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PREFACE

This Note presents the substance of a Rand briefing prepared for
Gas Cooled Reactor Associates under Contract No. GCRA/RAND/80-107.
This briefing summarizes, for a general, technical audience not spe-
cifically familiar with high temperature gas-cooled reactor (HTGR)

concepts, the following:

o} Generic HTGR safety features and issues as identified
from Accident Initiation and Progression Analysis (AIPA)
studies and support documents.

o An assessment of the implications of the accident at the
Three Mile Island (TMI) Nuclear Generating Station for
HTGR safety issues.

The scope of the briefing is limited to safety aspects of the
HTGR, particularly HTGR accidents and accident risks. Risks due to
weapons~-related proliferation or theft of fuel--which is of some
concern, at least for those concepts utilizing highly enriched fuel--
are not considered. Nor are economic or other factors not directly
related to HTGR safety. Finally, the briefing does not treat the
gas-cooled breeder reactor, although some of the interest in the HTGR
is due to the conceptual possibility of such a reactor.

This Note should be useful to technical and lay persons inter-
ested in nuclear reactor safety, particularly HTGR safety features

and issues, and in the impact of the TMI accident on HTGR design.






v

SUMMARY

The high temperature gas-cooled reactor (HTGR) concept, although
represented in the United States by only a single commercial plant,
stands as a potential supplement to the light water reactor (LWR) .
Thus there is an incentive to examine the potential inherent safety
of the HTGR concept and to assess, as well, the implications of the
accident at the Three Mile Island (TMI) Nuclear Generating Station
(a light water reactor) on the HTGR design.

Although it is not our intent here to assess the overall safety
of the HIGR, we do offer, in the form of a detailed narrative and a
set of appended slides, an overview of its key safety features and
related safety issues. In a few instances, these safety and environ-
mental features are compared to those of the LWR. Our review of the
literature indicates that many of the studies assessing the HTGR are
not fully commensurate with those assessing the LWR; they are based
on quite different assumptions and somewhat different methodologies.
But we find that in terms of environmental impact, the HTGR offers
about 25 percent less thermal pollution and roughly the same routine
radiological effluents. (With regard to the latter, however, the
literature does not agree about the precise quantities released by
the HTIGR.) To the extent that we can compare noncommensurables, the
HTGR offers some inherent safety features over the LWR. Specifically,
the inert, single phase, moderate pressure coolant (helium) and high
temperature, high heat capacity core and moderator of the HTGR, com-
bine to provide more time to respond to core heat up accidents.

Other than the advantages offered by this extended accident
response time, many of the same implications for the LWR hold true
for the HTGR as well; specifically, the need for stricter operator
training, additional reliability and safety analysis requirements,
additional siting studies, and additional emergency preparedness
measures, to name a few.

With regard to safety research, we recommend: -
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o Additional emphasis on comparing HTGR and IWR safety
issues on a more commensurable scale.

o Increased study and emphasis on accidents smaller than
those included in the design basis, with more consider-
ation of operator errors and common-cause failures.

o Consideration and comparison of alternative and enhanced
safety systems.

o Safety studies of alternative HTGR designs (i.e., the
process steam, reformer, and direct cycle).

o Additional study of accident consequences, including
degraded cores, radiation releases, and the impact on

public health.

While achieving a high level of safety is a necessary condition
to assuring both licensability and commercialization, it is by no
means a sufficient condition. Such factors as capital costs, fuel
cycle economics, potential for weapons proliferation, and plant
availability will be important as well. In this Note we address only

the factors of HTGR safety.
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I. TINTRODUCTION AND BACKGROUND

In the past two years--fueled by dwindling 0il supplies and the
potentially greater need for nuclear power on one hand, and public
concern about nuclear reactor safety on the other--the question of
light water reactor (LWR) safety has been a matter of increasing
public awareness. This concern was heightened in 1979 by the accident
at the Three Mile Island (TMI) Nuclear Generating Station (a light
water reactor) and the questions it raised publicly over nuclear power
plant safety. As a result, both the public and the government deci-
sionmakers have kept abreast of LWR safety issues.

Relatively limited information, however, is available to the
public and the government regulator and decisionmaker concerning the
safety of the high temperature gas cooled reactor (HTGR). 1In this
Note we present a more detailed version of the text developed for a
briefing on HTGR safety features and issues, along with a set of
slides in the Appendix. Our purpose is twofold: (1) to summarize
from the existing literature, some of the fundamental HTGR safety
features and issues; and (2) to assess the safety issues raised by
the impact of TMI upon the HIGR. We also identify a limited set of
safety-related research néeds for the HTGR.

Although we discuss some HTGR features and issues in light of the
LWR--especially with regards to the Three Mile Island accident--it is
neither our intent nor within the scope of our study to fully treat
the ILWR, or LWR/HTGR comparisons. In many ways the two concepts are
not strictly comparable without a full-scope safety study specifically
designed to do just that. However, we do address a few of the key
differences between the LWR and HTGR in a qualitative fashion, in
order to place the major HTGR issues into focus against the state of
the art of LWR safety. If the HTGR is to become competitive with the
ILWR, it will most easily accomplish this by demonstrating a level of
safety comparable to that of the LWR. Thus, we have pointed out just

a few of the areas where rough comparisons are possible.



Finally, although we consider four HTGR configurations, we do
not discuss the gas-cooled breeder reactor. Although there is current
interest in such a concept, the inclusion of a discussion of breeder

reactor features is beyond the scope of this study.

Background and Organization

The basic operation of a nuclear reactor (or almost any electri-
cal power generating plant) is to convert water into steam by burning
some type of fuel and then to use the steam to drive a steam-turbine
generator. In a light water reactor, a nuclear core heats water
which either directly turns to steam, or subsequently heats a second
reservoir of water in a steam generator, which then turns to steam.
(This is the type of reactor at Three Mile Island.) In the basic
HTGR configuration, the reactor core heats helium which then turns
water to steam in a steam generator. In all commercial reactors, this
process takes place in a number of parallel "loops" which circulate
coolant through heat exchangers (one per loop), and back to the common
reservoir surrounding the reactor core.

In this Note, we consider "HTGR" to refer to any of several reac-
tor core configurations in which the graphite moderator* and the fuel
(as coated oxide or carbide particles) are in close thermal contact,
and the combination is cooled by helium. The result is a near-
homogeneous mixture of fuel and moderator with a high heat capacity
and a high temperature capability. These characteristics make HTGRs
fundamentally different from LWRs and earlier gas cooled reactors.

In the LWR, the fuel is isolated into lower-temperature, metal-clad
tubes (fuel pins), cooled on the outside by water which doubles as

the moderator. In the HTGR, the coating of fuel particles with pyro-
lytic graphite and carbide is a relatively newer developed technology:

varying estimates of the ability of coatings to retain fission

*

In a reactor, the moderator (graphite in the HIGR, water in the
IWR) is used to slow down the neutrons produced by fission until they
have the proper energy to produce additional fissions.



products, and the provision of alternative means of fission product
retention account for the major differences among HTGR core concepts.

High operating temperature is desired to improve the thermal/
electric conversion efficiency and thereby to reduce fuel consumption
and thermal pollution. High fuel temperature and good efficiency
require a nonreacting high temperature coolant, with good thermo-
dyramic characteristics, hence helium,

A fundamental question facing HTGR advocates and ultimately DOE
management is whether the advantages of the HTGR justify continued
major support toward full commercialization, Like most important is-
sues this one is plagued by major uncertainties both in the costs to
be anticipated and in the benefits to be realized. The advantages of
the HTGR are generally of two types: improvements in efficiency, ther-
mal pollution, fuel consumption, and flexibility of application (all
resulting from the higher reactor operating temperature); and im-—
provements in safety dﬁe to fundamentally different reactor core
configurations and materials. The first class of improvements has
been the main sales line for 30 years and has resulted in a single
U.S. commercial-sized plant, Fort St. Vrain, in Colorado. No com-
mercial offerings are presently made. The safety advantages of the
HTGR have received relatively little attention, and are very difficult
to quantify. The greater attention now focused on safety as a result
of the Three Mile Island accident as well as the increasing attentions
of intervenors makes detailed re-examination of HTGR safety desirable.
This briefing attempts to outline the issues that need attention, and
assesses the impact of TMI on the HTGR.

We contend that achieving a high level of safety is a necessary,
but by no means sufficient condition to assuring both licensability
and commercialization of the HTGR. Such factors as capital costs,
fuel cycle economics, potential for weapons' proliferation, and power
plant availability remain important as well., However, in this Tech-
nical Note we address only some of the more fundamental safety

questions,



As a result of this study, we have identified a number of in-
herent features that make the HTGR anréttraétive'éupplemént to the
LWR, both in terms of environmental and safety considerations. How-
ever, as a result of concerns arising from the TMI accident, and
from a consideration of possible problem areas in the HTGR concept,
it is evident that upgraded safety studies and additional verification
of engineered features will be required for any future commercial HTGR
designs. In addition, we contend that special attention must be de-
voted to such areas as reactor siting, emergency preparedness and
operator training.

