 
1 W = 44.254 ft-lbf/min 

1 W/m = 3.048 X 10"'' kW/ft (linear heat rating) 
1 W/m^ = 0.31700 Btu/h-ft^ (heat flux) 
1 W/m^ = 9.6623 x 

Pressure 
1 Pa = I N/m^ 
1 P a = 10"^ bar 
1 P a = 1.4504 X 
1 Pa = 9.8692 x 
1 Pa = 7.5006 X 
1 Pa = 2.9613 X 
1 Pa = 4.0186 X 

10" 

10" 
10" 
10" 
10" 
10" 

•^ Btu/h-ft^ (power density) 

-4 

psi '^ Standard atmosphere 
' ^ millimeter mercury (0°C) 
''^ inch mercury (60°F) 
"̂  inch water (60°F) 

Temperature 
t°c = tK - 273.15 
t°c = (t-F - 32)/1.8 
t-R = tT + 459.67 = 1.8 tK 

Velocity 

Viscosity 
I m/s = 3.2808 ft/s 

1 m^/s = 10'* Stokes (kinematic viscosity) 
I m^/s = 10.764 ft̂ /s (kinematic viscosity) 
I Pa-s = 1000 centipoise (dynamic viscosity) 
I Pa-s = 2419.1 Ib/ft-h (dynamic viscosity) 

Multiplication Factor Prefix Symbol 

10'^ 
10' 
10^ 
10^ 
10^ 
lO' 
10" ' 
10"^ 
10-^ 
10"^ 
10" ' 
10"'^ 

tera 

giga 
mega 
kilo 
hecto 
deka 
deci 
centi 
milli 
micro 
nano 
pico 

T 
G 
M 
k 
h 
da 
d 
c 
m 

M-
n 

P 
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Symbol 

J 
kg 
K 
m 
N 
Pa 
s 
W 

Unit 

joule 
kilogram 
kelvin 
meter 
Newton 
Pascal 
second 
watt 



APPENDIX B 

Thermodynamic and Transport Properties of Helium 
The following equations and correlations* are valid in the temperature range 

of 273 to 15(X) K and pressure range of 10̂  to 10^ Pa. Where relevant, an estimate 
is given on the error bounds for the particular quantity in question. The uncertainty 
values represent the estimated error bounds except for the viscosity and thermal 
conductivity, for which the standard deviations are given. Values in parentheses 
are estimated for the extended temperature range of 90 to 3000 K. Where only 
one value is given, it may be used for the complete temperature range. 

Gas Constant: Uncertainty 

R = 2077.22 J/kg-K <0.05% 

= 386.0 ft-lbf/lbm-R 

Equation of state: 

PV = RT + P BiT) , 

where 

Cl CA 

BiT) = Cl + 7 7 - -I-1 - C3T 1 -h C5T 

Cl = 9.489433 x 10"''(m^/kg) = 1.520021 x 10"^ ft^/lb 

C2 = 9.528079 X 10"''(m^/kg) = 1.526212 X 10"^ ft̂ /Ib 

C3 = 3.420680 X 10"^ (K"') = 1.900378 x 10"^ R " ' 

C4 = 2.739470 X 10"^ (m^/kg) = 4.388095 x 10"^ ft^b 

Cs = 9.409120 X 10"" (K"') = 5.227289 x 10"" R " ' . 

Compressibility: 

P 
Z = I + —BiT) . <V 

RT 

*J. Goodman et al., "The Thermodynamic and Transport Properties of Helium," GA-A13400, GA 
Technologies (Oct. 1975). 
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Density: 

P = 
RT + PBiT) 

Specific heat: 

Cp = 5193. J/kg-K = 1.2404 Btu/lbm-R , 

Cv = 3116. J/kg-K = 0.7443 Btu/lbm-R , 

and 

•Y = Cp/Cv = 1.666 . 

Enthalpy: 

H - Ho = CpT + 

Entropy: 

BiT) - T — BiT) 
dT 

S - So = Cp IniT/To) - R IniP/Po) - P— BiT) . 
dT 

Sonic velocity: 

Viscosity: 

c = Z VyRT . 

p. = 3.953 X 10"V*^^N-s/m^ 

= 6.388 X IO""r°^*''lbm/ft-h . 

Thermal conductivity: 

k = 2.774 X 10-37° ™i W/m-K 

= 1.062 X 10-37*701 Btu/h-ft-R . 

