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C. 0. Peinado, M.S., R. G. Wunderlich, B. S., and W. A. Simon, M. S., General Atomic Company, U.S.A. 

HTGR nuclear heat source component design and experience 

The high-temperature gas-cooled reactor (HTGR) nuclear heat source components have been under design and development since 
the mid-1950's. Two power plants have been designed, constructed, and operated: the Peach Bottom Atomic Power Station and the 
Fort St. Vrain Nuclear Generating Station. Recently, development has focused on the primary system components for a 2240-MW(t) 
steam cycle HTGR capable of generating about 900 MW(e) electric power or alternately producing high-grade steam and cogenerating 
electric power. These components include the steam generators, core auxiliary heat exchangers, primary and auxiliary circulators, 
reactor internals, and thermal barrier system. A discussion of the design and operating experience of these components is included. 

INTRODUCTION 
1. The high-temperature gas-cooled reactor (HTGR) nuclear 
heat source components have been under design and develop
ment since the mid-1950's when the 40-MW(e) Peach Bottom 

. Atomic Power :;!tation·was designed and constructed for the 
Philadelphia Electric Company. This reactor operated success
fully from 1967 to 1974 when it was shut down after completing 
its objective of demonstrating the technology. The Peach Bot
tom primary coolant system consisted of a steel reactor vessel 
and two cooling loops, each containing a steam generator and 
a helium circulator; the steam generators were of the vertical 
shell tube recirculating type with a steam drum, and the cir
culators were a single-stage centrifugal type electric-motor
driven compressor of 1487 shaft kW (Ref. 1). Significant 
changes to component design were incorporated in the 330-
MW(e) Fort St. Vrain (FSV) Nuclear Generating Station de
signed and constructed for the Public Service Company of Col
orado. This reactor has operated since 1976 up to 70% power 
level and in November 1981 a 100% power level was attained. 
The FSV primary coolant system is entirely contained within 
a prestressed concrete reactor vessel (PCRV) and consists of 
two loops, each containing two circulators and six steam gen
erator modules (Ref. 2). Since that time, the nuclear heat source 
components have been under cleveloPmePt for HTGR's in the 
range of 450 to 1330 MW(e). In the last 4 years, work has con
Ciifltraled un a 2240-MW(t) steam cycle HTGR capable of gen
erating about 900 MW(e) electric power or, alternatively, to 
produce high-grade steam and cogenerate electric power (Ref. 
3). 

2. The nuclear heat source system and itll primary compo
nents are shown in Fig. 1. The primary system includes four 
parallel coolant loops, each containing a steam generator and 
a helium circulator. Three parallel independent core auxiliary 
cooling system (CACS) loops are also provided for the purpose 
of removing afterheat from the core when the primary loops 
are not available. The major components in these loops are the 
core auxiliary heat exchanger (CAHE) and the auxiliary cir
culators. The reactor core makes use of the hexagonal fuel ele
ment concept developed for FSV but incorporates improvement 
based on the experience gained to date and allows operation 
with a low-enriched uranium (LEU) loading. The PCRV is a 
multicavity structure similar in concept to the PCRV designed 
for the Hartlepool and Heysham plants but incorporates ad
vancements in layout, concrete, and tendon strength. 

3. The development of the design is being sponsored by the 
Department of Energy and is being developed in close coop-

eration with the Gas-Cooled Reactor Associates (GCRA), a 
group of utilities organized for the purpose of encouraging the 
development of gas-cooled reactors (Ref. 4). The Department 

·if Energy is. also sponsoring the development of the t~chnology 
to support the design (Ref. 5). Functional requirements have 
been specified by GCRA. T-he nuclear heat source design is the 
responsibility of General Atomic Company supported-by Com
bustion Engineering on the heat exchangers and General Elec
tric on the circulator motors and controllers. The balance of 
plant design is the responsibility of United Engineers and Con
structors. A comprehensive design review was recently con
ducted by personnel from the above-mentioned organizations 
complemented by personnel from Oak Ridge National Labo
ratory, Idaho Nuclear Engineering Laboratory, Electric Power 
Research Institute, Bechtel Group, Inc., and several utility 
members of GCRA. The reviewers' conclusion was that the de
sign concept is feasible, and there are no technology barriers. 

4. This paper discusses the major primary system compo
nents including the applicable experience gained from the de
sign, construction, and operation of FSV. 