Our specific recommendations for further safety analysis

include:

o increased emphasis in risk assessments on accidents smaller
than the traditional Design Basis Accidents, and on the
potential effects of operator errors and common cause
failures. -

o consideration of alternative and enhanced safety systems.

o studies of the relative safety of other advanced HTGR plant
concepts, including the process steam, reformer, and direct
cycle.

o Additional studies of accident consequences, especially
degraded cores, radiation releases and the potential impact

on public health,

In the remainder of this section we begin by providing a historical
background to HTGR development and safety analysis programs. Then,
in Section II we introduce some background concepts of HTIGR designs,

including four alternate HTGR concepts.

o Steam cycle (base design)
o Process steam/cogeneration
o Reforming (process heat)

o Direct cycle



In Section III we introduce some of the key safety features of the
HIGR, divided into three categories: inherent environmental features,
inherent safety features, and engineered (design) features. Section
IV then presents a three phase summary of specific HTGR safety issues.
First, we introduce some safety questions generic to all reactor con-
cepts. Second, we present the key safety issues specific to the HTGR.
And third, we describe several of the points which distinguish the
four HTGR concepts.

We next provide in Section V, a two part discussion of the im—
pact of Three Mile Island on the HTGR. There we describe (1) issues
raised by the TMI accident as they apply to the HTGR, and (2) an ex~
ample of how the TMI accident scenario might compare to an equivalent
HTGR sequence. Finally, in Sections VI and VII we highlight licens-
ing issues and areas of major interest for current and future HIGR
safety research. In the Appendix we have included the full set of
vugraphs which were developed for this study. Although the figures
and tables in the text contain the key information, the reader may

also follow the vugraphs along with the text of this Note.

History of the HTGR and HTGR Analytic Studies

We will now briefly summarize the history of the high temperature
gas—cooled reactor, concentrating on relevant analytic safety studies,
both in the U.S., and elsewhere [1,2]. The HTGR was proposed in the
U.S. in 1942, and the first design was developed at Oak Ridge National
Laboratory under Farrington Daniels in 1945. Although this was only
a theoretical design, it did develop many features, including the
U235/Th232/U233 fuel cycle, still used today. Subsequently, the first
prototype gas-cooled reactor was built in Great Britain at Calder Hall,
reaching criticality in 1956. This was a prototype of the Magnox
reactor now widely used by the British, Thirty-six magnox systems
with a combined electrical rating of 8200 MW are now in operation.
Currently there are over 600 reactor years of gas reactor experience,

comparable to the current LWR experience base.



The Magnox reactors use metallic natural or slightly enriched
uranium fuel, encased in magnesium alloy with heat-transfer-—enhancing
fins. They are graphite moderated, and cooled by CO, Their normal
operating temperature is severely limited by the mag;;sium cladding.
This type of reactor does not take best advantage of the thermal mass
of graphite, because of the low temperature capability of the metals,
and because there is a poor conduction path between fuel and moderator.
An unforeseen type of accident at Windscale in October 1957 resulted
from energy storage by lattice deformations in the graphite at low
temperature, which when released at higher temperature induced a

reaction of the moderator and coolant (C + CO, - 200). This resulted

in a severe overheating of the reactor, and tie core was a total loss.
Changed operational procedures and design modifications have precluded
a repetition.

This was followed by the European Nuclear Energy Agency's Dragon
HTGR, in 1965. Then, in the U.S. the 40 MWe Peach Bottom Reactor
became the first power-producing HTGR in 1966. This reactor was based
on designs by Oak Ridge and by General Atomic Company* dating back to
1956. It operated successfully without major systems problems until
it was shut down in 1974, after 7-1/2 years of operation. Finally,
the 15 MWe (megawatt-electric) AVR reactor (a pebble bed concept)
reached criticality in 1966 in West Germany. This series of HTGRs
used differing fuel particle coating schemes and auxiliary provisions
for fission gas and particle retention.

In the U.S., the Fort St. Vrain reactor is the first commercial-
sized HTGR., This 330 MWe reactor has been operated by the Putlic Ser-
vice Company of Colorado since reaching criticality in January 1974,
The Fort St. Vrain reactor was the first attempt at a commercial HTGR.
It was the first U.S. use of a pre-stressed concrete reactor vessel
(PCRV) and the first use of steam turbine drives for the helium cir-
culators. Novel features in many areas such as provisions for cir-
cular lubrication were necessary. Substantial delays and difficulties

were experienced in getting all the novel auxiliary equipment to work

*

In 1956 General Atomic Company was known as General Atomic
Division of General Dynamics Corporation, and later as Gulf General
Atomic.



adequately and without leaks. An unanticipated temperature fluctuation
problem in the core (described more fully in Section III) has pre-
vented operation at full power, and the reactor has operated at very
low capacity factors to date.

According to a statement in Energy Datly of 8 September 1980 [3],
"Both General Atomic and Public Service of Colorado are confident,
however, that they have identified the problems; their 'fix' was in-
stalled during last year's refueling outage and will be tested
(shortly)." This fix consisted of a structural change in the core
to cure the temperature dynamic problem, which was caused by thermal
expansion and bbwing effect due to a non-uniform temperature distri-
bution. General Atomic indicates that future HTGRs would also have
some simplifications in circulator drive and steam cycle arrange-—
ments.

The year 1974 also marked a succession of events important in
the field of safety analysis for both the Light Water Reactor (LWR)
and HTGR. Early in 1974 the General Atomic Company began a large-—
scale program, under the Reactor Research and Development Division
of the Energy Research and Development Agency.* This program, the
Accident Initiation and Progression Analysis (AIPA), used probabil-
istic risk assessment methodologies to study HTIGR safety anrd to
provide future R & D guidance for the HTGR [4-7]. Six months after
this work began, the draft of the Reactor Safety Study (Draft WASH-
1400, August 1974), a multi-million dollar probabilistic risk assess-—
ment study of LWR safety, was issued by the Atomic Energy Commission.
This study, under the direction of Norman C. Rasmussen of the Mas-
sachusetts Institute of Technology, became, in effect, a kind of
de facto standard for future such reactor safety assessments,
and indicated that probabilistic reactor safety studies, such as the
ATIPA already begun, would probably be even more important in the

future.

*
Formerly the Atomic Energy Commission and now the Department of
Energy.

Trhe final version was released in 1975 as NUREG 75/104 by the
Nuclear Regulatory Commission [8].



Although the succeeding years showed an increasing public aware-
ness of reactor safety issues, including concerns about the accuracy
of and completeness of the Reactor Safety Study [9], the most sig-
nificant event occurred on March 28, 1979--the accident at the Three
Mile Island Nuclear Generating Plant in Pennsylvania. Because of
this incident, safety aspects of reactors have become even more
paramount in the mind of the public, and safety issues are of greater
concern than ever in reactor design, development, construction and
licensing efforts. Other HTGR safety studies have continued both
before and after TMI--and will play a major role in future HTGR
work--for example, the Steam Cycle Safety Design Optimization in

1980.



II. HTGR DESIGN FEATURES AND ALTERNATIVE CONFIGURATIONS

This section introduces some basic HTGR concepts for the steam
cycle configuration. Three other potentially viable HTIGR designs are
illustrated: the process steam (cogeneration) design, the reforming

(process heat) concept, and the direct cycle.

HTGR Features

A schematic drawing of an HTGR steam cycle plant is shown in
Fig. 1. We discuss the steam cycle concept as the "reference" HTGR
concept since it is the most highly developed design. In this Note,
the reference plant is the 6 loop, 3000 MWth design which was analyzed
in Ref. 6 (a 4 loop, 2000 MWth plant was an alternative version).*
Because of the relatively good net thermal efficiency of such a plant
(about 39 percent), this corresponds to a maximum gross electrical
output of up to 1170 MWe. The fuel consists of a Thorium-232/Uranium-
235 mixture, of up to 93 percent U235 in the most highly enriched core
design, with a fuel lifetime of four years. Because of the risks of
proliferation of such nuclear weapons-grade material, there is much
interest in a 20 percent enriched core design which would pose some
lesser risk of proliferation.

The fuel is in the form of small uranium carbide and thorium
oxide particles coated with silicon carbide and high density iso-
tropic pyrolytic carbon. That is, the uranium and thorium fuel (in
the form of high temperature ceramic) is contained within small
spheres of high temperature materials which provide a barrier against
the release of radioactivity to the environment. This coating should
remain intact up to about 2550°F. At 4000°F about 10 percent of the
fuel particles are expected to fail. These particles are then bonded
together with a graphite binder and inserted into graphite fuel ele-

ments. Finally, these elements are contained within a graphite core

*
More recent designs are a 4 loop, 2240 MWth and a 2 loop, 1170
MWth plants.
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which is arranged as an upright cylinder, and embedded in a pre-
stressed concrete reactor vessel (PCRV) as indicated in Fig. 1. This
overall structure provides several barriers which act to prevent, or
minimize, radiation leakage both under normal operating conditions
and accident situations as well. Because of the high-temperature
capability of this structure, the HTGR core can operate at higher
temperatures than metal-clad LWR fuel, thereby providing advantages
over the LWR in various applications to be described later.