Prandtl number: 

Pr = 
_ 1 ^ 

= 0 .7407"°° ' " ; ! in K 

= 0.7467"°°'"; Tin °R . 

Uncertainty 

<0.5% (<5%) 

<0.5% (<4%) 

<0.5% (<4%) 

<I% 

<I% 

<1% 

(T̂  = 1.5% 

(Tk = 2.4% 

<3% (<5%) 
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Advanced gas-cooled reactor (AGR), 1, 
15 

commercial, 19 
WAGR, 15 

AGR (see Advanced gas-cooled reactor) 
Air cooling, 23 
ALC (see Auxiliary loop cooler) 
Ammonia, bottoming cycle, 284 
Auxiliary loop cooler, GCFR, 346, 350 
AVR (see Pebble bed reactor) 

Beryllium oxide, 23 
Binary cycle, bottoming cycle, 283 
Biot number, 336 
Blanket 

fusion, 362, 366, 370, 378 
GCFR, 325, 327, 344 

Breeding ratio 
fusion, tritium, 378 
GCFR, 319, 323 

Carbon dioxide, 2, 4, 144 
GCFR coolant, 353, 356 

CCGT (see Closed-cycle gas turbine 
reactor) 

Chopped cosine distribution, 77 
Closed-cycle gas turbine reactor 

CCGT, 252 
HTGR, 178, 250 
MGCR, 23 
MLl, 22 
pebble bed, 62 

Coal 
gasification, 302 
liquefaction, 302 

Coated particle, 3, 28, 35, 38, 40, 42, 
45, 48, 54, 105 

BISO, 186, 188, 210, 211 
design parameters, 211 
TRISO, 188, 210, 211 

Cogeneration 
HTGR-GT, 278 
HTGR-SC/C, 62, 299, 303 

Conductance 
cladding, 97 
fuel cladding gap, 97, 98 
fuel temperature, 99 

Conductivity integral, 103 
Confinement 

inertial, 363 
magnetic, 363 

Control rods 
bumable poison, 193, 210, 215 
design parameters, 193 
GCFR, 327 
HTGR, 209 
materials, 193 

Coolant mixing, 134 
Creep, graphite, 186 
Crossflow, 224 

Design-basis depressurization accident 
(DBDA), 242 

GCFR, 345 
Deuterium, 362 
District heating, 280 
DRAGON high-temperature reactor, 33 
Dry-cooling, 260, 279 

EBOR (see Experimental beryllium oxide 
reactor) 

EGCR (see Experimental gas-cooled 
reactor) 

Experimental beryllium oxide reactor, 22 
Experimental gas-cooled reactor, 25 

Film temperature rise, 81 
Fission per initial metal atom (FIMA), 

189 

407 
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First wall 
design, 373 
fusion reactor, 362, 366 

Flow resistance, HTGR, 223 
Fort St Vrain 

constmction, startup, operation, and 
R&D, 57 

HTGR, 52 
plant descnpuon, 52 

Friction factor 
correlation, 113 
Darcy, 107 
Fanning, 107 
GCFR, 332 
HTGR, 224 
laminar, 109 

Gas 
coolant choice, 142 
coolant comparison, fast breeders, 320, 

321, 353 
cooling, 1 
natural circulation, 349 

Gas-cooled fast reactor (GCFR), 4, 319 
blanket, 327 
codes 

CALIOP, 329 
COBRA, 330, 339 
FASTRAN, 346, 351 
RATSAM, 351 

fuel, 325, 340 
system descnption, 322 

GCFR (see Gas-cooled fast reactor) 
Graphite 

irradiation effects, 182 
moderation, 1, 3, 7, 15, 24, 32 
properties, 38, 182 

Grashof number, 354 

Heat exchangers 
Dragon reactor, 35 
Fort St Vrain, 52 
HTGR gas turbine, 271 
Peach Bottom, 41 
process heat HTGR, 308, 311 

Helium 
coolant, 4, 144, 145, 320, 367 
EBOR, 23 
effects of impurities, 193 
EGCR, 25 
fusion reactors, 367 
GCFR, 319, 320 
helium-cooled reactor, 367 
HTGR, 32 
UHTREX, 27, 28 