STF.AM GF.NF.RATOR 
5. The HTGRsteam generator is a once-through module com
prised of a helically coiled economizer-evaporator-superheater 
(EES) followed by a straight tube superheater (STSH) in the 
central core of the modul!!. The design of the EES heat transfer 
section is a direct scale-up of the FSV helically coiled EES 
bundle. This bundle consists of 2-114Cr- lMo tubing, while the 
STSH utilizes Alloy 800H tubing. The outer envelope dimen
sions of the overall assembly including shrouds, tubesheets, and 
bundle support are 4.5 min diameter by 21.7 m long. A diagram 
of the steam generator module is shown in Fig. 2: 
6. Feedwater is supplied via a tubesh1111t connected to a supply 
header that enters the steam generator cavity through a side 
penetration. Tubes extend from this tubesheet up to the EES 
bundle. The tubes exit from the top of the helical bundle and 
are routed within a stagnant gas volume to the STSH. The 
stagnant gas region is utilized for the location of the bimetallic 
weld and the superheater expansion loops. The tubes are turned 
downward into the STSH bundle, where the steam is raised to 
its final temperature. Just below the STSH heat transfer sec
tion, the tubes are gathered Into a superheat tubesheet, which 
connects to the main steam pipe routing out the bottom of the 
PCRV. The end of each tube is accessible at the feedwater and 
superheater tubesheet; there is no internal subheadering. 
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7. Hot helium from the core flows to the steam generator via 
a lower crossduct and enters the STSH radially through a right 
cylindrical flow screen. As the helium enters the tube bundle, 
it turns 90 deg and flows. upward through the STSH, parallel 
to the tubes. The helium exits at the top of the STSH, turns 
180 deg, and flows down over the helically coiled tubes in the 
EES section in cross-counterflow to the steam/water circuit. 
The helium exits at the bottom of the EES, turns 180 deg, and 
flows up around the steam generator outer shroud to the pri
mary circulator. 

8. The major configuration change resulting from FSV ex
perience was the placement of the steam generators in separate 
cavities within the PCRV in order to improve access for removal 
and replacement. Also, the reheater was eliminated, which 
greatly simplified the design and reduced the number of tubes, 
tube welds, and primary/secondary coolant headers required. 

9. The Peach Bottom, FSV, and large HTGR commercial pro
grams have provided most of the technical base for the ongoing 
and planned future technology development work. The remain
ing work planned includes programs to determine material 
creep-fatigue, fracture toughness, and large forging properties; 
flow distribution; boiling stability; wear protection; and seismic 
response. 

10. Problems of the type found in other nuclear steam gen
-erators such as tube denting, tube wastage, sludge buildup, and 
crevice corrosion have not occurred in HTGR steam generators. 
Experience at Peach Bottom with stress corrosion of austenitic 
materials and gas bypass was factored into the FSV design and 
these problems did not occur. Only one isolated tube failure has 
occurred at FSV in over 5 years of operation, and it is believed 
that this failure was due to an isolated manufacturing defect. 

PRIMARY CIRCULATOR, MOTOR; AND VALVE 
11. The primary helium circulator is a vertically oriented, 
single-stage centrifugal compressor, driven directly by a ver
tical synchronous 11,300-kW motor that is similar to existing 
standard industrial motors. The circulator is rigidly mounted 
to an extension of the PCRV liner. The compressor is inside the 
primary coolant system pressure boundary, and the motor is 
outside in the reactor containment environment. A helium
buffered seal at the lower end separates bearing water from 
reactor coolant helium, and a contacting face seal separates 
bearing water from the containment building environment at 
the upper end. The overall installation is illustrated in Fig. 3. 

12. The compressor rleRign speed is 2400 rpm. Compressor 
radial loads are carried by two water-lubricated journal bear
ings within the compressor-bearing housing, and thrust loads 
are carried by a rigid mechanical coupling from the compressor 
shaft to the motor thrust bearing. The motor journal and thrust 
bearings are conventional oil-lubricated, tilting-pad bearings. 

13. The c.irculator journal bearings are the shrouded-step 
type, similar to those used on the FSV circulator. This type of 
bearing provides a combination of hydrodynamic lift and hy
drostatic operation without undue complication. Furthermore, 
it does not have rubbing parts that require boundary-type lu
brication. Water pressure for the journal bearings is generated 
by an integral bearing water pump. The circulator shaft has 
a two-stage centrifugal pump impeller mounted between the 
journal bearings. The bearing water enters the shaft-mounted 
pump at bearing drain pressure and is fed from stage to stage 
to provide a nominal differential pressure of 2.1 MPa (300 psi) 
at full speed. 