The PCRV itself consists of concrete with reinforcing steel
tendons, both vertically and horizontally. This structure includes
penetrations and cavities which contain the entire primary coolant
loop and components, including a circulator (pump) and steam gener-
ator, as shown in Fig. 1. That is, there are no primary system pipes
or components extending out of the PCRV; thus this system should be
able to maintain a high level of integrity within the primary coolant
system. However, secondary steam/water piping lines and other piping
do enter and exit the PCRV. In addition, the multitude of tubes and
welds within the steam generators poses a problem of primary-to-
secondary leakage. Although this is a concern with LWR plants, it is
an additional problem for the HIGR steam cycle since the steam gener-—
ators are within the PCRV itself. This has been a problem with the
Fort St. Vrain HTGR.

The overall coolant system consists of the primary (helium) sys-
tem, a secondary (water-steam) system, and a final (water) system.
The primary system utilizes moderate pressure helium (about 725 psi),
circulating through the core and out to a steam generator within the
PCRV (at 1366°F) where it is cooled to 600°F. This steam generator
turns water in the secondary system into steam to drive a steam
turbine-generator which produces the electric output. Finally, ex-
ternal water is used to condense the secondary steam back into water
to be run back through the steam generator. For the 2000 MWth con-
cept, four such loops in parallel are provided, driving a common
steam-turbine generator, with six being provided for the 3000 MWth

plant.
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The main coolant loops normally provide residual heat removal
during all anticipated operating modes, including plant start-up,
normal power, plant shutdown, and during transients. Even in the
event of a loss of pressure in the primary system, sufficient cool-
ing can be supplied by the main coolant loops. However, current
HTGR concepts also include a backup coolant system, the core auxiliary
cooling system (CACS), which is one of the plant's "engineered
safety features" (i.e., is an additional system specifically
designed to perform a safety function). This system consists of
three parallel loops (two in the case of the 2000 MWth), each

with a core auxiliary heat exchanger (CAHE), its own circulator,

and core auxiliary cooling water system (CACWS). Although similar
in concept to the main cooling system, containing a primary He loop
and a secondary water loop, the CACS differs in that no steam--only
water--is present in the secondary loop. In addition to providing
cooling backup to the main loops, the CACS is, in itself, redundant.
For most accidents [10] only two of the three CACS loops are re-
quired for the 3000 MWth plant (one out of two for the 2000 MWth
plant). Finally, should one or more of the cooling systems be un-
available, the large heat capacity of the graphite core provides a

relatively long heat-up period as an additonal safety factor.

Alternative HTGR Configurations

In Figures 2-4 we illustrate three other HTGR configurations:
the process s?fam/ngeneratiQn cycle, the reforming cycle, and
the direct cydie. While each of the fﬁree has a similar nuclear
core, they differ in the way in which the heat they produce is uti-
lized to produce the final energy output.

The Process Steam plant (Figure 2) produces high temperature/
high pressure steam both as an end product, as.well as for use in
producing electricity (as in the steam cycle, Figure 1). Thus,
it is designated a cogeneration (steam and electricity) plant.

The steam produced could be utilized for such application as en-

hanced o0il recovery, synthetic fuels production, or other industrial



-13-

HO1H :o_«.m._w:mmOU /wea)s ssadoid—g B4

duing ——————

OJ _ 131EM
aH I0H
I

_ “ (— 1]
uimal L/V _ 101e43e3(Q _
T |
_ _
| |
_ hwwﬂw.%_. _ _o,u““w%mom 2109
weals _ _
$5300.4 _ _
>
: _ 7 _ —
103e49U3b _
aulqIn]
| |
Aijepunoq
aus _ weas
_ ——
_ 103e|nas) ®H 1003
_




14—

saseb
jonpoad
$5300.4

ajoAa Bujwioyay mO._I.I ayl—g B4

Jabueyoxa
jeay
$5320.4d

pas4 L_v ~ )

{suoyieoi|dde ssaooad 10 weag
uopesauab 211309(9 104)

J01813Ub
weag

(—

1018010

XHI ‘210D

)

D ol

— (3

1316 M Vll.L )

8H (00D

101eind41D

_
aH 100D _ ,




-15-

auiqny seb aj9Ad 100.1p 8y —¢ 614

o AdOd

_|.| 1ossasdwio) aulqanj _
pieAyoumg _ _
10}R13U30) “ _
11BN —— _ * * QI* _

- 10H
_ |

189m0} _ Jojesadnoay
6ujjooo _
Aa _

_ 2109 _
HY g .‘-_ oH _
_ j00) _
* n _
13]0023344 _




-16-

processes. However, the fact that the process steam would be used
by external industries implies that such a plant must be sited near
the user's facilities, and by implication, potentially near adjacent
population centers.

Figure 3 illustrates the HIGR reforming cycle. The objective of
this concept is to use the heat from the reactor core to induce a
chemical reaction in some "feed" compounds, producing resulting prod-
ucts which can be stored, transported, and later "burned" to release
energy.* Thus, this concept essentially stores a portion of the HTGR
energy produced, in order to use it at another time or location., Ad-
ditionally, electrical energy would also be produced by a steam gen-
erator cycle, as shown in the figure. Two advantages of this con-
figuration are that energy can be produced and stored during of f-
peak hours, and that the energy ultimately produced includes heat
as well as electricity., However, one inherent difficulty is the use
and storage of potentially explosive gases near a nuclear reactor,

In the direct cycle gas turbine configuration (Fig. 4), a gas
turbine is contained within the PCRV and is driven directly from the
primary system helium, rather than indirectly from steam. This de-
sign, in fact, completely eliminates the need for steam generators
and associated systems. Other advantages include a greater ef-
ficiency than the steam cycle (up to 40-48%), and the possible use
of waste heat for process heating. Disadvantages include the turbine
within the PCRV itself: the large pressure drop across it, the pos-
sibility of a turbine failure producing missiles near the core, and
the necessity of a large penetration within the PCRV. These problems
are not unique to the direct cycle, since all concepts include ro-
tating machinery (circulators) near the core, and several large pen-
etrations. The turbine does, however, increase the magnitude of

these problems.

*
For example, General Atomic Company has designed a system which

combines steam and methane, along with a catalyst to produce hydrogen
and carbon monoxide.
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ITII. HTGR ENVIRONMENTAL AND SAFETY FEATURES

We explicitly distinguish between the environmental and safety
features that are generic (inherent) to the HTGR itself and those
features added in the design to enhance safety. In this section we
discuss the HTGR steam cycle configuration; in Section IV we compare
the safety and environmental considerations for all four concepts.
Several additional design features being considered to enhance the
safety and reliability for future HTGR plants are also discussed in

this section.

Inherent Environmental Features

First, we discuss the environmental features of a commercial
sized HTGR plant (the proposed Fulton plant) and an equivalent LWR
plant (a pressurized water reactor type). We consider both thermél
pollution and radiation releases to the environment. For equivalent
sized plants, Table 1 indicates the significantly higher thermal ef-
ficiency of an HTGR vs. an LWR. That implies less wasted heat re-
leased to the environment, and potentially lower water requirements.
This can result in either a smaller temperature rise using an equiv-
alent flow of water, or in lower volumes of water required, up to
100 million gallons per day saved, for a once-through water system [2].

Table 1 also compares radiation releases for the HTGR and LWR,
along with radiation criteria from the U.S. Code of Federal Regula-
tions, 10 CFR 50, Appendix I [11]. Although estimates for releases
from a commercial-sized HTGR vary among references [2,12,13] it ap-
pears that both liquid and gaseous radiation releases from a commercial
HTGR during normal operation would be of the same order, or less than,

that of typical LWR's., Both HTGR and LWR releases would be at least
a factor of 10 below 10 CFR 50 Appendix I limits.
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Table 1

INHERENT ENVIRONMENTAL FEATURES

10 CFR 50
Item aTerR® | LwR (PWR)?| Appendix I
Size 3000 MWth| 3000 MWth
Thermal efficiency 38-407%+ 30-327%
Routine radiological
release |
_ Liquid effluent” |
Total body <0.001-0.37| 0.15 | 3
Organ <0.001-0.52 0.20 E 10
- Gaseous releaseb %
Total body <0.0005-0.18 | 0.16 ‘ 5

8References 2, 12, and 13.

b - . .
Individual dose at nearest residence, in m-rems per year,
received by any affected person.
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Inherent Safety Features

We next discuss inherent safety features of the HTGR, as they
differ from those of the LWR, in Table 2., We basically consider
differences resulting from the coolant, core and moderator of the
two plant types. The use of helium rather than water, as a reactor
coolant has many advantages: It is inert and will not react with
or corrode any material at high temperatures: it does not affect
reactivity; being a single-phase material it does not introduce
heat transfer or stability problems associated with change-of-phase,
such as with water; and it does not become activated by radiatiom.
On the negative side, it is available in limited amounts and gross
leakage through PCRV and outer containment could result in exhaustion
of the supply at a power plant. To reduce the void fraction nec-
cessary for gas cooling, a high pressure and a high circulating power
are required. High pressure makes leaks possible and serious, and the
high circulating power requires complex provisions to reasonably as-
sure circulation in emergencies.,

In contrast, the water as coolant in an LWR is chemically
active and introduces corrosion problems; it can boil, thus im-
paring cooling; it can become radioactively activated, posing prob-
lems from leakage; changes in its density affect the reactivity of
a core (both an advantage and a disadvantage); it requires higher
pressures to keep from boiling at operating temperatures, and has
a higher stored energy content which can be violently released in
an accident; and a loss of coolant precludes the normal operation
of the main loops for cooling.