High-temperature gas-cooled reactor 
(HTGR) 

flow resistance, 223 
fuel cycle, 177 
fuel element, 205 
fuel rods, 189, 210 
HTGR-GT, 62, 250 
HTGR-PH, 299 

direct cycle, 308 
indirect cycle, 307 
process heat, 300 

HTGR SC/C, 62, 300, 303, 305 
low-ennched uranium cycle, 181 
modular, 62, 64 

Hot channel, 76 
Hot spot factor, 126 

GCFR, 130, 337 
HTGR (see High-temperature gas-cooled 

reactor) 
Hybrid reactor 

fusion-fission, 395 
gas-cooled, 397, 398 

Hydraulic diameter, 87 
Hydrogen 

cooling, 24, 143 
fusion, 394 
production, 282, 315, 317 

Intermediate heat exchanger (IHX) 
HTGR-GT, 255 
process heat, 309 

Intercooler, 255 

Laminar instability, 230 
LIFE code, 104 
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Liquid-metal fast breeder reactor, 319 
Lithium, 362 

Mach number, 109 
Magnox 

charactenstics, 7 
experience, 12 
reactor, 1 

Mirror machine, 363 
Mobile reactors, 22 
Modular HTGR reactor, 62, 64 

Natural circulation, 144 
companson of gases, 353 
GCFR,349 

Nitrogen coolant, 22 
Nusselt number, 85 

correlation, 86 
GCFR, 333 
pebble bed, 146 

Onficing, 80, 118, 138 
GCFR, 327, 344, 345 
HTGR, 222 

PCPV (see Prestressed concrete pressure 
vessel) 

PCRV (see Prestressed concrete reactor 
vessel) 

Peach Bottom HTGR, 38 
Peaking factor 

age, 181, 246 
fuel temperature dependence, 219, 238 
heat flux dependence, 232, 233 
power, 211, 232, 238 
region radial, 216 

Pebble Bed Reactor (PBR) 
AVR, 43 
modular, 139 
process heat, 317 
thermal hydraulics of, 145 
THTR, 48 

Plasma, 361 
Prandtl number, 86 

Precooler, 263, 275 
Pressure drop, 106 

fusion reactors, 378, 387 
GCFR, 340 
HTGR, 223 
parasitic (also see Spacer), 224 
pebble bed, 145 

Pressunzed water reactor (PWR), 320 
Prestressed concrete pressure vessel 

(PCPV), 308 
Prestressed concrete reactor vessel 

(PCRV) 
AGR, 19 
experience, 69 
Fort St Vrain, 52 
GCFR, 322, 324 
HTGR, 32, 48, 50, 202 
Magnox, 1, 11 

Process heat reactor 
direct cycle, 308 
fusion, 394, 395 
HTGR, 302 
HTGR-GT, 282 
indu-ect cycle, 307, 308 
Japanese VHTR, 62 

Process steam, 282 
Process steam/cogeneration, 302 
Propulsion reactors, 23 
Pumping power, 120, 142, 387 
PWR (see Pressunzed water reactor) 

RatcheUng, 173 
Recuperator, 262, 272 
Reformer, steam-methane, 311 
Residual heat removal (RHR), 345 
Reynolds number, 86 
RHR (see Residual heat removal) 
Rod bundle 

coolant mixing, 134 
heat transfer, 87 

Roughening 
AGR, 18, 19, 140 
conelations, 333 
GCFR, 323, 326, 328, 333, 334, 340 
surface, 94, 323 

Roughness 
correlation, 114 
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definition, 114 
optimum, 141 
surface, 94, 140, 323 

Safety analyses 
fusion issues, 382 
GCFR, 345 
HTGR, 242 

Sensible energy transport system (SETS), 
306, 315 

Sodium cooling, 320, 321 
Spacer 

GCFR, 336 
pressure drop, 117 

Stainless steel cladding, 15 
Stanton number, 81, 86 

rough surface, 336 
STARFIRE fusion reactor design 

H2O, 390 
Hehum, 391 

Steam generators (see Heat exchangers) 
Surface roughness (see Roughening) 
Synfuel, 302, 312 

Thermal stress, 167 
fuel pin, 170 
thin tube, 170 

Thermochemical water splitting 
fission, 312, 315 
fusion, 394 

Thermodynamic cycles, 255 
Brayton, 255 
Rankine, 255, 292 

Thorium fuel cycle, 32, 38, 54, 179 
THTR, 48 

Time-dependent thermal analysis, 244 
Tokamak, 363 
Transients (HTGR) 

categones, 196, 197 
thermal analysis, 238 

Tntium 
breeding, 362, 378 
deutenum-tntium cycle, 362 
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