14. Limited-clearance noncontacting labyrinth seals are uti
lized for isolation of the bearing cartridge water spaces from 
the primary coolant helium. The circulator compressor impeller 
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and primary coolant helium are separated from the compressor
side journal bearing by a double-labyrinth seal and a scavenging 
chamber. Purified buffer helium gas is introduced between the 
two labyrinths. A portion of the buffer gas flows past the lower 
labyrinth into the primary coolant system, and the remainder 
flows past the upper labyrinth into the scavenging chamber. 
The mixture of purified helium and water flowing to the scav
enging chamber is removed by jet pumps to the separator surge 
tank in the primary circulator service system. A shutdown 
pump provides a backup to the jet pumps. 

15. The upper (motor) end of the circulator shaft is sealed 
from the containment environment by a multistage thermohy
drodynamic mechanical seal that is similar to a typical com
mercial sliding-face shaft seal. A secondary seal, in series with 
the primary seal element, is designed to take the full differ
ential pressure and provide a backup to allow circulator shut
down in the event of a primary seal failure. 

16. 'l'he primary circulator drive motor is a solid rotor, syn
chronous motor designed for variable-speed operation. The 
motor is mounted vertically on top of the PCRV and is coupled 
to the circulator shaft. The primary motor controller is a solid
state, variable-frequency power supply with operating chrac
teristics to meet the motor operating and stability requirements 
over the entire speed range. 

17. The main loop isolation· valve is a split-flapper, flow
actuated check valve. The valve is similar in design to those 
used in the FSV primary coolant system. The valve consists of 
two semielliptical plates, which are at an angle of 45 deg to the 
vertical centerline when the valve is closed and at a small angle 
to the duct centerline when the valve is fully open. Closure of 
the valve is effected by gravity and the pressure forces gen
erated by reverse flow from the operating main or auxiliary 
circulators. An override mechanism, to assist in closing the 
valve, is included in the design. 

18. In the FSV reactor, axial-flow helium circulators are used 
to circulate the helium coolant. These circulators utilize steam 
turbine drives and water bearings for radial and thrust loads. 
The centrifugal circulators for the large HTGR plant use only 
radial water bearings, and the circulator drive has been 
changed from steam turbine driven to electric motor driven. 
Operating experience at FSV and in test loops has proven the 
reliability of the water bearing concept. However, operational 
upsets in the water bearing and seal system have resulted in 
the introduction of water into the reactor environment with 
major impact on plant availability. The principal contributors 
to this leakage have been (1) surges in the bearing water supply 
pressure, e.g., actuation of the backup bearing water system or 
bearing water accumulators, causing rapid changes in the bear
ing drain pressure that ove~load the helium/water drain circuit 
and force water through the labyrinth into the primary coolant 
system; (2) bearing drain control malfunctions, particularly 
malfunction of bearing drain valves; and (3) interactions from 
shared components in the circulator service system, i.e., system 
complexity. As a result of this experience, a simplified and 
improved water bearing and seal system has been designed for 
the large reactor and will be undergoing tests in the near future. 

CORE AUXILIARY HEAT EXCHANGER, CIRCULATOR, 
MOTOR, AND VALVE 
19. The CACS consists of three separate, independent, func
tionally identical cooling loops. The primary system portion of 
each loop consists of a core auxiliary circulator, a motor and 
controller, a CAHE, and a loop isolation valve, as shown in 
Fig.1. 

20. The CACS is designed to function with the PCRV either 
pressurized or depressurized. The CACS cooling capability is 
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sufficient to maintain the temperatures of all components in 
the PCRV within safe limits. Forced circulation of primary cool
ant through the auxiliary cooling loops is provided by the aux
iliary circulators. The core heat is delivered to the CAHE. The 
heat is then transferred to the core auxiliary cooling water 
system for ultimate dissipation to the atmosphere via the air 
blast heat exchanger. Each of the three CACS loops is fully 
capable of removing the residual heat from the core under pres
surized conditions after shutdown from full power. Two loops 
are required for cooldown when the reactor is in the depres
surized condition. 

21. The CAHE is a straight-bayonet-tube type of heat ex
changer. The sheath tubes are fabricated of 2-1/4Cr - 1Mo, 
while the bayonet tubes are carbon steel. 