The ceramic, coated fuel and graphite core/moderator structure
of the HIGR provide additional advantages. First, the ceramic (non-
metal) nature of the entire fuel-core structure allows the core to
heat-up to relatively high temperatures, as compared to metal-clad
LWR fuel, without gross failure. Second, the high heat capacity of
the graphite means a slower heat-up than the LWR, allowing more time

to initiate safety measures in the event of an accident. In addition,
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should steam or water enter the core in the course of an accident,
(most likely in the steam cycle concept), the resulting steam—graphite
reaction is endothermic, and actually would cool a hot core. This is
in contrast to an LWR-type scenario, in which both heat and hydrogen
can be produced from a steam-metal clad reaction at elevated temper-
atures.

The graphite structure of the core, however, also has a number
of disadvantages. Depending on the core arrangement, shifting of
blocks making up the core is possible (as in the temperature fluctu-
ations of Fort St. Vrain) and might cause a number of difficulties
such as restriction of cooling passages, nonuniform flow distribution,
or even blocking of control rod holes. The usable thermal inertia
may be limited by the temperature capability of primary coolant sys-
tem components and core supporting structure. Breakage due to
thermal stresses, unanticipated loads, or earthquakes could result
in coolant passage blocking, control rod jamming or blocking, or
gross structural failure. Ingress of steam or air to a hot core
could result in severe erosion and destruction of the core by chemical
reaction. The steam-graphite reaction is endothermic and therefore
tends to be self-limiting (given a successful SCRAM), but the pos-
sible erosion and fission product escape is serious enough that
instrumentation is provided to detect steam leaks into the core,
and to initiate automatic dump of the steam and feed water from
steam generators in case of a leak. Ingress of air to the core is
less likely, because it would require rupture of two barriers instead
of one, but the consequences could be more serious, since the reaction
of air and hot graphite is exothermic and self-sustaining. Such an
accident could perhaps be initiated by the mechanical failure of the
rotor of a circulator drive motor (order of 10,000 hp rating), that
could release enough energy to penetrate the containment as well as
cause a major opening in the PCRV.

With regard to the reactor vessel itself, the HTGR prestressed
concrete reactor vessel (PCRV) is essentially a large block of con-

crete with a multiplicity of replaceable tendons, such that the
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failure of any one is inconsequential. By contrast, the LWR vessel
is a large steel pressure '"tank" with many welds, any of whose
failure could lead to a loss of coolant., Additionally, all primary
system piping and components are contained within the PCRV in the
HTGR, thereby precluding a primary system rupture, although secondary
system piping exits and enters the PCRV. In the LWR, all major
primary syster components (piping, pumps and heat exchangers) are
outside the vessel, thereby allowing a loss of coolant should gross
failure or rupture occur.

Finally, we note that the essential safety advantage of an HTGR
is making more time (hours or days) available for corrective action.
But if corrective action cannot be devised, the consequences can be
almost as bad as for LWR with the important exception that evacuation

may be feasible for the HTGR.

Engineered Safety Features

In Table.3, we list a comparison of several key engineered
safety features for HTGR's and LWR's. Since many of these are similar
in concept, though not in detail, for both reactor types, we will
concentrate on the HTGR features. First we see the core auxiliary
cooling system, a backup cooling system which is both redundant and
diverse (except for the use of the same type of coolant-helium).
Second are two shutdown systems--designed to provide diverse means
to shut down the reactor in the event of transient (an undesirable
change in the reactor operating conditions which might lead to ac-
cident conditions). The normal shutdown system consists of "rods"
held above the core by steel cables and lowered by winches, and
designed to drop in rapidly under the force of gravity. For the two
types of LWRs, one contains a gravity drop system from above, while
the other type uses water pressure to drive rods in from below. The
HTGR backup system releases boron-graphite pellets into channels in
the core, in contrast to the LWR system which injects boron into the
reactor coolant water to shut down the nuclear reaction. Either

system can fully shut down the reactor should the other fail.
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In addition to active systems designed to shutdown and cool the

reactor, the HTGR has four "lines of assurance" designed to retain

radiation and minimize any releases due to accident conditions.

These are:

)

2)

3)

The coated fuel particles which, as previously described,
can remain intact and contain the radioactive fuel at up

to 1400°C (2550°F),* whereas the average core temperature
is normally 890°C (1634°F). In the event of a total loss
of cooling, 50-60 hours would be required for 907% failure
of particle coatings [6]. In this time, some radioactive
fission products would have decayed significantly; others
(metals, including Pu and U) would be completely retained
in the graphite. However, volatiles (the noble gases,
halogens, and tellurium, and especially Kr85, Xe133, 1131
and Tel32) would be released to the secondary containment.
The graphite fuel and core structure, which has a very high
heat capacity, and provides for a very slow temperature rise
if cooling is lost. This structure could remain intact,
while retaining essentially all metallic radioactive ele-
ments for up to a week or more after loss of all cooling
systems. The basic failure mechanism is sublimation of
graphite, at about 3800°C (6870°F). By 10 days after total
loss of cooling, only 5% of the core is expected to have
exceeded this temperature [6].

The prestressed concrete reactor vessel (PCRV), containing
the reactor core and the primary coolant system. This mas-
sive sﬁructure provides additional structural integrity and
further retains or retards the release of radiation. For a
total loss of cooling accident, various PCRV elements would
begin to fail in the period between 2 to 10 days. By 10 days,
approximately 2 feet of the 18-1/2 foot thick top head, and
7-1/2 foot thick side wall would be lost, due to spalling.

*

Some recent experimental results suggest that 10% fuel failure

might not occur until temperatures reach 2250°C (4080°F) [14].
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Bottom head failure would proceed more slowly, starting at
about 9 days.

4) The containment itself which provides a final barrier against
radiation release, as well as a large volume in which radio-
active products can be "held up" and filtered out before

anything is released to the atmosphere.

It should also be noted that these structures, as in the case of
LWRs, can equally well act as barriers against external events, such
as tornadoes or aircraft impact, and help prevent damage to the
reactor itself.

Next (for the steam cycle concept), a steam detection and dump
system is provided. In this concept, the steam generators are located
within the PCRV itself and, in the event that steam or water is de-
tected leaking into the primary helium loops, this system is intended
to dump the steam/water mixture from the steam generator to reduce the
leakage into the primary system.

Finally, the design and behavior of HTGR systems is of key impor-
tance in an earthquake, since such a reactor is expected to behave
differently from an IWR in an earthquake. In the case of the HIGR,
the passive barriers, the engineered systems, and the large heat
capacity of the graphite core are expected to provide an adequate
safety margin for all design seismic motion. However, potential core
motions which might block control rod or coolant channels, must be

considered and designed against.

Future Augmented Design Possibilities

In addition to the features already discussed, we present here
three possible concepts which might be implemented to provide further
safety and plant protection. An upgraded core cooling system would
include natural convection (in either the main loops or CACS). This
proposal could be valuable to minimize core damage following loss of
forced circulation, and further increase plant safety margins. Fur-
thermore, although desirable both for HTGRs and LWRs, the initiation

of natural circulation in an HTGR would not suffer from potential
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two—phase (liquid-vapor) problem that affected Three Mile Island, as
we discuss in Section V. However, in a loss of pressure accident such
as that at TMI, this reduction in pressure could reduce natural circu-
lation significantly, even without two-phase problems.

The second possibility is to implement a containment liner cool-
ing system. This system would provide additional protection to the
PCRV and containment integrity, further increasing the level of safety
in the event both forced and natural circulation should fail. Finally,
an augmented containment design could be implemented to provide one
additional level of defense should all core and liner cooling fail.
This system would act to prevent long-term containment overpressur-—
ization by filtering radioactive components from the containment at-
mosphere, removal of gases, cooling, and other means. Some of these
concepts, such as inerting, are receiving increased debate for LWRs

in light of post-TMI concerns.
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IV. HTGR SAFETY ISSUES

We have discussed general HTGR concepts and specific HIGR safety

features. We now develop a picture of the safety issues facing the

HTGR in three phases: (1) we present some generic issues facing all

reactor types, (2) we discuss issues specific to HTGRs, and (3) we

distinguish between safety issues of the steam cycle, process steam,

reformer, and direct cycle concept.

Generic Safety Issues

The ultimate progression of an operational "incident" into an

accident that may affect the public is represented by three stages:

1

2)

3)

Initiation of an accident occurs. A number of initiators
are common to all reactor types: loss of offsite power
(requiring reactor shutdown), turbine trip (turbine gener-
ator shuts down, requiring plant to shut down), loss of
cooling capability, steam generator failure, etc.

Following initiator, redundant cooling systems or shutdown
systems must fail for accident to progress. Since failure
to shut down is a very low-probability event, we concen-
trate on higher probability cooling failures. For both LWR
and HTGR reactor concepts this requires failures of the main
and back-up cooling systems, as well as failure of natural
circulation (if a design feature).

Radiation release to environment requires failures of multiple
levels of defense. This includes failure of fuel, pressure

vessel (PCRV for HTGR), and loss of containment integrity.

Figures 5 and 6 illustrate comparable logic scenarios leading to

potential radiation releases for HTGRs and LWRs. In either case the

top level event, a large radiation release, requires a core heat-up

or substantial fuel damage. These events would, in turn, be caused

by an increase in core power or decrease in core cooling. Either of
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these events would require some type of initiating event plus loss of
cooling (depicted by "main loop failure" and "CACS failure" in the
HTGR figure). Although the diagrams represent similar sequences,
note that some of the specifics would differ. For example, for the
LWR, a decrease in water temperature (left branch) can lead to an in-
crease in core power, since an increase in water density increases
reactivity in the reactor core. Since the He coolant in an HTGR
produces no reactivity effect, no such branch appears in the HTGR

diagram.

HTGR Safety Questions

With specific regard to the HTGR, we wish to address the three
questions: What would lead to a large radiation release? What could
cause failure of redundant cooling systems? and What might the conse-
quences of a hypothetical accident be?

There are three key initiating events which could lead to a core
heatup event and the potential for significant radiation release in
an HTGR. A design basis depressurization accident (DBDA), caused by
a failure in a penetration of the PCRV, would allow primary system
helium to escape, and let the coolant pressure approach atmospheric.
Since the main loops and CACS are each designed to withstand such an
accident, a large radiation release would require failures in both
systems, assuming the adequacy of system performance as designed. The
ultimate performance of these systems under a DBDA, however, is still
to be validated [15].

A second class of accidents would include transients requiring
plant shutdown. For example, loss of main loop cooling, loss of off-
site power, fires, etc. could force a reactor shutdown and would re-
quire subsequent cooling. Should the shutdown systems or heat removal
systems fail, core heatup and eventual fuel failure might result. It
is important to note that, although both the shutdown and cooling
systems have diverse backup systems, the initial event itself may
include a degradation of one of these systems. Thus, the effect of
both initial and subsequent failures must be considered in an eval-

uation of overall plant safety.



-3]-

Finally, imbalances in core heat production/heat removal while
shut down may lead to core damage if adequate cooling is not provided.
Again, failures in both the main and CACS coolant loops would be re-
quired for fuel failure to occur.

In answer to question 2, "What could cause failure of redundant
cooling systems?" Tables 4 and 5 list some of the dominant causes of
failure in the main and CACS coolant loops. A comparison of these two
tables shows that the failure mechanisms of the main and CACS loops
are different. For example, the steam system failures which affect
the main loops have no effect on the CACS, which has independent aux-
iliary heat exchangers. That is, the independence and diversity of
the CACS from the main loops helps assure that a failure in the main
loops does not affect the CACS.*

Tables 6 and 7 present the results of independent studies (the
HTGR AIPA study [7] and the LWR Reactor Safety study [8]) which
address the question "What might the consequences of a hypotheticél
accident be?" for the HTGR and LWR. Attempting a comparison of the
reactor safety study (WASH-1400) and the General Atomics accident
analysis in order to compare risks of LWR and HTGR seems undesirable
without a very detailed, point-by-point analysis. For example, in
both cases, latent cancer fatalities dominate the risks. The HTGR
risks are low due to, among other reasons, the longer period available
for evacuation for the HTGR scenarios. It is also evident that there
are significant differences among the treatments themselves used in
those studies, and in licensing analysis.+ The General Atomic results
are "based on a best estimate or more realistic evaluation of fission
product inventories," etc., use ''median values and statistical uncer-
tainties," and "lead to a more realistic consequence assessment' than
the licensing approach. Even so, the GA results show almost five
orders of magnitude uncertainty in estimated frequency of certain sig-

nificant events [16]. In these circumstances it is questionable

%
Although a design basis depressurization accident would affect
both systems, they are designed to function during that accident.

~I-Referenc:e 6, Chapter 6, and Reference 16.
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Table 4

WHAT CAN CAUSE MAIN LOOP FAILURE?

(Dominant Failure Modes)

Description

Assessed Frequency?
(events/reactor-yr)

Loss of secondary coolant heat sink

Spurious control signal isolating all
main loops

Loss of offsite power + turbine gener-
ator trip

Total loss of steam generator feedwater

Loss of bearing water to all MLCS
circulators

Turbine trip + failure of steam bypass
valves

Reactor trip + unavailability of auxil-
iary boiler system

Rupture of main steam header

2 x 107t

4 x 10_2

1 x 10_2
7 x 1073

6 x 1072

5 x 10_3

5 x 1072
1 x 10'3

2GA-A15000 (April 1978).

Table 5

’WHAT CAN CAUSE CACS FAILURE?
(Dominant Failure Modes)?

o Main He shutoff valve failure

o Sensor/monitor system failure

o Auxiliary He circulator failure

o Auxiliary heat exchanger failure

o Auxiliary He shutoff valve failure

o Pressurizer failure

o Auxiliary loop cooler failure

o Large water circulation pump failure

8UCLA-ENG 7495 (January 1975).
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Table 6

ESTIMATES OF POTENTIAL HTGR ACCIDENT CONSEQUENCES
(General Atomic Co. AIPA Study [7])2

Frequency per reactor year

Accident Consequence 10~° 10~/
Early fatalities <1 <1
Early illnesses <1 <1l
Property damage <41 million| <$2 milliomn
Relocation area (sq mi) 0 0
Decontamination area

(sq mi) 0 0.2
Latent cancer fatalitiesb ~1 ~8
Thyroid nodules® ~10 ~100
Genetic effects <1 ~1

a . .

Due to calculational differences, some of these
results may not be strictly comparable to LWR conse-
quences.

b s . .
BEIR commission recommendations used; linear

hypothesis used with no dose rate effectiveness fac-
tor reduction allowed.

c .
Sum of benign and cancerous nodules.
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Table 7

ESTIMATES OF POTENTIAL LWR ACCIDENT CONSEQUENCES
(WASH-1400 Results [8])2

Frequency per Reactor Year

Accident Consequence 10—6 10_7
Early fatalities <1 ~110
Early illnesses ~300 ~3000
Property damage ~$900 million| ~$3 billion
Relocation area (sq mi) ~130 ~250
Decontamination area

(sq mi) ~2000 ~3200
Latent cancer fatalitiesb

(per year) ~170 ~460
Thyroid nodulesb

(per year) ~1400 ~3500
Genetic effects”

(per year) ~25 ~60

a
Due to calculational differences, some of these
results may not be strictly comparable to HTGR conse-

quences.

bApproximate rate during a 10 to 40 year period
following a potential accident.

c . . . .
Over the first generation following a potential
accident. Subsequent generations would experience

effects at a lower rate.
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whether meaningful comparisons of the safety of competing systems can
be obtained by a statistical approach. A search for improved method-
ology seems appropriate, but it is unlikely that any methodology will

eliminate the very real, very large uncertainties.

Safety Issues of Other HTGR Concepts

Because of the interest in other HIGR concepts as potential
designs for specific applications, we wish to consider safety questions
raised by each of the three designs we have previously introduced: the
process steam, reformer, and direct cycle. We will discuss their
unique safety issues which differ from those already introduced for the
steam cycle.

The process steam plant design is unique in that some of the steam
produced is used directly by nearby industrial customers, in addition
to producing electricity via a steam turbine generator. Some key is-
sues of the process steam concept include possible radiation contam-
ination of the steam, and siting questions. Specifically, since a
process steam plant should be sited near its industrial customers for
most efficient use of its steam, there may exist a dual problem of
HTGR safety affecting, and being affected by, local industries. In
addition, such an HTGR would thus have to be sited near any population
centers which might be associated with the industries. Finally, as in
the reference concept, the presence of steam generators within the
PCRV allows possible steam/water ingress into the core.

In the Reformer concept, hot helium would be used to induce a
chemical reaction in an external process heat exchanger to produce
resulting chemical products. These would be used, in essence, to
store energy, which would be released later, possibly at some other
site. Unique safety questions for the reformer concept include the
high temperature intermediate heat exchanger (IHX) within the PCRV,
the use and storage of explosive and toxic gases near the HTGR plant,
and possible radioactive contamination of these gases, either slowly
over time, or as the result of an accident.

Finally, the direct cycle HTGR gas turbine concept contains a

gas turbine within the PCRV itself. This turbine is driven directly
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from the helium, rather than by steam produced by a steam generator.
Some of the safety issues in the direct cycle plant relate to the
massive rotating turbine near the core, which might present a poten-
tial missile hazard in the event of a turbine failure. Of course,
the primary system recirculators, also located near the core, pose a
similar, though somewhat smaller, hazard. In addition, the turbine-
to-generator shaft which exits the PCRV requires a large penetration
in the PCRV, and might induce a depressurization problem. Again,
this potential disadvantage is not unique, since the other large com-—
ponents, including circulators and CACS heat exchangers, already re-
quire large penetrations. Finally, the use of such a gas turbine
requires higher pressure He (1120 psi), and a large pressure drop
across the turbine (~500 psi), which could be the source of safety
problems [17].
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V. THE IMPACT OF THREE MILE ISLAND ON HTGR SAFETY

At 4 a.m. on March 28, 1979, a minor event (closure of the con-
densate polisher outlet valves, due possibly to water entering an air
system) initiated a chain of events at the billion dollar plus Three
Mile Island nuclear generating Unit 2. Although such an event was
not "unanticipated," it combined with two other significant failures--
failure of a relief valve to close, and operator termination of emer-
gency core cooling--which ultimately led to the nation's worst com-—
mercial nuclear reactor accident.