22. ·The auxiliary circulators are electric-driven axial-flow 
compressors. The electric drives are variable-speed induction 
motors of 669 kW, 3600-rpm, four-pole squirrel-cage design. The 
motor power supplies include solid-state rectifier/inverters to 
provide variable-frequency control. Each motor is operated by 
an independent speed controller. Each auxiliary loop contains 
an isolation valve to limit backflow through the loop when the 
associated circulator is shutdown. The valve is installed in the 
vertical duct directly below the compressor. Coolant leakage 
flow is vertically downward through the closed valve during 
normal plant operation or when other CACS loops are oper
ating. The valve design is similar to that of the primary loop 
valve. 

23. None of the gas-cooled reactors operating or under con
struction in the U.S. or abroad have a separate fully dedicated 
CACS. However, applicable component experience is available. 
For example, some existing gas-cooled reactors have similar 
electric main circulator drives, motor hardware design, and 
control design features. 

THERMAL BARRIER 
24. The thermal barrier consists typically of multiple layers 
of fibrous ceramic insulation installed on the helium side of the 
PCRV liners, as shown in Fig. 5. The insulation blankets are 
compressed uniformly against the liner by cover plates, seal 
sheets, and attachment devices. The attachment fixtures consist 
of a center post with four studs, which locates individual cover 
plates. Seal sheets prevent migration of the fibrous insulation 
by overlapping the individual cover plates and thereby posi
tively retaining the blankets. This allows the cover plates to 
be designed with relatively liberal edge clearances, which min
imizes installation problems. The insulation blankets are be
veled on all sides and mate with correspondingly shaped blan
kets to assure that there are no gaps within the assembly. This 
system, with modifications as dictated locally by geometric and 
environmental conditions within the primary circuit, is used 
throughout the primary system. 

25. The low-temperature thermal barrier (Class A) utilizes 
the above-described design and employs carbon steel for all the 
metallic components. An alumina-silica blanket of the Kaowool 
type provides the insulation. This design is well suited, eco
nomically and technically, for the core inlet regions or regions 
where the normal coolant temperature does not exceed about 
370"C. Design basis emergency and faulted steam cycle tem
perature transients could expose these regions for short periods 
of time (a matter of a few hours) to temperatures of about 
59o•c. 

26. The high-temperature metallic/fibrous thermal barrier 
(Class B) is simiiar to the low-temperature design but is dis
tinguished by a different selection of materials. A nickel-base 
alloy Hastelloy X replaces carbon steel in the cover plates, seal 
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sheets, and attachment fixtures. The blanket assembly is a com
posite of high- and low-temperature fibrous materials. The 
cooler portions (less than about 500"C) employ the low
temperature type Kaowool, while the hotter portions are com
posed of high-purity silica, alumina, or alumina-silica mate
rials. This class of thermal barrier is suitable for service in 
areas on the core outlet side of the primary coolant loop where 
the hot face may be exposed to temperatures up to about 750"C. 
This design can also accommodate temperature excursions for 
at least 10 hours at about 1000"C without any damage. 

2:1. The hot duct (lower main cross duct) thermal barrier is 
distinguished from the conventional high-temperature insula
tion barrier by the addition of a flow shield. The normal flow 
velocity through the hot duct approximates 60 m/s, which is 
more than twice the maximum velocity encountered elsewhere 
in the loop. The shield is installed with a inlet fairing at the 
core cavity end, and it is supported primarily by an omega seal. 
Thus, in addition to providing a smooth flow passage, the shield 
protects the thermal barrier from local pressure gradients that 
could otherwise give rise to forced permeation within the in
sulation system. 

28. The high-temperature ceramic thermal barrier (Class C) 
is designed for the same service environment as the conven
tional high-temperature thermal barrier (Class B) in normal 
operation with respect to mean temperature. However, this 
design has the capability to withstand higher local tempera
tures in the range of 815" to 870"C for normal conditions, but 
with capabilities extending beyond llOO"C for accident condi
tion local transients. This system is used beneath the core to 
protect the bottom head of the PCRV and to transmit the weight 
of the core to the vessel proper. 

29. The nonload-bearing portion of this assembly consists 
essentially of a double-layer.ed, conventional, metallic-fibrous 
buildup. The temperature capability of this installation is aug
mented by placing graphite blocks on top of the outer fibrous 
insulation layer. 

30. The load-bearing portion of the installation is built up 
from a composite assembly of rigid insulating ceramic blocks. 
The materials used are silica and alumina. 