In this section we consider how the specific events at TMI, and
the recommendations for LWR safety, can be applied to the HTGR. We
present an example of how an HTGR accident sequence might compare to
the accident sequence at TMI, and we discuss issues raised by TMI as

they apply to the HTGR.

TMI/HTGR Equivalent Accident Sequences

In Table 8 we present the key stages in the TMI accident, and
attempt to relate to it a somewhat equivalent accident sequence for
the HTGR steam cycle concept [18-20]

Some of the key features to note are:

o No primary coolant voiding occurs in the HIGR, since
He is always single phase.

o The actual time sequence for core damage events would
be slower for the HTGR due to the larger heat capacity
of the graphite core structure.

o Furthermore, with a gaseous coolant, the core can never
be "uncovered" (devoid of coolant), although a reduction
of coolant pressure to one atmosphere would degrade core

cooling.
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Table 8

TMI/HTGR-STEAM CYCLE EQUIVALENT ACCIDENT SEQUENCES

TMI Sequence

HTGR-SC Equivalent

Initiator

30

sec

sec

sec

1 min

5 min-on

15

20

50

1.7

min

min

min

min

min

min

hr

Loss of condensate supply, loss of
feedwater, turbine trip.

Primary coolant relief valves lift -
fail to reclose - LOCA.

Reactor trips on high pressure.

Aux feedwater pumps start, but have
been valved out.

Steam generator boil dry (DNB occurs?)

ECCS (HPI) initiates on low pressure
signal.

Operators reduce HPI flow by 90% due
to confusion over pressurizer level
and reactor pressure. HPI off, or
operating at low flow during much of
the day.

Voids forming in reactor coolant;
primary coolant flashing; cladding
damage approaches.

Aux feedwater flow established !
(closed valves finally opened).

Sump pumps on, pump radioactive water
into aux building. Rupture disk on
reactor coolant drain tank ruptures,
sending more water into sump.

Heat removal via steam gemnerators,

I
i
|
i
Saturated conditions reestablished.
though HPI operation still minimal.

|

Operator trips off main coolant pumps
to prevent cavitation. Attempt to
establish matural convection fails
due to steam in system. Steam and
water separate, steam rises into top
of system; all flow stops. Within 30
minutes severe core damage begins.

Loss of condensate supply, begin
turbine/reactor rumback to 25%, de-
‘aerator tank level begins to decrease.

Turbine trip from 25% power, reactor
in hot standby.

(No equivalent, since He coolant is
always single phase.)

Deaerator tank depleted - loss of
feedwater, reactor trip, automatic
start command to CACS.

CACS should be at full heat duty, but
assume it is valved out for approxi-
mately 30 min. (Definitely lower prob-
ability event.)

CACS flow reestablished - no fuel dam-
age, no pressure rise, no release of
radioactivity, no physical reason to
prevent plant restart.
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We also wish to point out that this sequence is merely an analogy
to the TMI accident sequence. As such it does not represent the most
serious category of HTGR accidents (and the Vendor considers that,
after this accident, there would be 'mo physical reason to prevent
plant restart" [20]). Thus we emphasize that this sequence should not
be used as an indication of the consequences of a typical "large-scale"

HTGR accident.

TMI Recommendations as They Affect HTGRs

We have conéidered five major sources of recommendations and
requirements resulting from TMI investigations. These include The
Report of the President's Commission ('"'The Kemeny Report") [18], the
Report to the NRC Commissioners (''The Rogovin Report') [19], the NRC
Staff's Short Term Lessons Learned Task Force [21] and Long Term
Lessons Learned Task Force [22], and the NRC staff evaluation of the
implementation of "Category A" Lessons Learned requirements for Fort
St. Vrain [23]. Thus, we have considered‘ﬁot only issues generic to.
nuclear plants in genmeral, but those items specifically applicagle to
HTGRs (i.e., Fort St. Vrain) as well.

Table 9 itemizes the key HTGR issues in eight areas. The first
of these issues, operator training, was determined to be a significant
contributor to the TMI accident, and improvements in this training have
been mandated as a result. It should be noted, however, that the
large heat capacity of the HTGR core structure should allow more time
for operators to act. This should be considered not only as a factor
in training, but in developing the control room, including instrumen-
tation and displays for operator use as well. However, in spite of
this advantage, HTGR operator training will probably still have to be
more thorough in the future.

In the area of reliability and risk assessment, the multiple

failure sequence.which occurred at T™I has indicated the need for
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Table 9

THE ACCIDENT AT THREE MILE ISLAND:
IMPLICATIONS FOR THE HTGR

o Operator training

0 Reliability and risk assessment

o Accident clean-up and waste disposal

o System designs

o Equipment and maintenance

o Instrumentation and radiation monitoring
o Health and safety

o Administrative action items

o Other accident, siting, and emergency
preparedness items

analysis of accidents involving multiple failures (as has already
been initiated in the AIPA study). Furthermore, accident probability
and consequence analyses must be continued, and as a result of the
Nuclear Regulatory Commissions Task Force recommendations [21], Fort
St. Vrain (FSV) is committed to perform a fault/event tree analysis.
Furthermore, many events previously considered "small" must now be
considered, especially in light of the possible impact of subsequent
failures and human errors.

Third, the possible clean-up and waste disposal problems result-
ing from an accident must now be studied. With respect to the HTGR,
we note that the gaseous helium coolant, with its low activation,
should prove less of a problem than the primary coolant water clean-
up and disposal at TMI. However, it will still be necessary to in-
vestigate the health hazards of clean-up for all accident ranges, with
one immediate result being that the FSV plant now requires improved
post-accident sampling capability. -

The impact of TMI on the HTGR in item four, system designs, is

not as directly relevant, since many LWR systems involved in the TMI
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accident do not have equivalents in an HTGR. For example, the block
valves whose closure initiated the TMI accident, and the relief valve
which failed to close, as well as the pressurizer, do not exist in
the HTGR. However, it has been determined that Fort St. Vrain does
require additional radiation shielding in several areas.

One of the key areas applicable to all reactor types is in
equipment and maintenance. Most significantly, equipment will have
to be designed to give operator helpful diagnostic information in
addition to a simple warning, in the event of abnormal occurrences.
One recommendation suggests the use of computer technology in order
to provide the reactor operator with both measurements and diagnostics
on reactor conditionms, to help prevent or control accidents. Another
item is the need to design equipment to mitigate the consequences of
those accidents which may occur.

In order to provide such information to the operator, item six
addresses the need for expanded instrumentation and radiation monitor-
ing. For the HTGR (specifically Fort St. Vrain), the core cooling
instrumentation has been deemed adequate, as well as the noble gases
and in-plant iodine effluent instrumentation. However, containment
radiation and iodine stack monitors are not currently satisfactory.

Clearly increased emphasis must be placed on the health and
safety aspects of accidents for all reactor types (item seven). In
addition to more general considerations, the biological effects of
radiation from isotopes and concentrations specifically anticipated
to be a problem for the HTGR must be studied.

Among the set of administrative action items (item eight), a
number of procedures required for the LWR are equally valid for the
HTGR. These include implementing revised shift supervisor responsi-
bilities, shift and relief turnover procedures, and control room
access procedures. However, the NRC specifically recognized the
HTGR's increased time margin by allowing the recently required shift
technical advisor for the Fort St. Vrain (HTGR) nuclear generating
plant to be on call with a one hour response time, in contrast to the

10 minute response time required for LWRs.
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One other long-term issue, reactor siting, along with the related
issues of evacuation radius and emergency preparedness, is also worthy
of comment. We have previously noted a number of inherent safety
features which should reduce the potential consequences of a major
HTGR accident, and allow more time for action, including evacuation,
if necessary. Nevertheless, it is certain for ILWRs, and likely for
HTGRs as well, that more remote siting and larger evacuation radii
will arbitrarily be required in the future. Thus, although a relative
siting advantage may still be maintained, some previously available

sites may no longer be suitable.
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VI. OTHER HTGR LICENSING ISSUES IDENTIFIED

In addition to those issues raised by the accident at Three Mile
Island, we wish to discuss several other licensing issues not related
to that accident [10,15,24]. We include first the question of Antic-
ipated Transients Without Scram (ATWS). These are a class of events
(transients), identified for LWRs, which are combined with a failure
of the primary reactor shutdown system to function: In the case of
the HTGR, specific initiators must be identified (such as the loss of
power, and loss of feedwater accidents for the LWR) and analyzed in
conjunction with failure of the primary shutdown system, in order to
assess whether a specific HTGR design could withstand the sequence.