31. Fort St. Vrain experjence has satisfactorily demonstrated 
the practicality of a compressed ceramic fiber blanket system. 
The same materials and general approach were adopted for the 
large HTGR but with considerable simplification to improve 
reliability and reduce fabrication and installation costs. The 
major changes are: (1) a single layer of insulation is used in
stead of two layers in series with two cover plates; the single 
layer provides the same thermal resistance as the two separate 
layers in the FSV design; and (2) a different layout is used for 
attachments to the liner, with a smaller total number resulting 
in improved thermal performance. 

32. The FSV PCRV cooling water system has been closely 
monitored throughout the reactor's rise in power to 100%. Com
prehensive comparisons of measured and expected heat load 
data to date have revealed some local hot spots, but the PCRV 
integrity has been determined to be unaffected by these hot 
spot temperatures. It has been concluded that the performance 
of the thermal barrier design itself is close to that predicted. 
It should be noted that the occasional exposure of the thermal 
insulation to water ingress has not affected its thermal per
formance following dry-out. 

REACTOR INTERNALS 
Lower col'e support 
33. The graphite core support has evolved since FSV due to 
the experience gained in operation and testing of the FSV de-
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sign. Other improvements have resulted from the need to meet 
higher seismic load criteria, more stringent structural criteria, 
and more sophisticated regulatory requirements. 

34. Evolutionary improvements included in the large HTGR 
design are shown in Fig. 6 and summarized as follows. A re
movable inspection plug has been designed into the core support 
block to enable lower plenum and core support post inservice 
inspection. The core support posts and seats have been in
creased in size and are made from a higher-strength, lower
oxidation-rate graphite. The upper part of the core support 
block has been separated from the lower part to reduce thermal 
stresses and is made from high-strength, more oxidiation re
sistant graphite 2020 to increase allowable stresses and reduce 1 

oxidation effects. Because of this change, these parts are now 
easier to remove. The bottom reflector blocks and the upper 
part of the core support have been changed to a tight array of 
high-strength graphite hexagonal elements to reduce seismic 
impact loads and coolant bypass flow. 

Lateral and top core support 
35. At FSV a cylindrical steel core barrel provides the basic 
lateral support of the core and the reflector. Radial keys locate 
the barrel inside the PCRV cavity. The core barrel provides the 
barrier between the cold inlet gas and the core. The permanent 
side reflector surrounding the core and replaceable reflector 
consists of large graphite blocks stacked in columns ancl keyed 
to the core barrel at the top and the bottom. The disadvantage 
of this arrangement is that thermal expansion of the core barrel 
pulls the permanent side reflector, and the core support struc
ture, outward, opening gaps between permanent side reflector 
blocks and widening gaps between core columns and between 
regions. The resulting opening of flow paths and looseness of 
the core structure are the fundamental cause of the tempera
ture fluctuations observed at FSV. 

36. Fort St. Vrain experience, increased seismic requirements, 
and fundamental design changes in the overall nuclear steam 
supply arrangement have led to a different approach for the 
large HTGR design. The core barrel was eliminated and re
placed by a permanent side reflector assembly that forms a 
graphite cylinder consisting of large blocks. ThiR arrangement 
also provides for the transition from the irregular core bound
ary to the cylindrical PCRV core cavity. Stability of this seg
mented graphite cylinder is provided by side restraint spring 
par.kR and keys. as well a~ the radial inward acting pressure 
differences caused by the core pressure drop. Together with the 
core, the side reflector and spring pack~ furlfl atl integrated 
assembly designed to keep seismic loads within structural cri
teria limits. 

37. The top layer of the core assembly consists of metallic 
plenum elements that form the interface between the core and 
the flow control valve and provide for the distribution of coolant 
flow into the refueling regions. The plenum elements also pro
vide lateral restramt to the core top. At FSV, plenum elemtmt~ 
within a region are keyed together to provide top stability for 
the seven columns. Interregion keying was provided later by 
core restraint devices as a solution to the fluctuation problem, 
i.e., to stabilize the core arrangement at the top. The large 
HTGR design has a tight-fitting array of the plenum elements 
to reduce bypass (gap) flow as far as possible and at the same 
time provide the stabilizing function of the region constraint 
devices of FSV. A schematic of the lateral and top core support 
is shown in Fig. 7. 

CONCLUSION 
38. The HTGR nuclear heat source primary system compo
nent design and development are well advanced and have ben
efittod conoidorably from the "'~ri11nr." gained from past and 
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current operating HTGR's. Completion of the design and tech
nology development programs proposed as a part of the HTGR 
steam-cycle/ cogeneration lead plant program should provide 
the necessary assurance for reliable operation of these 
components. 
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Fig. 2. Steam generator; upper (top) 
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