Next, due to the different responses of HTGRs and LWRs to earth-
quake motion, the adequacy of any HTGR design to withstand the design
basis seismic motion must be verified. Third, the current "fix" of
the problem of core temperature fluctuations which have occurred at
Fort St. Vrain must be verified, and a permanent solution implemented
for future commercial HTGRs. As discussed before, these fluctuations
were due to thermal bowing in the core, caused by nonuniform tempera-
ture distributions. This resulted in the tilting of some core sec-
tions which blocked helium flow on one side, and opened up flow on
the other. Testing is expected to occur in September 1980 [3], and
will be a key to safe operation of St. Vrain and future HTGR plants.

Graphite, metal, and ceramic core and coolant loop components
and structures must be designed and verified to withstand the long-
term effects of irradiation, high temperature and temperature gradient
stresses, and seismic stresses. The thermal problem becomes most sig-
nificant in the design of the intermediate heat exchanger for the
Reformer concept due to the high temperatures at which it must operate.
Finally, as noted before, the core auxiliary cooling system (CACS)
concept must be tested and its satisfactory operation verified under
a large range of conditions, including the design basis depressuriza-

tion accident.

*
Testing occurred in November 1980 and will continue through 1981.
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VII. TFUTURE SAFETY ANALYSIS NEEDS

We specifically suggest the following four areas as ones requiring -
significant safety analysis in the future. First, as a result of TMI,
current risk assessment work must include more emphasis on accidents
smaller than the traditional Design Basis Accidents (DBAs). Further-
more, additional emphasis needs to be placed on the potential for
operator errors and common cause failures to increase the severity of
an accident. One result of these analyses should be to determine the
proper actions which should be taken by the operators to minimize the
consequences, and what information would be most useful in diagnosing
the accident and taking the correct action. These results should be
used to integrate instrumentation, displays, and computer systems, if
desired, into the reactor and control room.

Second, alternative and enhanced safety systems should be consid-
ered in future HTGR designs. The suitability, and possible superior-
ity, of alternative systems can be studied using probabilistic risk
assessment methods to compare relative performance concepts across a
wide range of accidents.

Third, safety studies of advanced HTGR concepts (process steam,
reformer, direct cycle) should be performed. Again, probabilistic
studies will be useful in comparing the relative safety of all con-
cepts. However, we note that the four are not directly competitive
in the same applications (although the steam and direct cycles are
competitive in that they are both solely electricity-producing; the
direct cycle is the focus of much research in Europe and the U.S.).
Therefore, as long as alternative concepts had "adequate' levels of
safety, safety by itself would not be the sole factor in choosing
between concepts.

Finally, TMI has further emphasized the need for additional
studies of accident consequences. For the HTGR these include study
of degraded cores (what might lead to such a situation, what would
be some potential actions or systems to mitigate it, and what might

be the consequences), radiation releases from a wide range of acci-
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dents, and the potential impact on public health, especially due to
low levels of nuclides specific to HTGRs.

We suggest that research in these areas, as a minimum, will be
required in order to assure the licensability of the HTGR in the
United States and, along with the future performance of the Fort St.

Vrain plant, to demonstrate the potential safety of the HIGR.
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Appendix

VU-GRAPHS FROM BRIEFING

This Appendix contains the complete set of Vu-Graphs as origi-
nally developed for the briefing. They have been coordinated with the
flow of the text, so that the interested reader can refer to them in
conjunction with the text. However, the Vu-Graphs considered most
useful for the reader have been additionally edited and reproduced
within the text itself in several figures and tables. Therefore, the

Note can be read as a self-contained document without need to refer

to this Appendix.
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Slide 1

GOALS OF THE BRIEFING

With respect to the HTGR:
o Summarize basic safety features and issues
o Assess the impact of Three Mile Island
and, to a limited extent,

o Identify major research needs

Slide 2
SCOPE OF THE BRIEFING
o Historical evolution
o Alternative HTGR configurations
o Inherent environmental/inherent safety/engineered
safety features
o Safety issues
o Impact of Three Mile Island (TMI)
o Major research needs
Slide 3

HISTORICAL EVOLUTION

1942 -~ Gas Cooled Reactor proposed in U.S.
1950s =-- Prototype gas cooled reactor designs begin

o US - Peach Bottom
o] UK - Magnox
o W. Germany - AVR

1967 —— First HTGR produces electricity

o) Peach Bottom - 40 MWe
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Slide 5

1967

1976

1978

1979

1980

-4 8-

—— First HTGR produces electricity
o Fort St. Vrain, 330 MWe (January)
-= GA begins AIPA
--— Draft WASH-1400 issued (August)
-- Peach Bottom shuts down after 7-1/2 years

o Successful operation of three cores
at 1370°F

HISTORICAL EVOLUTION (continued)

-- Phase I of AIPA completed (January)
—- Phase IT of ATPA begins

-— Phase II of AIPA completed (May)

-- TMI

-- HTGR - steam cycle safety design optimization

ALTERNATIVE HTGR CONFIGURATIONS

o HTGR features

(o}

Alternative concepts
~— Steam cycle
-- Process steam/cogeneration
-- Reforming (process heat)

-— Direct cycle
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HTGR FEATURES

Reference plants - 2000 MWth and 3000 MWth

Fuel - Uranium/thorium (20% low enriched - 937%
high enriched)

- Uranium carbide and thorium oxide particles,
coated with silicon carbide and pyrolytic
carbon, bonded into thermal contact with
moderator

Moderator - graphite (also core structure and
reflector)

Core and primary coolant contained in the PCRV
Primary coolant - He

Secondary coolant - HZO/steam at 2300 psi (or He
for indirect cycles)

Residual heat removal

—— Main cooling loops for all anticipated operating
modes (e.g., power, shutdown, refueling, trans-
ients)

—- Core auxiliary cooling system (CACS) - Safety-
related system for removing residual heat under
all assumed conditions (e.g., all emergency and
faulted events)
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Slide 11

INHERENT ENVIRONMENTAL/INHERENT SAFETY/ENGINEERED SAFETY FEATURES

——___Concepts | HTGR HTGR Steam Cycle Versus
Features Steam Cycle/IWR | HTGR process Steam/Reforming/DIRECt

o Inherent
Environmental

o Inherent
Safety

o Engineered

Safety
Slide 12
Table 1
INHERENT ENVIRONMENTAL FEATURES
a 10 CFR 50
HTeR? | WR (PWR)? | Appendix I
Size 3000 MWth | 3000 MWth
Thermal efficiency 38-407+ 30-327%
Routine radiological
release
- Liquid effluent? '
Total body <0.001-0.37 0.15 3
Organ <0.001-0.52 0.20 10

— Gaseous releaseb
Total body <0.0005-0.18 0.16 5

8References 2, 12, and 13. -

bIndividual dose at nearest residence, in m-rems per year,
received by any affected person.
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HTGR AND LWR INHERENT AND PASSIVE SAFETY FEATURES: 1T

HTGR

LWR

Reactor Vessel Prestressed Concrete Reactor
Vessel (PCRV)

o]

Multiplicity of tendons
such that failure of an
individual structural
member is inconsequen-
tial; tendons are re-
placeable.

Integral containment of
primary system piping
precludes rupture (al-
though secondary system
piping is external).

Steel vessel

o Structural member
failure not allow-
able.

o External primary
system piping
requires that
failure be con-
sidered.
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Slide 16

AUGMENTED SAFETY AND PLANT PROTECTION PROPOSALS

o Upgraded Core Cooling Systems

—- Natural circulation could provide additional level
of safety should forced circulation fail

o Augmented Liner Cooling System
—-- Further reduces need for evacuation, and protects
plant integrity should forced and natural circula-

tion fail

-~ No active components inside containment/can be
operated from outside

0  Augmented Containment Design

—-- Features could include filtered gas removal, inert-
ing, internal cooling, etc.

—— Would provide additional means of preventing long-
term containment overpressure

—- Provides additional level of defense should all
core cooling and augmented liner cooling systems

fail

—— This concept probably less likely in the near future
than the above two

Slide 17

SAFETY ISSUES

o Generic issues facing all reactor concepts
o] Issues specific to HTGRs

o 1Issues that distinguish the steam cycle from the direct
cycle, reformer, and process steam
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Slide 18

GENERIC ISSUES COMMON TO ALL REACTOR TYPES

o Accidents caused by similar initiators

—- Loss of offsite power
—= Turbine trip

—— Loss of main cooling
-- Control rod ejection
—-— Fires

—— Etc.

0 Accident progression requires failure of redundant
cooling systems

~- Main loops
Loss of ultimate

—- Backup cooling system OT: | .t sinks

—— Possible natural circulation
o] Ultimate radiation release requires additional
failures of multiple barriers
—- Fuel pellet/fuel pin failures
—- Pressure vessel and loops/PCRV failure

-- Loss of containment integrity
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Slide 21

SAFETY QUESTIONS

o What would lead to a large radiation release?
o What could cause failure of redundant cooling systems?

o What might the consequences of a hypothetical accident be?

Slide 22

WHAT WOULD LEAD TO A LARGE RADIATION RELEASE IN HTGRs?

o Design basis depressurization accident (DBDA)
—— Main loops or CACS would act to prevent fuel failure

—- Significant radiation release would require failures
in both systems

o Transients requiring plant shutdown

—- E.g., loss of main loops, loss of offsite power,
etc.

—- Could lead to fuel failure if shutdown system fails,
or decay heat removal system fails

o Power/heat removal imbalance while shutdown

—- Requires both main loop and CACS failure
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Slide 23
Table 4

WHAT CAN CAUSE MAIN LOOP FAILURE?

(Dominant Failure Modes)

Assessed Frequency?

Description (events/reactor-yr)

o Loss of secondary coolant heat sink 2 % 10_1

o Spurious control signal isolating all -2
main loops 4 x 10

o Loss of offsite power + turbine gener- -2
ator trip 1 x 10

o Total loss of steam generator feedwater 7 % 10-3

o Loss of bearing water to all MLCS -3
circulators 6 x 10

o Turbine trip + failure of steam bypass -3
valves 5 x 10

0 Reactor trip + unavailability of auxil- -3
iary boiler system 5 x 10

o Rupture of main steam header 1x 10-'3

8GA-A15000 (April 1978).

Slide 24
Table 5

’WHAI CAN CAUSE CACS FAILURE?
(Dominant Failure Modes)?

o Main He shutoff valve failure

o Sensor/monitor system failure

o Auxiliary He circulator failure

o Auxiliary heat exchanger failure

o Auxiliary He shutoff valve failure

o Pressurizer failure

Auxiliary loop cooler failure

Large water circulation pump failure

8;CLA-ENG 7495 (January.1975).
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Table 6

ESTIMATES OF POTENTIAL HTGR ACCIDENT CONSEQUENCES
(General Atomic Co. AIPA Study [71)2

Frequency per reactor year

Accident Consequence 10~° 10~/
Early fatalities <1 <1
Early illnesses <1 <1
Property damage <$1 million| <$2 million
Relocation area (sq mi) 0 0
Decontamination area

(sq mi) 0 0.2
Latent cancer fatalitiesb ~1 ~8
Thyroid nodules® ~10 ~100
Genetic effects <1 ~1

3pue to calculational differences, some of these
results may not be strictly comparable to LWR conse-

quences.
b

BEIR commission recommendations used; linear
hypothesis used with no dose rate effectiveness fac-

tor reduction allowed.

c .
Sum of benign and cancerous nodules.
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Slide 26 -
Table 7
ESTIMATES OF POTENTIAL LWR ACCIDENT CONSEQUENCES
(WASH-1400 Results [8])2
Frequency per Reactor Year
Accident Consequence 10-6 10_7
Early fatalities <1 ~110
Early illnesses ~300 ~3000
Property damage ~$900 million| ~$3 billion
Relocation area (sq mi) ~130 ~250
Decontamination area
(sq mi) ~2000 ~3200
Latent cancer fatalitiesb
(per year) ~170 ~460
Thyroid nodulesb , ‘
(per year) . ~1400 ~3500
Genetic effects® ,
(per year) ~25 ~60

a . . '

Due to calculational differences, some of these
results may not be strictly comparable to HTGR conse-
quences.

bApproximate rate during a 10 to 40 year period
following a potential accident.

c . . . .

Over the first generation following a potential
accident. Subsequent generations would experience
effects at a lower rate.
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Slides 28--30

THE ACCIDENT AT THREE MILE ISLAND:
IMPLICATIONS FOR THE HTGR

o Operator training

—— Large heat capacity of HTGR may give operators
more time to act

—— However, still must consider rigid operator
training

o Reliability and risk assessment

-— Need to analyze multiple-failure accidents
(already being done in AIPA)

-- Need to continue accident probability and conse-
quence analysis [Fort St. Vrain (FSV) to perform
Fault/Event Tree Analysis]

—— Need to consider "small" initiators and human
errors as well as DBAs.

o Accident clean-up and waste disposal

—— Gaseous He with low activation provides much
different--generally less serious--problem at TMIL

—— Must consider health hazards of cleanup for all
accident ranges

—— FSV requires improved post-accident sampling
capability

o System designs

—— Many HTGR systems not affected by TMI implications
(e.g., no pressurizer, PORV or block valves in
primary system)

—— FSV requires additional shielding design for build~-
ing exhaust filters
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IMPLICATIONS OF TMI (continued)

Equipment and maintenance
—- Equipment must be designed to give operators
warning and diagnostic information to help
prevent and control accidents. Consider use
of computer technology.
—— Need designs to mitigate accident consequences
Instrumentation and radiation monitoring

—-— FSV core cooling instrumentation adequate

—— FSV noble gas and in-plant iodine effluent in-
strumentation judged adequate

—— One containment radiation monitor, and gaseous
iodine stack monitors not satisfactory

Health and Safety
— Need to consider blological effects of low-level
radiation applied specifically to levels and
types of isotopes problematic to HTGRs

Administrative Action Items

—- Must implement shift supervisor, shift and relief
turnover, and control room access procedures

—— NRC approved l-hr response time for shift tech-
nical advisor at FSV (versus 10-min for IWRs),
due to slow transient response of HTGR

Other specifics

-- Siting

—-- Emergency preparedness

—— Degraded cores
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Slides 31-32

Table 8

TMI/HTGR-STEAM CYCLE EQUIVALENT ACCIDENT SEQUENCES

TMI Sequence

HBTGR-SC Equivalent

Initiator

3 sec

9 sec

30 sec

1 min

2 min

5 min-on

6 min

8 min

15 min

20 min

50 min

1.7 hr

Loss of condensate supply, loss of
feedwater, turbine trip.

Primary coolant relief valves lift -
fail to reclose -+ LOCA.

Reactor trips on high pressure.

Aux feedwater pumps start, but have
been valved out.

Steam generator boil dry (DNB occurs?)

ECCS (HPI) initiates on low pressure
signal.

Operators reduce HPI flow by 90%Z due
to confusion over pressurizer level
and reactor pressure. HPI off, or
operating at low flow during much of
the day.

Voids forming in reactor coolant;
primary coolant flashing; cladding

damage approaches.

Aux feedwater flow established
(closed valves finally opened).

Sump pumps on, pump radiocactive water
into aux building. Rupture disk on
reactor coolant drain tank ruptures,
sending more water into sump.

Saturated conditions reestablished.
Heat removal via steam generators,
though HPI operation still minimal.

Operator trips off main coolant pumps
to prevent cavitation. Attempt to
establish natural convection fails
due to steam in system. Steam and
water separate, steam rises into top
of system; all flow stops. Within 30
minutes severe core damage begins.

Loss of condensate supply, begin
turbine /reactor runback to 25%, de-

.aerator tank level begins to decrease.

Turbine trip from 25% power, reactor
in hot standby.

(No equivalent, since He coolant is
always single phase.)

Deaerator tank depleted - loss of
feedwater, reactor trip, automatic
start command to CACS.

CACS should be at full heat duty, but
assume it is valved out for approxi-
mately 30 min. (Definitely lower prob-
ability event.)

CACS flow reestablished - no fuel dam-
age, no pressure rise, no release of
radioactivity, no physical reason to
prevent plant restart.
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Slide 33

OTHER HTGR LICENSING ISSUES IDENTIFIED

o Anticipated transients without scram (ATWS)
—- Identify initiators specific to HTGRs

—— Analyze accident sequences and verify HTGR
ability to withstand ATWS

o Seismic capabilities: design and verification

o Core temperature fluctuations at Fort St. Vrain

o Development of graphite components which can with-
stand long term effects of irradiation thermal and

seismic stresses

o CACS testing and verification
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Slides 34-35

SUMMARY
o Inherent environmental (routine operation) features
of HTGR:

~- Less thermal impact than LWRs (25% less)

—-- Uncertain radiological effluents, but on the
order of, or less than, those of LWRs, and
well within Appendix I standards.

o Inherent safety features of HTGR:

-- He coolant has low activity, is chemically

inert, and operates at low to moderate pres-

sure with no phase change

-— Capable of core cooling even with loss of
pressure

—- High heat capacity in core
~= Ceramic fuel
o Engineered safety features:

-- Similar to LWR, but difference in reliability of
cooling due to CACS diversity and independence

o Safety issues:

-— All reactor concepts face similar generic issues

—-- HTGR has unique safety features, e.g., coolant
(He) different from moderator (graphite); core
heatup response slow, allowing time to mitigate
consequences of accidents

-- Key systems include main cooling loops and CACS -
both these redundant and diverse systems must
fail for large radiation release

o Implications of Three Mile Island

— Some key issues identical for HTGR and LWR
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SUMMARY (continued)

—— Larger HTGR heat capacity allows more operator
time (e.g., shift technical advisor allowed 1l-hr
response time, versus 10 min for LWRs)

—— Still need to assess effects of low levels of
radiation for nuclides specific to HTGRs

—— Must also consider TMI implications on siting,
emergency preparedness, degraded cores, etc.

Slide 36

FUTURE SAFETY ANALYSIS NEEDS

o Building on current risk assessment work to include more
emphasis on smaller than DBA accidents, operator errors,
and common-cause failures (TMI response)

o Consideration of alternative and enhanced safety systems
(e.g., containment systems), using probabilistic methods
to compare options

o Safety studies of advanced concepts (process steam,
reformer, direct cycle)

o) Further studies of accident consequences, including
degraded cores, radiation releases, and impact on public
health (especially due to low levels of nuclides specific
to HTGRs)
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